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Abstract

Magnesium (Mg) Batteries has attracted lot of attention over the last few decades because of
high theoretical volumetric capacity, safety, economically viable and abundance of material. The
amalgamation of sulfur cathode with the Mg anode is the best combination for future battery
applications because of its high theoretical energy density, non-toxicity, natural abundance, and
low cost. But still the electrochemical performance of the cell is not satisfactory because of
several reasons. One reason is the usage of the metallic magnesium which in turn leads to the
formation of a passive layer (nonconductive) on the anode while charging and thus, inhibiting
cycle performance. This passive layer is the result of the decomposition of electrolytes on anode
during Mg ion reduction. This calls for the development of a suitable electrolyte which should be
chemically compatible with the electrophilic sulfur and is also capable of reversing Mg
deposition/dissolution. The inclusion of sulfur cathode also involves certain drawbacks including
the dissolution of polysulfide, shuttling effect, low active material utilization and fast capacity
fading. In this MES Project we mainly focused on the cathode material and attempted to reduce
the problems associated with the usage of sulfur cathode by synthesizing sulfur nanoparticles
and further coating with the different types of conductive polymers. This newly developed
cathode material is currently undergoing tests to verify its electrochemical performance against
Mg metal anode.

1. Introduction
Battery technology is the most promising renewable energy and emission free technology. Since
the invention of Lithium ion battery (LIB), it has played a very crucial role in consumer electronics
and automobile industry. With over two decades of research on materials and engineering on
cell design, the energy density of LIBs has reached 240 Wh kg-1 and 670 Wh L-1 at the cell level
[1]. In rechargeable battery market, LIBs occupy a supreme position because of its stable
electrochemistry and long cycle life [2] but Lithium-Sulfur (Li-S) battery is having greater chances
of replacing LIB in the near future because of its high theoretical energy density (2600 Wh kg–1),
which is about four to five times higher than that of LIBs [3]. Therefore, there is a need to carry
out research on the Li-S batteries to achieve high theoretical energy density potential in
applications such as military power supply and aviation sector. Nevertheless, Li-S batteries are
not flawless; they also have certain disadvantages such uncontrollable formation of Li dendrites
which can penetrate through the separator and can make contact with the cathode (Battery
shortage) [4]. In addition, the Li dendrites can detach from the anode and remain as dead Li in
the battery further diminishing the cycle life and specific capacities [5]. Furthermore, the
polysulfide dissolution can result in passive layer formation, thereby, deteriorating the
performance of Li-S Battery [4].

To avoid the problems associated with Li-S batteries, Toyota Motor Corp. in 2011 for the first
time introduced rechargeable Mg-S batteries [6]. Usually, Mg-S battery works with redox
reactions (Figure 1a) and during the course of battery discharge, Mg anode gets oxidized and
becomes Mg+2 by releasing two electrons. This Mg+2 ion migrates to cathode through electrolyte
and separator. At cathode the sulfur reacts with Mg+2 ion and forms long chain polysulfide,
followed by the formation of short chain polysulfide and finally forms MgS. The electrons passes
from the anode to cathode through the external electrical circuit. Ideally, during charge,
Magnesium polysulfide reoxidizes and forms Mg+2 ion and Sulfur. This sulfur remains at the

cathode, however, Mg+2 travels back to the anode. Mg-S batteries have more advantages when
compared to LIBs such as the formation of dendrites in Mg-S batteries is quite rare, hence,
reinforcing higher battery safety. Another advantage is that both Mg and Sulfur are highly
abundant and Mg-S battery also has higher theoretical volumetric capacity than Li-S batteries
(2062 vs 3832 mAh cm-3) due to divalent nature of Mg+2 [7]. These benefits enhance the interest
of researchers to further explore the usage of Mg-S batteries. Figure 1. b) and Figure 1. c) depicts
an increasing trend in the research of Mg batteries and Mg-S batteries.

Apart from these advantages, Mg-S batteries also have some deficits which include manifestation
of overcharge behavior, the slow diffusion of Mg+2, low sulfur utilization, and formation of
magnesium polysulfide which impacts cycle life and specific capacity of the battery. Therefore,
researchers need to overcome these challenges to trigger the commercialization of the Mg-S
battery. Recently, a lot of research is being carried out on anode, cathode, separator, electrolyte
and current collectors in relation to Mg-S battery [4], [8]–[11]. In this MSE project we mainly
focused on the cathode whereby we prepared a composite using conductive carbons to maximize
the use of sulfur. In addition, the sulfur is being coated with conductive polymers to reduce the
migration of polysulfides. In this report we will mainly report on our ongoing research on
cathode. Nevertheless, we will also discuss about latest research conducted on separator, current
collector, and electrolyte the Mg-S battery domain.

2. Anode material

Anode is the important part in the Mg-S battery. During cycling the electrolyte is reacts with the
anode and forms passive layer on the anode which is resistant to the diffusion of Mg ion. This
affects the life of battery. But the anode in Mg-S batteries has grabbed little attention than
electrolyte and cathode. Normally metallic Mg is used as the anode material in forms of foil, discs,
ribbons and plates in Mg batteries. But the metallic Mg has very less surface area. To increase
the surface area, the Mg powder is ball milled with graphite powder further forming a pellet by
using hydraulic press [12]. Two different pressures i.e. 75 and 350 MPa were used to form the

pellet. According to the article [12], the less pressed anode is showing better performance than
the highly pressed anode and Mg foil. This better performance was attributed to the high porosity
of less pressed anode the soaking of electrolyte within the anode. The ohmic contact resistance
between current collector-anode and electrolyte-anode is low in case of less pressed anode
(Nyquist plot, Pg) [12]. Another key observation was that the powder anodes ran for 100 cycles
whereas the metallic Mg foil only ran for 15 cycles.

3. Separator

A separator is placed between anode and cathode to avoid the electrical shortage between the
two but it allows for free transportation of ions through it. Glass fiber sheets and micro porous
polymer membranes are two most commonly used commercial separators in Mg-S batteries. In
Mg-S batteries, the utilization of sulfur and diffusion of polysulfide are of concern. To overcome
this, very recently a modified separator has been used in Mg-S batteries [13]. In this process the
separator cathode side is coated with Carbon nano fibers (CNF) by using vacuum filtration.
Consequently, the sulfur is coated on the CNF and again sandwiched with CNF. When it was
tested electrochemically, the cell coated with CNF shows 950 mAh g-1 capacitance at first cycle
and capacitance remained at 800 mAh g-1 after 20 cycles. But the uncoated one showed 1000
mAh g-1 at first cycle and dropped to 200 mAh g-1 after 20 cycles. This improvement is due to
enhanced sulfur utilization of cathode material as induced by conductive CNF coating and
trapping of polysulfides.

4. Current collector

The current collector also plays a vital role in Mg-S battery. Normally copper foil, alumina foil,
stainless steel, nickel foil and carbon coated alumina foil are used as a current collector. But
copper is unstable in chloride containing electrolyte. Other than these commercial current
collectors N,S-Dual doped carbon cloth is synthesized and used in this MES project as a current
collector for Mg-S batteries [14]. Solvothermal synthesis technique was implemented to create

this doping. In case of doping, the cell specific capacity was 388 mAh g-1 after 40 cycles whereas
the normal carbon cloth cell ran for only 10 cycles at 0.01 C. This improvisation was the result of
increment in conductivity due to doping and this doping also served as a reservoir to hold the
polysulfides. The results are shown in Figure 2.

5. Electrolyte

Ideally, an electrolyte should have high ionic conductivity, chemical stability, electrochemical
stability, and thermal stability, low toxicity, low flammability and wide voltage window. For MgS batteries, more research is intended for the electrolyte. Almost all the traditional electrolytes
are nucleophilic electrolytes and incompatible with sulfur material. So the modifications have to
be done in these electrolytes to make it compatible with the sulfur material and new nonnucleophilic electrolytes have to be synthesized and test for suitability in the Mg-S batteries. For
the first time in 2017, the nucleophilic electrolyte (all phenyl complex) was used in Mg-S battery
in the research of new cathode material [15] because of its high oxidative stability against Mg
(3.2 V. the cell ran for 36 cycles). In 2017, another research group explored the use of copper as
a current collector with the all phenyl complex-based nucleophilic electrolyte to avoid the usage
of stainless steel as current collector but the performance was not reported satisfactory. The
reason being that the cell ran for 20 cycles with the last cycle specific capacity being 100 mAh g1.

But with minor addition of Lithium Chloride to the electrolyte, the cell performance increased

to 40 cycles with the last cycle specific capacitance 300 mAh g-1 at 0.005 C [16].

After that the

same research group used (PhMgCl)2−AlCl3/ tetrahydrofuran-based nucleophilic electrolyte in
Mg-S battery and ran cell for 200 cycles at a rate of 0.1 C [17]. The first cycle capacity was 979
mAh g-1 and the 200th cycle capacity was 368.8 mAh g-1.

The non-nucleophilic electrolytes are more compatible with the electrophilic nature of
sulfur cathode. That is the reason lot of research is going on in the non-nucleophilic electrolytes
in the Mg-S batterie [6], [7], [18]–[29].

6. Cathode

Sulfur is the cathode material for the Mg-S batteries. Sulfur is abundant, nontoxic, and has high
theoretical energy density (1675 mAh g-1). Normally in Mg-S battery, sulfur participates in
electrochemical reactions by oxidation and reduction (Conversion). When these redox reactions
take place, the polysulfides form. The electro chemical reactions are mentioned below [26]. The
first reaction is signed with equation 1.

S8 + 4e- + 2Mg2+ --> 2MgS4

→

(1)

The second step is assigned to a liquid–solid two-phase reduction from MgS4 to MgS2
2MgS4 + 4e- + 2Mg2+ --> 4MgS2 → (2)

The final step entails the reduction of MgS2 into MgS

2MgS2 + 4e- + 2Mg2+ --> 4MgS

→ (3)

The polysulfides diffuse towards anode and cause the loss of active material, finally resulting in
capacity fading and poor cycle life. To avoid this glitch, sulfur is accommodated in high surface
conductive carbon. This carbon should have high conductivity, high interaction between carbon
material and sulfur, high interaction between carbon material and polysulfide, and high
mechanical stability to withstand the volumetric change emerging in the cell during charge and
discharge. The commonly used carbon materials are CMK-3, carbon nanotubes, carbon nano
fibers and rGO. Extensive research is being carried out on cathode materials [15], [17], [19], [26],
[30], [31] to increase the cycle life of Mg-S battery. As part of the MES project, we are making
sulfur nanomaterial composites with different carbon additives and coating with different
conductive polymers. Overall, the cell processing steps from synthesis to cell making and
electrochemical analysis are shown in Figure 3.
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