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Abstract 

Beyond current lithium-ion technologies, magnesium-sulfur (Mg-S) batteries represent one of the most 

attractive battery chemistries that utilize low cost, sustainable, and high capacity materials. In addition 

to high gravimetric and volumetric energy densities, Mg-S batteries also enable safer operation due to 

the lower propensity for magnesium dendrite growth compared to lithium. However, the development 

of practical Mg-S batteries remains challenging. Major problems such as self-discharge, rapid capacity 

loss, magnesium anode passivation, and low sulfur cathode utilization still plague these batteries, 

necessitating advanced material design strategies for the cathode, anode, and electrolyte. This review 

critically appraises the latest research and design principles to address specific issues in state-of-the-

art Mg-S batteries. In the process, we point out current limitations, open-ended questions, and propose 

future research directions for practical realization of Mg-S batteries and beyond. 

  



1. Introduction 

 

Since their commercialization in 1991, lithium-ion batteries (LIBs) have revolutionized modern 

society and laid the foundation for the development of essential technologies such as electrification 

and renewable energy storage.1-3 LIBs have been dominating the battery market due to their reasonably 

high energy density, round-trip efficiency, and cost-efficiency. In the near future, global demand for 

rechargeable batteries will rise significantly due to the need to reduce greenhouse gas emissions and 

deploy more sustainable technologies. To this end, a shift toward novel battery chemistries is needed 

to fulfil the huge upcoming demand. Owing to the limited supply of lithium, over-reliance on the use 

of LIBs will not be realistic and might pose a risk to the stability of the supply chain. Recently, 

magnesium-based battery chemistries have burgeoned due to the high natural abundance, low dendrite 

propensity, low reduction potential (-2.4 V vs. SHE), and high volumetric capacity of magnesium 

(3833 mAh cm-3 vs. 2062 mAh cm-3 for lithium).4, 5 Since its inception three decades ago, notable 

achievements have been made in the field of magnesium battery research. 

In 1990, Gregory et al. initiated the development of Mg battery by inventing an electrolyte solution 

that supports magnesium plating/stripping at high Coulombic efficiency. The study also demonstrated 

the first concept of rechargeable Mg batteries using a Mg|0.25M Mg[B(Bu2Ph2)]2|Co3O4 set-up.6 In 

2000, Aurbach et al. successfully paired magnesium metal with a Chevrel phase cathode, MgxMo3S4 

(0 < x < 1), creating a magnesium battery prototype that was able to cycle for more than 2000 charge-

discharge cycles at 100% depth of discharge with capacity fading of less than 15%.7 Intensive research 

over the next two decades has led to the discovery of higher capacity cathode materials beyond Chevrel 

phases, as well as new electrolyte systems with wider working voltage windows.8-16 However, due to 

the high charge density of Mg2+ (120 C mm-3 vs. 52 C mm-3 for Li+), it exhibits sluggish diffusion 

kinetics in solid-phase intercalation materials,17, 18 resulting in huge reaction overpotential, low 

practical capacity, and poor reversibility. Moreover, the highly stable interaction between magnesium 

cations and the anion sublattice of the intercalation host prompts conversion reactions to occur, leading 



to the formation of irreversible discharge products (e.g. MgO) and capacity degradation.17, 19 As a 

result, metal oxide or chalcogenide intercalation cathodes, which typically exhibit good reversibility 

in LIBs, show relatively poor electrochemical performance in magnesium batteries,17, 20 prompting 

researchers to explore conversion materials (e.g. sulfur) as potential alternative cathodes. 

Magnesium-sulfur (Mg-S) battery is one of the most promising chemistries for rechargeable batteries 

due to the following major advantages: (1) Sulfur cathode has a high theoretical specific capacity of 

1672 mAh g-1, making it an attractive conversion cathode.21 Moreover, sulfur is an earth-abundant 

element, suitable for large-scale production and low-cost applications. (2) Mg-S batteries possess high 

theoretical energy densities of 1684 Wh kg-1 (gravimetric) and 3221 Wh L-1 (volumetric).21 Their 

operating potential of 1.771 V 21 is also well within the potential window of ether-based electrolytes 

commonly used in Mg batteries today. (3) The unique reaction mechanism of Mg-S batteries involving 

dissolved polysulfide intermediates can potentially render faster liquid state magnesiation kinetics 

compared to intercalation cathode materials.22 Despite the immense promise of these batteries, there 

are still many scientific and technical issues in need of resolution. 

In this review, we focus on the major challenges currently faced by Mg-S batteries and the numerous 

material design principles applied to solve these problems. We begin by covering various reaction and 

degradation mechanisms that exist in current Mg-S chemistry, followed by an extensive discussion on 

the material design approaches utilized in improving the sulfur cathode, magnesium anode, and 

electrolyte. The last section of this review covers the prospects and outlook for the rapidly developing 

field of rechargeable Mg-S battery. While the focus is on Mg-S batteries, the insights in this review 

further extend to the development of other Mg- or S-based battery chemistries.  



2. Reaction and degradation mechanisms in Mg-S battery 

Mg-S batteries operate based on the electrochemical conversion of sulfur (S8) to magnesium sulfide 

(MgS). Despite the apparent simplicity of this reaction, there are many reaction and degradation 

mechanisms that remain to be fully elucidated. 

2.1 Reaction mechanisms in Mg-S batteries 

During the discharge process, magnesium metal is oxidized to form Mg2+ ions which dissolve into the 

electrolyte solution (Equation 1). The electrons then flow through the external circuit from the anode 

to reach the sulfur cathode. At the cathode, sulfur reacts with Mg2+ ions and electrons to form 

magnesium sulfide (Equation 2). The opposite occurs during the charging process. 

Magnesium anode (−):  Mg  Mg2+ + 2e-    (1) 

Sulfur cathode (+):   S8 + 8Mg2+ + 16e-  8MgS   (2) 

Despite the simplicity of the discharge and charge overall reactions, the reduction process of sulfur is 

much more complicated than Equation 2 indicates and still remains unclear to date. In 2015, Zhao-

Karger et al. first proposed a three-step reduction mechanism of sulfur (Equation 3-5, Figure 1) based 

on electrochemical characterization and ex-situ X-ray photoelectron spectroscopy (XPS).23 The first 

step is assigned to a solid-liquid two-phase reduction of sulfur to MgS8, which subsequently dissolves 

into the electrolyte. The following reduction from high-order MgS8 to low-order polysulfides (MgS4) 

occurs in the liquid phase. Hence, the authors suggested that the kinetics of this step is very fast. In 

subsequent steps, the dissolved low-order polysulfide (MgS4) is reduced to MgS2 (Equation 4), and 

MgS (Equation 5). The last reduction step (MgS2  MgS), which occurs in solid-state, suffers from 

high kinetic barriers and high polarization.  

Step 1 (solid-liquid two-phase reaction):  S8(solid) + 4e- + 2Mg2+ 
 2MgS4(liquid)  (3) 



Step 2 (liquid-solid two-phase reaction): MgS4(liquid) + 2e- + Mg2+ 
 2MgS2(solid)   (4) 

Step 3 (solid-state reaction):   MgS2(solid) + 2e- + Mg2+  2MgS(solid)    (5) 

However, it should be noted that ex-situ XPS analysis is not able to determine the length and 

composition of intermediate reduction species MgSx (1 < x < 8). The formation of MgS4 and MgS2 

was suggested based on the corresponding capacity at the end of each voltage plateau/slope in the 

initial discharge curve. In addition, the UV-Vis spectroscopy analysis of electrolyte extracted from 

various cells at different discharge states shows no obvious S6
2- and S4

2- ions. Instead, the dissolution 

of elemental sulfur seems more dominant and mainly contributes to the capacity fade of Mg-S cells.  

In 2017, Dominko’s group investigated the reduction of sulfur cathode using in operando X-ray 

diffraction (XRD), S K-edge X-ray absorption spectroscopy (XAS), resonant inelastic X-ray 

scattering, and ex-situ 25Mg solid state-state nuclear magnetic resonance (NMR).24 The result showed 

that a similar reduction mechanism in Li-S batteries was observed in Mg-S batteries. The first 

discharge profile shows two well-defined plateaus at ~1.4 V and ~1.2 V, which correspond to the 

equilibrium between sulfur and polysulfides (high voltage plateau) and between polysulfides and MgS 

(low voltage plateau). The precipitation of MgS was detected even at the beginning of the low voltage 

plateau, which is different from early report.23  

In 2018, Gao et al. investigated the thermodynamic and kinetics of sulfur cathode during discharge 

using galvanostatic intermittent titration technique.25 The author proposed a three-stage reaction 

pathway (S8  MgS8; MgS8  MgS2; and MgS2  MgS), which is strongly supported by ex-situ XPS 

analysis and ab initio molecular dynamics simulation. Recently, Xu et al. conducted an in-situ XAS 

investigation on the degradation of Mg-S batteries.22 In this study, the author intended to determine 

the intermediate polysulfides formed during the reduction process by comparing the in-situ S K-edge 

XAS of the cathode of Mg-S cell with reference samples (MgS8 and Mg3S8).  The author proposed a 

three-step process for the discharge mechanism of Mg-S batteries (S8  MgS8  MgS4; MgS4 



Mg3S8; and Mg3S8  MgS). Similar to that reported by Zhao-Karger et al., the first step (S8  MgS8, 

MgS4) occurs at a fast reaction rate because both MgS8 and MgS4 are soluble in the electrolyte. In the 

second step, the high-order polysulfide MgS4 is converted to low-order Mg3S8 instead of MgS2 as 

reported previously.23 The last step is much more sluggish and the formation of electrochemical inert 

Mg3S8 and MgS are responsible for the rapid capacity decay of the Mg-S cell.  

The difference in the reduction mechanisms of sulfur described above is probably due to the following 

reasons: (1) The various investigations on sulfur reduction mechanisms were conducted using different 

electrolyte solutions. These electrolytes show different electrochemical behavior with Mg metal anode 

such as overpotential and passivation degree, and more importantly, different solubility of 

polysulfides. Unlike Li-S batteries, the passivation of Mg due to the shuttle effect of polysulfides in 

early steps will inhibit the reaction of Mg anode in the subsequent steps. (2) The discharge/charge rates 

and cut-off voltages used in those studies are largely different, which also affects the conversion of 

sulfur, especially the conversion of low-order polysulfide, which suffers from slow kinetics and large 

polarization. Further investigation of the sulfur reduction mechanism is crucially needed to provide a 

better understanding and to improve the performance of Mg-S batteries. 

2.2 Degradation mechanisms in Mg-S battery 

Figure 1 illustrates some of the commonly reported degradation mechanisms in Mg-S batteries. Herein, 

we categorize the failure mechanisms of Mg-S batteries into three major degradation modes: 

(1) Irreversible conversion of the sulfur cathode. The conversion reaction of sulfur forms various 

magnesium polysulfides as intermediates, which are subsequently reduced to the final solid-state 

discharge product, MgS. The initial formation of high-order MgSx (x = 4, 8) intermediates occurs at a 

fast reaction rate because these species are soluble in the electrolyte.22 As the discharge process 

continues, however, low order polysulfide begins to form and precipitate on the cathode. This 

conversion of high order polysulfides to MgS becomes increasingly sluggish as magnesiation happens 



in the solid phase.25, 26 The insulating nature of MgS, MgS2 or Mg3S8, along with the low diffusivity 

of Mg2+ in the solid phase, result in large overpotential at the final discharge step, and similarly poor 

re-conversion of these final products to high order polysulfide in the following charge process.25 

(2) Dissolution of polysulfide into the electrolyte. The reduction of S8 to MgS during the Mg-S 

battery discharge follows a series of reduction steps, wherein each step involves long sulfur chains 

breaking down into smaller chains.25 As long-chain polysulfides are soluble in common electrolyte 

solvents, these species partially migrate from the cathode into the electrolyte, leading to the low 

conversion degree between sulfur and the final discharge product, MgS. Thus, Mg-S batteries often 

show low reversible capacity, poor Coulombic efficiency, and short cycle life. In addition, cathode 

polysulfide dissolution also leads to the shuttle effect and self-discharge behavior (i.e. capacity loss at 

open circuit condition).27 

(3) Passivation of the magnesium metal anode. While Mg anode passivation occurs in most 

magnesium batteries regardless of cathode chemistry, it is especially severe in Mg-S batteries.28 Unlike 

LIB chemistry, in which the solid electrolyte interphase (SEI) is highly conductive to Li+ ions, the 

reduction of electrolyte components and/or chemical reactions between the Mg anode and electrolyte 

contaminants (e.g. moisture, impurities) result in the formation of a passivation layer towards Mg2+ 

ions.29 This phenomenon originates from the high charge density of the Mg2+ ion, which hinders its 

mobility through the surface layer. As polysulfide species are highly reactive and easily reduced by 

magnesium, this passivation is accelerated by the dissolution of polysulfides from the cathode, which 

migrate to the Mg anode surface.30 Another issue related to the passivation of Mg anode is the 

inhomogeneity or localized growth of Mg deposits, especially at high current densities.17, 31 

In addition to the above mechanisms, degradation of Mg-S batteries can be caused by other factors, 

including cathode fracture due to the large volumetric change during cycling,27 current collector 



corrosion in chloride-containing electrolytes at high potentials,32-34 as well as electrolyte 

decomposition and gas formation.22 

  

Figure 1. Schematic depicting various degradation mechanisms in Mg-S batteries. 

3. Rational design of the cathode 

Having similar sulfur cathode chemistry as Li-S batteries, many Mg-S batteries have adopted advanced 

strategies from the former. However, the development of Mg-S batteries continues to face critical 

challenges that are far more difficult to resolve than those of their Li-S counterparts. These challenges 

originate from the poor conversion reaction of the sulfur cathode in the Mg-based electrolytes and 

limited choices for the electrolyte system.  

Figure 2 summarizes the electrochemical performance of various Mg-S batteries reported in the 

literature. It is worth noting that the performance of the current Mg-S batteries depends heavily on the 

electrolyte. Hence, a direct comparison of sulfur cathode performance using different electrolyte 

systems is inappropriate. However, Figure 2 clearly shows the critical challenges of current Mg-S 

batteries, namely low capacities and relatively low number of cycles reported (less than 100 cycles). 

C
a

th
o

d
e

 c
u

rre
n
t c

o
lle

c
to

r

Separator

Mg2+

e-

M
g

MgS8

Sluggish 

reactionDissolution of 

polysulfidePrecipitation 

of polysulfide

Reduction of 

moisture/ impurities

Inhomogeneous 

deposition Corrosion

Cathode fracture

Oxidized electrolyte

MgS

MgS2

S8

MgS4



Also, most of the Mg-S batteries require a slow charge/discharge process at a current density of less 

than 0.1 C (1 C rate refers to the current density that fully charges/discharges a battery in 1 hour).  In 

this section, we focus on the principles of sulfur cathode design to address these critical issues. 

   

Figure 2. Performance of various Mg-S batteries in the literature. The extracted data was collected 

from ref. 12, 22, 23, 35-52 

3.1 Carbon host materials for sulfur cathodes 

In the first Mg-S battery developed by Kim et al. in 2011,53 the sulfur cathode consisted of elemental 

sulfur, carbon black, and polytetrafluoroethylene (PTFE) binder with a porous carbon substrate as the 

current collector. Although the cell used an electrolyte that was highly compatible with Mg metal 

anode, the Mg-S battery showed poor electrochemical performance due to the dissolution of 

polysulfides into the electrolyte. In this regard, two major strategies were suggested to improve the 

performance of Mg-S batteries, including the use of nano-sulfur composites as the cathode materials 



and the discovery of new electrolyte solvents with low polysulfide solubility. As such, these strategies 

have been widely investigated by the research community over the past ten years. 

Similar to Li-S batteries, the use of a carbon host is a simple but effective strategy to improve the 

reversibility of the conversion reaction of the sulfur cathode. The porous carbon materials offer several 

advantages to improve the performance of the sulfur cathode such as high surface-area-to-volume 

ratio, high electronic conductivity, and effective polysulfide encapsulation. Hence, intensive 

engineering of the carbon host morphology (e.g. mesoporous and microporous carbon, activated 

carbon cloth, hollow carbon spheres, multiwalled carbon nanotubes) and chemistry (e.g. heteroatom 

doping) has been done for Li-S batteries to improve the contact area between the carbon host and 

sulfur, as well as the ability of the host to bind or encapsulate sulfur.54 Furthermore, carbon hosts can 

also mitigate the detrimental effect of volumetric expansion during cell cycling.54 Naturally, similar 

design strategies are also adopted for Mg-S batteries. 

The conductive mesoporous carbon framework (CMK-3) (Figure 3a) was found to be among the most 

successful carbon hosts for the sulfur cathode in Li-S batteries55. Therefore, initial works on Mg-S 

batteries presented by Ha et al. and Zhao-Karger et al. (2014) similarly employed S-CMK3 composites 

as the cathode material for Mg-S batteries.23, 56 With modified non-nucleophilic electrolyte of 1.2 M 

Mg(HMDS)2-2AlCl3-MgCl2 in a mixture of glyme and ionic liquid, Zhao-Karger et al. successfully 

demonstrated the cycling performance of the S/CMK400PEG cathode, which has a sulfur content of 

55 wt%. The cathode delivered a high capacity of 800 mAh g-1 at a current density of 20 mA g-1 in the 

voltage window of 0.5-2.8 V (Figure 3b, c). However, the cell showed rapid capacity fading and a 

reversible capacity of only about 260 mAh g-1 remained after 20 cycles. In their later work on 

Mg[B(hfip)4]2/DME electrolyte, the authors demonstrated an improved cycle life up to 100 cycles with 

reversible capacities of about 200 mAh g-1.12 In comparison to the superior electrochemical 

performance of S/CMK3 in Li-S batteries,55 this relatively poorer cycling result highlights the greater 

challenges faced by Mg-S batteries. 



Du et al. conducted a comparative study on the effect of carbon materials on the performance of Mg-

S batteries using sulfur-amorphous mesoporous carbon composites (S-AMC), sulfur-ordered 

mesoporous carbon composites (S-CMK3), and sulfur-carbon nanotube composites (S-CNT) (Figure 

3d),57 with a sulfur content of 80% and a cathode mass loading of 1.5 mg cm-2. Of the three composites, 

the S-CNT cathode exhibited the highest specific capacity of up to 1247 mAh g-1 at 160 mA g-1, high 

capacity retention of 80.4% after 100 cycles, and good rate capability up to 500 mA g-1 (Figure 3e-f). 

The superior performance of the S-CNT compared to the other two composites was suggested to be 

due to its excellent conductivity and wetting properties. 

In addition, various sulfur–carbon composites with microporous carbons have been employed in Mg-

S batteries and enabled reversible sulfur conversion.35, 58, 59 The sulfur-microporous carbon composite 

is an attractive cathode material in Li-S batteries due to its excellent capability of preventing long-

chain polysulfide dissolution.60 Unlike conventional S8, stable performance of sulfur-microporous 

carbon composites is conferred by small sulfur allotropes S2-4 (S2, S3, and S4) confined within the 

micropores, which effectively avoids the formation of soluble long-chain polysulfides and alleviates 

polysulfide dissolution into the electrolyte. However, it should be noted that the reaction kinetics of 

Mg2+ with small sulfur allotropes and short-chain polysulfides is significantly more sluggish than that 

in Li-S batteries due to slow Mg2+ diffusion in the solid cathode host. As a result, the literature on Mg-

S systems based on sulfur-microporous composite cathodes has mostly reported low specific capacities 

and short cycle life, especially without lithium additives, unlike in the case of Li-S batteries.48, 58  

To improve the sluggish reaction kinetics, Xu et al. used TiS2 as an effective catalyst to activate short-

chain Mg polysulfides.22 The Mg-S cell with TiS2 coated separator (0.15 mg cm-2) showed a significant 

improvement compared to that without TiS2. Using a sulfur infused carbon nanofiber composite with 

S:C ratio of 1:3 as the cathode material, the Mg-S cell delivered a discharge capacity of 900 mAh g-1 

over 30 cycles at a current density of 83 mA g-1. This finding paves the way for the future exploration 

of effective catalysts to enhance the reversibility of the sulfur cathode. 



 

Figure 3. (a) CMK-3/S-155 composite particle. Reprinted by permission from ref. 55 Springer Nature, 

Copyright 2009. (b-c) Performance of S/CMK400PEG cathode with various binders and electrolytes. 

Reprinted with permission from ref. 23 Copyright 2014 Wiley-VCH Verlag GmbH & Co. KGaA, 

Weinhem. (d) Electrochemical performance of different S-C composites in 0.5 M OMBB electrolyte. 

(e) Charge-discharge profile at 160 mA g-1 and (f) discharge capacities vs. Coulombic efficiencies at 

a different charge–discharge current rates of Mg/S-CNT batteries in 0.5 M OMBB electrolyte. 

Reproduced from ref. 57 with permission from The Royal Society of Chemistry. 

In addition to porous carbon materials, activated carbon cloth (ACC) has also been receiving attention 

as a promising carbon host material for Mg-S batteries.25, 44, 61, 62 In the S/ACC composite, microporous 

activated carbon fibers are impregnated with elemental sulfur, forming monolithic carbon-cloth/sulfur 

electrodes.63 The binder-free S/ACC electrode can also enable high sulfur loading (~1.95 mg cm-2),61 

which is essential for achieving high energy density batteries. In the study on the thermodynamics and 

kinetics of the S/ACC cathode in Mg batteries, Gao et al. showed that the capacity decreases severely 

with increasing S/C (sulfur per carbon) ratio.25 At the early (S8  MgS8) and intermediate (MgS8  

MgS2) stages of sulfur reduction, the kinetics of the reaction are insensitive to S/C ratio. However, at 
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the last stage of discharge (MgS2  MgS) where the reaction relies on the solid-state diffusion of Mg2+, 

the large overpotential of the solid-state reaction leads to termination of discharge, which is more 

severe at high S/C ratios. The study also suggested that cycling stability can be dramatically improved 

by limiting the final discharge product to be MgSx (x = 2-8) instead of complete conversion to MgS, 

although this would be at the expense of lower sulfur utilization. The cell with discharge cut-off voltage 

at 1.4 V show a high initial Coulombic efficiency close to 100%, which is much higher than that with 

discharge cut-off voltage at 0.5 V (82%). Besides the ACC, similar materials like preactivated carbon 

nanofiber were also used by Yu et al. as both the sulfur carbon host and separator coating.36 The 

engineered electrode-separator effectively trapped polysulfides within its matrix, enabling longer cycle 

life and a high discharge capacity of ∼1200 mAh g−1 at a rate of C/50. 

Other types of carbon materials such as N-doped graphene,64 Ketjenblack,27 carbon black, multi-walled 

carbon nanotube,24 and reduced graphene oxide 45 have also been employed in sulfur cathodes for Mg-

S batteries. Notably, Vinayan et al. showed that the oxygen functional groups such as hydroxyl, 

epoxide, carbonyl, and carboxyl groups on the surface of graphene help to immobilize sulfur and 

polysulfide during battery charge/discharge via the formation of S=O and C-S bonds.45  Despite the 

presence of chemical interaction between sulfur and its carbon hosts, the dissolution of some 

polysulfide species into the electrolyte is unavoidable and the shuttle effect of polysulfide at Mg metal 

anode was still observed.45 Interestingly, unlike Li-S batteries, the formation of a small amount of 

MgSx on Mg metal anode might significantly reduce its reactivity since the solid MgSx is highly 

resistive to the diffusion of Mg2+.46 

In recent work, Vinayan et al. further designed new cathodes for Mg-S batteries with different sulfur 

loading (0.5-3 mg cm-2) using a nitrogen-doped hybrid nanocomposite of multi-walled carbon 

nanotubes and graphene as host matrix.46 The Mg-S cell with high sulfur loading (3 mg cm-2) showed 

an initial discharge capacity of 431 mAh g-1 and capacity retention of 53% after 50 cycles. This result 

suggested that the multi-walled carbon nanotubes and graphene effectively improve conductivity and 



conversion reaction of the sulfur active material. Therefore, future works should focus on further 

strengthening the chemical interactions between the sulfur cathode and carbon host while maintaining 

its high electronic conductivity at a reasonably high sulfur loading. 

To reduce the non-uniform sulfur distribution and high polarization of sulfur cathode due to its low 

electronic conductivity, Xu et al. introduced magnesium polysulfide (MgPS) on graphene/carbon 

nanotube matrix as catholyte in place of the traditional sulfur cathode.65 The MgPS/G-CNT cathode 

demonstrated a capacity of 1000 mAh g-1 with stable cycling performance over 50 cycles. The authors 

suggested that the YCl3 additive promotes the decomposition of aggregated MgS particles, which 

results in reduced polarization voltage and increased sulfur utilization. However, it is unclear how the 

specific capacity was calculated and the use of MgPS also raises the concern of sulfide precipitation 

onto the Mg metal anode. 

3.2 Covalently bonded sulfur cathodes 

There are also notable efforts focused on reducing the mobility of polysulfide species within the 

cathode by forming covalent bonding or strong chemical absorption between the sulfur species and 

their hosts.50, 66-68 In the early stage of Mg-S battery research, Itaoka et al. prepared sulfur composites 

by reacting sulfur with the bis(alkenyl) compound having a crown ether unit (bis(undec-10-

enoyloxymethylbenzo)-18-crown-6-ether) (BUMB18C6) or linear oxybis (2,1-ethanediyloxy-2,1-

ethane-diyl) ester (UOEE) (Figure 4a).66 These composites comprise polysulfide chains (-Sn-) linked 

with the S-C bonds in the BUMB18C6 or UOEE. The obtained composites are electrochemically 

active in the Mg(TFSI)2-based electrolyte, albeit showing poor cycling behaviour. A more successful 

attempt by Du et al. used graphdiyne (GDY) as a carbon host for the sulfur cathode. The GDY has 

uniformly distributed pores (5.42 Å) and large interlayer distance (0.365 nm), making it a good 

reservoir for short sulfur molecules (Sx, 1≤ x ≤ 4) (Figure 4b).50 A stable covalent bonding between 

sulfur and carbon host forms by the reaction of sulfur with reactive carbon-carbon triple bonds of 

GDY. Hence, the sulfur molecules are well confined in the triangle–like pores inside GDY. 



Interestingly, the formation of short-chain sulfide units decreases the electrophilicity of sulfur and 

renders the cathode compatible with the Grignard‐based nucleophilic all‐phenyl complex (APC) 

electrolyte. However, a reasonable performance was only obtained when LiCl additive was used in the 

Mg-S battery electrolyte. This is likely related to the fact that the reaction kinetics of Mg2+ with short-

chain polysulfides in the solid-state is sluggish. Recently, Wang et al. developed a Mg-S battery using 

sulfurated poly(acrylonitrile) composite cathode (SPAN), in which sulfur chemically bound to the 

carbonaceous backbone. The authors combined three major approaches to improving the performance of 

Mg-S battery, including the use of stable SPAN cathode, hybrid electrolyte solution (0.1 M Mg(BH4)2 + 

1.5 M Li(BH4)2 in diglyme), and high surface area magnesium anode based on Rieke Mg powder.69 The 

Mg-S cell delivered a reversible capacity of ca. 800 mAh g-1 at 0.5 C for over 300 cycles. However, the 

good battery performance was only achieved at a high concentration of LiBH4 (1.5 M). The low discharge 

voltage of the Mg-S cell (below 1 V) also reduces its energy density and limits its practical application. 

Also, Zhou et al. demonstrated a metal-organic framework (ZIF-67) derived carbon framework co-

doped by N and Co atoms as an effective S host for Mg-S batteries (Figure 4c).67 The ZIF-C-S cathode 

with sulfur loading of 47% exhibited a high capacity of 600 mAh g-1 at 1 C that was preserved at ~400 

mAh g-1 after 200 cycles. The battery was able to cycle up to 5 C with a reversible capacity of 300-

400 mAh g-1. The authors attempted to combine various strategies to achieve high-performance Mg-S 

batteries, including the hierarchical porous structure of ZIF-C, heterogeneous doping, Li salt and Cl- 

addition, charging mode (cut-off charge capacity at 800 mAh g−1), and reduced graphene oxide coated 

separator. It should be noted that the presence of LiTFSI at high concentration (~ 1 M) in the electrolyte 

showed significant performance enhancement compared to that without LiTFSI addition. Notably, the 

authors suggested that Li salts are able to reactivate the precipitated MgSx, and that Co acted as a 

potential catalyst in the conversion reaction of polysulfides. Recent work on cobalt-based mesoporous 

materials for Mg-S cells was also reported by Sun et al.51 The active material composite consists of 

mesoporous carbon, cobalt nanoparticles, and sulfur with a weight content of 63%. XPS analysis of 



the composite along with UV-Vis measurement of dissolved polysulfides from the material indicated 

the ability of cobalt nanoparticles to form Co-S covalent bonding, which successfully tethers the 

polysulfide species and reduces shuttling. Moreover, without using any Li salt mediation, the cathode 

material showed high practical capacity of 780 mAh g-1 with a maintained capacity of 280 mAh g-1 

after 400 cycles at 0.2 C. 

In early 2020, Huang et al. reported the performance of Mg-S battery using vanadium nitride/sulfur 

(VN/60S) with 60 wt% of sulfur.68 The hollow nanospheres of vanadium nitride provided highly 

efficient chemical absorption/bonding of polysulfides and high electrical conductivity. After a 

conditioning process of the electrolyte solution (0.2 M Mg(OTf)2 + 0.4 M MgCl2 + 0.4 M AlCl3 in 

DME), the Mg-VN/60S battery exhibited specific discharge and charge capacities of 813 mAh g-1 and 

808 mAh g-1, respectively, corresponding to a Coulombic efficiency of 99.4 % at the current density 

of 200 mA g-1. At a higher current density of 500 mA g-1, the Mg-VN/60S exhibited a stable cycling 

performance over 100 cycles with the specific capacity reaching 575 mAh g-1. 



 

Figure 4. (a) Material structure and electrochemical performance of S/bisalkenyl compound cathode. 

Reprinted with permission from ref. 66 Copyright 2015 Elsevier. (b) Schematic illustration of the 

preparation process of SGDY by using a simple thermal synthesis procedure and electrochemical 

performance of SGDY cathode. Reprinted with permission from ref. 50 Copyright 2017 Wiley-VCH 

Verlag GmbH & Co. KGaA, Weinhem. (c) Schematic illustration to prepare ZIF-C and ZIF-C-S and 

electrochemical performance of S/ZIF-C cathode. Reprinted with permission from ref. 67 Copyright 

2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinhem. 

3.3 Effect of the copper current collector 

Special attention should be placed on the use of Cu current collector for sulfur cathodes as widely 

reported in recent studies.46, 57-59, 68, 70-72 These studies suggested that copper sulfides that are formed 

when sulfur is coated on a Cu current collector at 50 oC provide a strong chemical interaction between 
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Cu and sulfur, which protects sulfur and increases its compatibility with the electrolyte.71 However, a 

recent study showed that the Cu current collector is involved in the redox reactions during cycling and 

forms the redox couple Mg/CuS, especially in electrolyte systems containing chloride ions and 

polysulfides (Figure 5a-b).73 Close attention should be paid on Mg-S batteries utilizing Cu current 

collector for the following reasons: (1) The conversion reaction of Cu and Cu2S occurs near 0.9-1.2 V, 

which overlaps with the working voltage of sulfur between 0.5-2.5 V (Figure 5c).37, 74, 75 This causes 

difficulty in distinguishing the two conversion reactions. (2) The specific capacity of the cathode 

calculated based on the mass of active sulfur while ruling out the contribution of the redox couple Mg-

CuS might result in over-estimation of the specific capacity of the cathode as shown by Robba et al. 

(Figure 5d), especially at low sulfur loading.73 (3) In the electrolyte containing a high concentration of 

chlorides such as AlCl3, MgCl2, and LiCl, the corrosion rate of Cu current collector increases, which 

might result in a higher content of CuS formed at the cathode during cycling and thus higher 

contribution of the redox couple Mg-CuS to the charge/discharge process of the battery. In addition, 

Robba et al. suggested that Cu current collector cannot be used in combination with sulfur cathode due 

to its severe degradation by corrosion (Figure 5b). There have also been several reports on the use of 

metal sulfides (e.g. CuS, FeS and FeS2) as the cathode material for Mg batteries.74-80 However, as the 

only redox-active elements in these cathodes are metal ions such as Cu2+ and Fe2+, these battery 

chemistries are not classified as Mg-S batteries in which sulfur is the redox-active element, and are 

outside the scope of this review. 

In summary, from the above examples, we see that the main design principles for the sulfur cathode 

are the engineering of carbon host and polysulfide immobilization techniques. Recent efforts have also 

been geared towards the design of catalyst materials to speed up the sulfur redox kinetics, although 

more efforts are needed to understand the underlying catalytic reaction mechanisms through a 

combination of theory computations and in-situ characterization. Overall, it is obvious that multiple 

strategies will need to be combined to attain a well-performing sulfur cathode, including the selection 



of highly conductive and porous carbon hosts, enhancement of chemical interaction between carbon 

hosts and sulfur, and re-engineering of the electrode and cell architecture.  

 

Figure 5. (a) A schematic illustration of change in charge-discharge profile due to change in redox 

pair from Mg-S to Mg-CuS. (b) SEM image of Cu current collector cycled in 0.4 M Mg(TFSI)2 + 0.4 

M MgCl2 in G4:DOL (1:1, vol%). (c) Change in charge-discharge cycle voltage profiles and (d) 

specific capacity vs. cycle number plot of batteries assembled with Cu current collector using 0.45 M 

Mg(B(HFIP)4)2 + 0.45 M MgCl2 in G4:DOL (1:1 vol%) electrolyte. Reprinted with permission from 

ref. 73 Copyright 2020 Elsevier. 

4. Rational design of the anode 

Mg metal has been a popular anode since the first report on Mg metal batteries due to its high 

volumetric capacity.6 While Mg metal anode is highly compatible with Grignard-reagent-based 

electrolytes, the charge cut-off voltage is often limited far below 3.0 V.9, 53, 81 The major drawback of 

Mg metal anode is the irreversible plating/stripping process in conventional electrolytes comprising 
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reducible Mg salts (e.g. Mg(ClO4)2, Mg(PF6)2, Mg(TFSI)2) and organic solvents (e.g. organic 

carbonates, esters, ethers).82 In particular, Mg reacts with oxygen and/or moisture from most polar 

aprotic solvents and the salt anions, forming a very stable, electrochemically inactive and insulating 

MgO-containing passivation layer. Recently, there have also been a few reports that confirm the 

dendrite growth of Mg, especially at high current density, which raises the safety concern of Mg metal 

anodes.31, 83 These issues warrant the need for advanced ex-situ and in-situ surface modifications to 

form stable interphases that inhibit anode passivation and suppress dendrite growth. 

To improve the performance of Mg metal, high surface area Mg metal anodes have also been used in 

Mg-S battery instead of Mg foil.23, 45, 84 The anode was prepared by ball-milling magnesium powder 

with graphite powders or carbon black followed by pressing. Mg powder anode offers advantages of 

porous characteristics and thus better soaking property and higher surface area.23, 45 In addition, the 

high surface area Mg electrode can chemically react with all active contaminants in the solution and 

scavenge them, similar to that observed in the conditioning process of the electrolyte solution.  Sievert 

et al. conducted a study on the effect of pressure on the performance of Mg powder anode in Mg-S 

batteries.84 The result showed that the powder anodes prepared with lower compression (i.e. higher 

porosity) demonstrated an improved cycling behavior compared to dense powder and magnesium foil 

electrodes. Despite the slight improvement of reaction reversibility compared to Mg foil anode, it was 

not a promising alternative. The preparation of the powder electrode will increase the cost of electrode 

processing as well as reduce the volumetric capacity of Mg metal anode. Importantly, the passivation 

issue remains because Mg still exists in a metallic form and a high-surface electrode is potentially 

more reactive toward the electrolyte components. Challenges on the anode material development to 

address the issues of Mg metal anode remain. 

Beyond Mg plating/stripping reaction mechanism, Mg2+-insertion materials have been suggested as a 

new class of anode active materials. Many p-block elements M (such as Al, Ga, In, Si, Ge, Sn, Pb, P, 

Sb, and Bi, etc.) can theoretically alloy with Mg to form MgxM Zintl phases. These alloys have high 



theoretical specific capacities and low alloying potentials (below 0.4 V vs. Mg/Mg2+) with volumetric 

expansion in the range of 90~220 % (Figure 6a). Moreover, these alloys are less reactive than Mg 

metal because Mg exists as a divalent ion inside the Zintl phases. The coupling of these alloy anodes 

with sulfur cathodes provides a promising solution to overcome the passivation issue of reactive Mg 

metal anode in conventional electrolytes while delivering high energy density (Figure 6b). Herein, we 

focus on the present progress, feasibility, and challenges of Mg alloy anodes based on p-block elements 

(Bi, Sb, Sn, Pb, and In), as well as various ex-situ and in-situ surface modifications of Mg metal anodes 

to form promising interphases. 

 



Figure 6. (a) The average potential vs. theoretical specific gravimetric capacity plots of Mg2+-insertion 

alloy anodes. (b) Comparison of theoretical specific gravimetric and volumetric energy densities of 

Mg-S with various MgxM-S cells. Values are normalized by those for the Mg/S cell. The titles for x- 

and y-axis were added to the original graph for general readers. (c) A schematic illustration of a 

Mg3Bi2// S battery. Comparison between first cycles obtained at C/10 for (d) Mg/ACC-S cell and (e) 

Mg3Bi2/ACC-S cell with Mg(TFSI)2/DME electrolyte. The gray band represents the theoretical 

working voltage of each cell and highlights the very high overpotential when a Mg anode is used. 

Nyquist plots of (f) Mg3Bi2//S battery and (g) Mg//S battery with Mg(TFSI)2/DME electrolyte and 

Mg3Bi2-Bi composite as the reference electrode. (h) Cycling performance of Mg3Bi2/S coin-cell at C/2 

current rate and comparison with literature results using similar ACC/S cathode material.37, 40 (b, d-g) 

Reprinted with permission from ref. 85 Copyright 2019 American Chemical Society. 

4.1 Mg alloy anodes 

Bi is the first reported magnesium alloy anode by Arthur et al. in 2012.86 Theoretical specific 

gravimetric and volumetric capacities of Bi based on the alloy reaction with Mg (3Mg2+ + 2Bi + 6e- 

⇌ Mg3Bi2) are 385 mAh g-1 and 3783 mAh cm-3, respectively.87 In particular, its theoretical volumetric 

capacity is comparable to that of Mg metal (3833 mAh cm-3). Of interest is its high cycling stability at 

an unexpectedly high rate of 1 C, implying fast Mg2+ ion-conduction kinetics of Bi. The authors also 

demonstrated its compatibility with a conventional electrolyte made of Mg(TFSI)2 and acetonitrile 

(AN) solvent, using cyclic voltammetry with a three-electrode cell consisting of a platinum counter 

electrode and Ag/Ag+ reference electrode.86 This work gave inspiration to alloy anode material design 

and substantiated the possibility of using alloy anodes in Mg batteries. While the follow-up works on 

nanostructured Bi anodes in half-cells with mixed Mg and Li salts (e.g. 0.1 M Mg(BH4)2 + 1.5 M 

LiBH4 or Mg(TFSI)2 + LiTFSI) showed significantly improved cycling stability, the Bi anodes did not 

work without lithium salt in the electrolyte.87-89 To date, when considering purely Mg salt-only 

electrolytes, no report is available on the Bi anode delivering higher than 250 mAh g-1 for more than 



100 cycles. The challenge of attaining long cycle life in Mg salt-only electrolyte remains. Furthermore, 

the use of the Bi anode alone with sulfur cathode is impossible due to the lack of Mg source, requiring 

Mg alloy anodes instead.  

Murgia et al. first reported magnesiated Bi alloy material, Mg3Bi2, in a powder form using high-energy 

ball-milling of mixed Mg and Bi powders.90 In addition, the first impressive report on Mg full-cell, 

Mg3Bi2//Mo3S4, with conventional 0.5 M Mg(TFSI)2/diglyme electrolyte, was provided showing just 

one cycle of ~0.55 Mg2+-extraction and insertion. This work provided insight into the research strategy 

toward the realization of an Mg full-cell with Mg-free cathode. Importantly, the combined density 

functional theory and electronic structure calculations by Lee et al.91 found that Mg3Bi2 is likely to be 

a small band gap semiconductor. The calculations indicate that Mg vacancies are likely to form in this 

material, with relativistic spin-orbit coupling significantly lowering the defect formation energies and 

enabling fast Mg2+-diffusion kinetics. However, the handling of the Mg3Bi2 alloy must be done in a 

dry condition due to its moisture-sensitive characteristics.92 

Recently, Meng et al.85 reported for the first time a prototype of Mg3Bi2//S battery, with a conventional 

electrolyte of 1 M Mg(TFSI)2 in DME (Figure 6c). To date, this is the only report on cyclable alloy//S 

cell and the best cycling performance of alloy anode based Mg full-cell in a conventional electrolyte. 

The delivered energy density of the Mg3Bi2//S cell was 302 Wh kg-1, which is comparable to its 

theoretical energy density of 416 Wh kg-1. The alloy anode used in the study was a Mg3Bi2-carbon 

black composite mixed with poly(tetrafluoroethylene) (PTFE) binder. The sulfur cathode was prepared 

by homogeneously impregnating sublimed sulfur into activated carbon cloth (ACC) substrate. 

However, the sulfur content was somewhat low (~10 wt.%), corresponding to active mass loading of 

0.8-1 mg cm-2. Note that no current collectors such as aluminum and copper foils were used in this 

cell. The authors provided evidence that high overpotential and surface passivation problems of Mg 

metal anode in Mg(TFSI)2-based electrolyte were no longer present upon the use of Mg3Bi2 anode 

(Figure 6d-e). Impedance spectroscopy measurements showed that the Mg3Bi2//S cell has two orders 



of magnitude lower interfacial resistance compared to the Mg//S cell and a limited impedance increase 

upon cycling (Figure 6f-g). In this case, Mg3Bi2 anode likely induces lower degree of interfacial 

reactions and electrolyte decomposition, compared to Mg metal. The first-cycle capacity was higher 

than 700 mAh g-1 at a rate of C/2, and capacity retention after 30 cycles was ~58% (Figure 6h). The 

result is highly compatible with other reported Mg-S batteries, though further investigations should be 

made on increasing sulfur content, optimizing anode preparation process and electrolyte formula, and 

establishing factors affecting the cycle life and energy density of magnesiated alloy//S cells. 

In addition to Bi and Mg3Bi2 alloy anode, other alloy anodes such as Sb, Sn, Pb, In, and their 

magnesium alloys have also been actively investigated as potential anode materials for Mg batteries, 

though they have not been demonstrated in a full-cell configuration with sulfur cathodes yet.86, 93-101 

Electrodeposited Sb and Bi1-xSbx alloys were first reported by Arthur et al.86 Although the theoretical 

capacity of Sb (660 mAh g-1) is far larger than Bi (385 mAh g-1), Sb does not cycle in EtMgCl–

Et2AlCl/THF electrolyte.  Matsui et al.92 reported that Mg3Sb2 has the same crystal structure and 

similar chemical properties as Mg3Bi2 except that Mg3Sb2 is electrochemically inactive due to the 

strength of Mg-Sb bond. Later, Singh et al. reported Sn as a Mg2+-insertion anode material with 

theoretical capacities of 903 mAh g-1 and 4300 mAh cm-3.93 The Sn anode exhibited lower Mg2+ 

insertion and extraction voltage plateau (~0.2 V vs. Mg/Mg2+) and higher capacities than Bi. However, 

Sn anode suffers from poor kinetics and its capacity diminishes at a higher rate. In contrast to Bi, its 

cycle life was limited to only 10 cycles. The Mg2Sn//Mo3S4 full-cell worked in a conventional 

electrolyte of 0.5 M Mg(TFSI)2/DME but quite a low capacity of ~50 mAh g-1 was delivered. 

With the highest capacity among alloy anode materials (903 mAh g-1), Sn and its alloys appear to be 

attractive candidates for high energy Mg batteries. Numerous studies have focused on understanding 

the electrochemical properties/reaction mechanism, and improving the cycling performance. Density 

functional theory (DFT) calculations by Malyi et al.102 compared Sn, Ge, and Si as anode materials for 



Mg batteries and suggested that Sn is the most attractive one amongst those elements due to its far 

lower lattice expansion and diffusion barrier (0.5 eV) for Mg2+-diffusion than Ge (0.7 eV), 

corresponding to average insertion voltages of 0.184 V (Mg2Sn) and 0.241 V (Mg2Ge). Nguyen et al.97 

reported the performance of β-Sn bulk anode, which was prepared with 80 wt% of Sn micro-sized 

powder and cycled in half-cells with 0.5 M PhMgCl/THF electrolyte. The first discharge capacity and 

initial Coulombic efficiency at 0.15 C were 321 mAh g-1 and 97%, respectively. Cycling proceeds 

stably for 30 cycles, delivering high capacity retention of 90%. The Mg2+ diffusivity in pulsed laser 

deposited Sn film electrode measured using cyclic voltammetry was on the order of 10-11 cm2 s-1, four 

orders of magnitude lower than the Li+-diffusivity on the Sn film electrode in lithium cells. Their ex-

situ XPS surface analyses revealed that 0.5 M PhMgCl/THF electrolyte induced the formation of SEI 

comprising electrolyte decomposition products and performance-fading soluble SnCl2. In the 

following work, Nguyen et al. 98 first reported Mg2Sn as a promising anode active material in full-cell 

configuration with Mg-free V2O5 cathode. They synthesized Mg2Sn bulk anode material using a simple 

ball-milling and prepared the electrode by coating the active material slurry (80 wt% Mg2Sn) onto a 

copper foil. The half-cell of Mg2Sn anode in 0.5 M PhMgCl/THF electrolyte exhibited reversible 

demagnesiation/magnesiation for 50 cycles with a maximum discharge capacity of 270 mAh g-1 at 

C/40 at room temperature. The cell delivered capacity retention of 73% after 50 cycles with Coulombic 

efficiency of 98-99%. Furthermore, a full-cell Mg2Sn//V2O5 configuration (with 0.5 M 

Mg(TFSI)2/diglyme electrolyte) delivered a first discharge capacity ~150 mAh g-1, corresponding to 

the extraction of 0.5 Mg2+ ion and 1 electron from Mg2Sn anode and their insertion into V2O5 cathode. 

Despite their usefulness, alloy anodes suffer from large volumetric change of active material during 

magnesiation and demagnesiation, similar to that observed in LIBs during lithiation and delithiation.29 

This volumetric change poses detrimental effects to the anode as it causes particle pulverization and 

loss of electrical contact with the conductive carbon and/or current collector. To overcome this issue, 

various investigations have been made to improve the performance of alloy anodes. Nguyen et al. 103 



pointed out the necessity of a formation process since partial participation of active material in the 

early cycles caused an irreversible capacity loss by anode–electrolyte interfacial reactions, resulting in 

low capacity and Coulombic efficiency of the micro-sized Mg2Sn. Low electronic conductivity and 

particle agglomeration are also issues plaguing the Mg2Sn anode, which they addressed by adding 

graphite as a conductive agent for the anode. By applying the optimal formation condition to the Mg2Sn 

half-cell with 0.5 M PhMgCl/THF electrolyte at room temperature, an improvement in discharge 

capacity (to 382 mAh g-1), cycling performance (to 60 cycles), and capacity retention (to 70%) was 

obtained. Moreover, excellent Coulombic efficiencies of 98–99% and lower overpotential were 

achieved. Yaghoobnejad Asl et al.99 counterintuitively used the bulk Mg2Sn powders to synthesize 

nanostructured β-Sn in-situ for improved Mg2+-diffusion kinetics. The study found that the application 

of oxidative pulse at the end of each demagnesiation step removes any surface-blocking passivating 

film. With the oxidative pulse treatment, a long cycle (150 cycles) was achieved at relatively high rates 

of C/5 and C/2. The anode also delivered specific capacities of 150-180 mAh g-1. Other emerging 

efforts focused on novel material design, including nanostructured materials,87, 89, 93, 104, 105 phase 

engineering, 100, 101, 106-109 and carbon composite,110 which demonstrated remarkable performance 

enhancement in both half-cell and full cell tests. 

Up to date, among the various alloy anodes, only Mg3Bi2 anode has been paired with sulfur cathode in 

a full-cell configuration, Mg3Bi2//S. Upcoming potential alloy anodes include Mg2Sn, MgIn, and 

magnesitated mixed alloys such as Mgx(Bi-Sn), Mgx(Bi-In), Mgx(Bi-Pb), Mgx(Sn-Sb), Mgx(Sn-In), 

etc., which have higher theoretical specific energy densities than those of Mg3Bi2//S cell. It is also 

worth noting that the use of other alloy anodes such as Pb-based anode and In-anode might lead to 

concerns for practical applicability due to the requirement of high-temperature operation, toxicity, and 

high cost.95, 96 

4.2 Surface modification of Mg metal anodes 



Other than the above-discussed strategies, burgeoning efforts have been made to mitigate the formation 

of surface blocking layers at Mg metal anode through ex-situ (before electrochemistry) or in-situ (during 

electrochemistry) surface modifications. Son et al.111 reported a successful artificial Mg2+-conductive 

interphase made of thermal-cyclized polyacrylonitrile (cPAN) and Mg triflate at the surface of Mg metal 

powders (Figure 7a). cPAN has widely been employed as a conductive polymer host for sulfur cathode112, 

113 and surface modification of battery electrode materials in LIBs114 due to its high electronic and ionic 

conductivity, and good mechanical strength. The coated Mg anode was prepared by annealing a 

mixture of the Mg metal powder (77 wt%), polyacrylonitrile  (10 wt%), carbon black (10 wt%), and 

Mg(CF3SO3)2 salt (3 wt%), on stainless steel foil at 300 °C under argon atmosphere to achieve in-situ 

cyclization of the PAN units. The combined results of XPS, time-of-flight secondary ion mass 

spectrometry (TOF-SIMS), and thermogravimetric analysis speculated the structure of the 100 nm 

thick interphase layer as pyridine-based PAN matrix hybridized with a network of multi-coordinated 

Mg(CF3SO3
-) units. The average ionic conductivity of the artificial interphase was 1.19×10-6 S cm-1, 

even higher than that of a typical SEI in a LIBs consisting of semi-carbonate salt (10-9 S cm-1). Cycling 

performance of Mg//V2O5 full-cell with 0.5 M Mg(TFSI)2/PC electrolyte between 0.01 and 3 V at a 

current density of 29.4 mA g-1 was slightly improved upon the use of surface protected Mg powder 

anode, delivering 76 mAh g-1 as the first charge (magnesiation) capacity. Referring to earlier reports 

on the effects of water in accelerating the Mg2+ insertion kinetics, the authors added water to the 

electrolyte and narrowed down the voltage window to 0.5 – 2.5 V. The resultant full-cell with 0.5 M 

Mg(TFSI)2/PC+3 M H2O electrolyte at a current density of 29.4 mA g-1 exhibited an increase in the 

initial reversible capacity to 140 mAh g-1, a decrease in the overpotential, and delivered 40 charge-

discharge cycles (Figure 7b). The artificial interphase protected-Mg metal anode is an attractive option 

for Mg-S cells, though it is unclear how the artificial interphase might interact with dissolved 

polysulfides. 



 

Figure 7. (a) Schematic of a Mg powder electrode coated with the artificial Mg2+-conducting 

interphase, and the proposed structure for the artificial Mg2+-conducting interphase. (b) Full-cell 

cycling performance comparisons between Mg/V2O5 and Mg (interphase-protected)/V2O5 in 0.5 M 

Mg(TFSI)2/PC electrolyte and 0.5 M Mg(TFSI)2/PC + 3 M H2O electrolyte. Reprinted by permission 

from ref. 115 Springer Nature, Copyright 2018.  (c) Fabrication method schematic of the Sn-based 

artificial layer on magnesium anode. (d) Voltage profiles of Mg/TiS2 cells with and without the 

artificial Sn-based interface on the magnesium anode. Reprinted with permission from ref. 116 

Copyright 2019 Oxford University Press. (e) The specific mechanism of SEI formation on the Mg 

anode surface in Mg[B(hfip)2]2/DME electrolyte and Li[B(hfip)2]/DME electrolyte. (f) Polarization 

behavior of the Mg/Mg symmetric cell (with bare Mg electrodes) and the Mg/Mg symmetric cell (with 
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SEI protecting Mg electrodes) at the current density of 0.1 mA cm−2, both based on Mg(TFSI)2/DME 

electrolyte. Reprinted with permission from ref. 117 Copyright 2020 Wiley-VCH Verlag GmbH & Co. 

KGaA, Weinhem. 

Also, Li et al. 118 reported MgF2 (<200 nm) coated Mg metal anode that was prepared by simply 

immersing the Mg metal in hydrofluoric acid. The role of MgF2 surface film was suggested as an Mg2+-

ion conductor which suppresses the side reactions with the electrolyte. A half-cell of MgF2-coated 

Mg//Bi with APC electrolyte was cycled between 0.01 and 1.0 V and exhibited improved cycling 

performance compared to that of bare Mg anode. Interestingly, due to the ability of alloying materials 

to conduct Mg2+ ions in their lattices, Sn and Ge have also been studied as alternative artificial SEI 

layers for Mg anodes. Previously, Lv et al. synthesized the artificial layer by adding 150 mM 

SnCl2/DME on top of polished Mg metal (Figure 7c).116 This treatment formed a Mg2+-conductive 

layer made of an Sn-phase on top of the Mg metal and an additional insulating MgCl2-SnCl2 layer on 

top of it. These layers prevent the decomposition of the electrolyte on Mg metal, thereby preventing 

passivation of the anode. Furthermore, when tested with Mg(TFSI)2/DME electrolyte, the protected 

anode was found to have low and stable deposition/dissolution overpotential of ∼0.2 V vs. Mg/Mg2+ 

at 6 mA cm-2
 for 4000 cycles. Although not yet utilized for Mg-S batteries, a full cell system with TiS2 

cathode was found to perform well with the modified anode for at least 25 cycles at 10 mA g-1 (Figure 

7d).116  

Using an in-situ approach, Tang et al. attempted to form a stable SEI on Mg anode by decomposition 

of lithium tetrakis(hexafluoroisopropyloxy)borate (Li[B(hfip)4]) in DME electrolyte in the initial 

cycles (Figure 7e).117 The surface analysis shows that the SEI mainly comprised a significant amount 

of Li2CO3, Li2O, and LiF. TOF-SIMS results also revealed the uniform distribution of SEI components 

over the surface of Mg anode, which is different from the uneven SEI formed by Mg[B(hfip)4]2 in 

DME. The SEI protected Mg electrode demonstrates excellent cycling stability with a low 



overpotential of Mg plating/stripping in Mg(TFSI)2/DME electrolyte (Figure 7f), implying the good 

protection of Mg anode against the reduction of electrolyte components. 

In summary, the SEI is arguably the most important yet but least understood component of Mg anodes, 

even though most of the critical reactions occur at this interphase, such as ion transport and dendrite 

formation. Advanced techniques such as XPS with depth profiling can be used to probe the chemical 

constituents of the SEI as a function of thickness. This can be complemented with multiscale 

computational modelling to understand the formation and evolution of SEI with cycling, so as to 

develop more stable interphases in the future.  

5. Rational design of the electrolyte 

As the most crucial component of Mg batteries, the electrolyte system has been receiving considerable 

attention from the research community. Recent reviews have well summarized and highlighted the 

most advanced electrolyte systems to date.4, 41, 119-125 Figure 8 depicts the development of major 

electrolyte systems for Mg batteries over the last decade, among which boron-based electrolytes have 

been extensively studied (highlighted in green). Figure 9 compares the three most important features 

for Mg electrolytes, including ionic conductivity, anodic stability, and Mg plating/stripping Coulombic 

efficiency. It should be noted here that the method for measuring Coulombic efficiency varies in the 

literature, including cyclic voltammetry, macro-reversibility measurements,126 and direct calculation 

from the galvanostatic charge/discharge cycle. As discussed by Bonnick et al.,123 the Coulombic 

efficiency measured by cyclic voltammetry might not be completely accurate compared to others. 

Also, the experimental conditions for Mg plating/stripping in the literature (e.g., current density, areal 

capacity, scan rates) are greatly different between studies. Hence, a direct comparison of Coulombic 

efficiency for those electrolytes might not be appropriate. 

Figure 9 clearly shows that chloride-free boron-centered anion-based electrolytes, such as magnesium 

fluorinated pinacolatoborate (Mg-FPB) in diglyme,127 and magnesium 



tetrakis(hexafluoroisopropyloxy)borate (Mg[B(hfip)4]2) in DME,12 (highlighted in green) appear to be the 

most promising systems with high ionic conductivity and good anodic stability on both Pt and non-noble 

metal current collectors such as aluminum (Al) and stainless steel (SS). Their superior performance in 

Mg-S batteries has also been demonstrated (Figure 2). The chloride-containing electrolyte systems, 

despite their high Mg plating/stripping Coulombic efficiency, suffer from low anodic stability on SS and 

Al due to chloride-induced corrosion of these current collectors, which limit their practical applications.32 

Herein, we focus our discussion on the development strategy of the most promising chloride-free 

boron-based electrolytes, which will provide an outlook on the future development of other electrolyte 

systems for Mg-S batteries. In addition, the use of electrolyte additives and the engineering of solvents 

are also discussed as promising strategies for enhancing the electrochemical performance of Mg-S 

batteries. 

 

Figure 8. Development of the electrolyte systems for Mg batteries. The electrolyte solvents, including 

tetrahydrofuran, monoglyme, diglyme, triglyme, and tetraglyme, are denoted as THF, DME, G2, G3, and 

G4, respectively. Data was collected from ref. 8-12, 23, 33, 35, 37, 42, 43, 47, 53, 56, 57, 62, 81, 117, 126-142 



 

Figure 9. Summary of anodic stability, ionic conductivity, and Coulombic efficiency (CE) of the 

recently reported electrolyte systems. The anodic stability was determined on Pt electrode, stainless steel 

(SS), Al, and glassy carbon (GC). The data was extracted from ref. 8-12, 35, 37, 38, 42, 48, 57, 81, 127, 138, 141, 143-147 

5.1 Boron-based electrolytes 

The development of boron-based electrolytes has been focused on the design of boron-centered anions 

with different substituents. The first boron-centered anion-based electrolyte was reported by Gregory et 

al. in 1990, consisting of magnesium organoborates (Mg(BR4)2) (where R can be various organic groups 

such as phenyl and butyl). Following this work, several novel boron-based electrolytes were then 

reported.33, 128, 148 The Mg(BPh3Bu)2 in THF electrolyte has low anodic stability of 1.9 V vs. Mg/Mg2+ due 

to the occurrence of β-H elimination of the butyl group.33 Replacing the butyl moiety with phenyl or 3,5-

bis(trifluoromethyl)phenyl groups results in improved anodic stability. However, those changes also result 

in reduced solubility, and incompatibility with the Mg metal anode. The study also confirmed that 

magnesium organoborates are non-corrosive, which is highly beneficial for the development of Mg 



batteries.33 In 2012, Mohtadi et al. proposed a non-chloride containing electrolyte using magnesium 

borohydride (Mg(BH4)2) in ethereal solvents.129 Mg(BH4)2 electrolytes showed high Coulombic 

efficiency (94%) but it suffered from low anodic stability of 1.7 V and 2.2 V vs. Mg/Mg2+ on Pt and 

stainless steel electrode, respectively. Moreover, due to the nucleophilic nature of Mg(BH4)2, it is naturally 

incompatible with the sulfur cathode.149 Subsequently, in 2015, it was discovered by Mohtadi et al. that 

magnesium monocarborane (Mg(CB11H12)2) has a much higher anodic stability and solubility than 

Mg(BH4)2 along with excellent compatibility with magnesium metal.10 However, no further research was 

done on the compatibility of monocarborane salt with sulfur cathode. The complicated synthesis 

procedure of this salt has also shifted the focus of the research community to other boron-based 

electrolytes. 

In early 2017, Zhang et al. reported a new boron-centered anion-based magnesium (BCM) electrolyte 

system.35 The authors focused on the engineering of boron-centered anions ([BXnY4-n]
- (X, Y= R, RO, F, 

and H)) based on three basic factors. First, the anions should be non-nucleophilic, chloride-free, easy to 

prepare, and compatible with the Mg metal anode. Second, the anions should allow for high Mg salt 

solubility to create an electrolyte solution with high ionic conductivity. Lastly, the anions should be 

designed for high anodic stability by utilizing fluorine substituents. The authors performed cyclic 

voltammetry tests on various boron-centered anions and found that the mixture of tris(2H-

hexafluoroisopropyl) borate and MgF2 in DME was a promising electrolyte for Mg batteries (Figure 10 

a-b, Equation 6). The reaction initially formed fluoro-tris(2H-hexafluoroisopropyl)borate anion 

([FTHB]−) (Figure 10 c). However, after cycling, tetra(hexafluoroisopropyl)borate anion-([TrHB]−) 

(Figure 10 e, Equation 7) was detected as the effective anion species in the electrolyte solution. At the 

MgF2/THFPB ratio of 1:20, the electrolyte exhibited a high Coulombic efficiency of 99.8% and ionic 

conductivity of 1.1 mS cm-1. The electrolyte solution also showed a high oxidative stability limit up to 3.5 

V, 3.8 V, 2.1 V, and 2.2 V vs. Mg/Mg2+ on SS, Al, Cu, and Ni electrodes, respectively. The Mg-S full-

cell consisted of a sulfur disordered mesoporous carbon composite coated on Cu as the cathode. It showed 



a high initial discharge capacity of 1081 mAh g-1 with a clear flat voltage plateau near 1.1 V vs. Mg/Mg2+. 

The sulfur cathode with sulfur loading up to 85% displayed capacity retention of 86% with a low 

overpotential of less than 0.4 V (Figure 10f-g). The authors also revealed that the polysulfide shuttling 

effect and the amount of electrolyte both affect the performance of Mg-S batteries significantly. However, 

the low solubility of MgF2 in ether solvent and the possible parasitic consumption of magnesium during 

the in-situ formation of the effective anion, [TrHB]- (Figure 10e, Equation 7), remained as challenges for 

the practical application of this electrolyte. 

MgF2 + nDME + 2THFPB  [Mg(DME)n]
2+ + 2[FTHB]- (n= 3-6)   (6) 

Mg + nDME + 2THFPB  [Mg(DME)n]
2+ + 2[TrHB]- (n= 3-6)  (7) 

Mg(BH4)2 + 8RF-OH  Mg[B(ORF)4]2 + 4H2     (8) 

Shortly after, Zhao-Karger et al. published a straightforward synthesis of magnesium 

tetrakis(hexafluoroisopropyloxy)borate by directly reacting magnesium borohydride with fluorinated 

alcohols (Equation 8).12 Taking inspiration from previous discovery of high electrochemical stability 

lithium hexafluoroisopropylaluminate (Li[Al(hfip)4])
150, 151 and a report of Mg[Al(HFIP)4]2/DME 

electrolyte in late 2016, which exhibited superior performance at the time (ionic conductivity of 6.5 mS 

cm-1, Coulombic efficiency of 99.3%, anodic stability of 3.25 V),11 they synthesized a borate-based 

electrolyte with a similar structure to the aluminate-based electrolyte to further improve the stability 

against moisture-induced decomposition. The electrolyte, 0.6 M MgBOR(hfip)/DME solution (Figure 11 

a-b), exhibited high ionic conductivity of 6.8 mS cm-1 at 25 oC and oxidative stability of about 3.5 V vs. 

Mg/Mg2+ on Pt electrode. Remarkably, the electrolyte solution displays anodic stability up to 4.3 V vs. 

Mg/Mg2+ on SS and Al electrode. In a galvanostatic plating/stripping test at a current density of 0.5 mA 

cm-2 and 1 C cm-2, high Coulombic efficiency of above 98% was achieved over 100 cycles.12 The 0.8 M 

MgBOR(hfip)/DEG–TEG electrolyte was also examined in the Mg-S cell using S/CMK-3 coated on SS 



as the cathode. The cathode delivered high specific capacity up to ~500 mAh g-1 and a reversible discharge 

capacity of about 200 mAh g-1 remained after 100 cycles (Figure 11c-d).12 

 

Figure 10. (a) Cyclic voltammogram of Mg deposition/dissolution in MgF2/THFPB electrolyte. (b) 

Current density vs. cycle number from the cyclic voltammogram. (c-d) Anion and cation structure of 

fresh MgF2/THFPB electrolyte. (e) Anion structure of cycled MgF2/THFPB electrolyte. (f-g) 

Performance of Mg-S cell in MgF2/THFPB electrolyte. Reprinted with permission from ref. 35 

Copyright 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinhem. 



Xu et al. also presented an electrolyte solution by reacting magnesium oxide with tris(2H-

hexafluoroisopropyl) borate (THFPB).135 The obtained electrolyte solution showed improved 

electrochemical performance compared to the initial report. The same group also attempted to improve 

the performance of organic magnesium borate-based electrolyte by the combination of 

tris(hexafluoroisopropyl)borate ([B(HFP)3]) and magnesium chloride at the molar ratio of 2:1 in DME.57 

The electrolyte solution showed improved electrochemical performance with Coulombic efficiency of 

approximately 98.5%. The presence of MgCl2 led to the formation of [Mg4Cl6(DME)6]
2+ electroactive 

species which improved the compatibility of the electrolyte with Mg metal anode, with higher Coulombic 

efficiency of Mg plating/stripping and low overpotential. However, this approach comes with a 

compromise on the anodic stability of the non-noble metals such as Al (~3.0 V vs. Mg/Mg2+), SS (~2.5 V 

vs. Mg/Mg2+), and Cu (~3.0 V vs. Mg/Mg2+), which is probably due to the electrochemical corrosiveness 

of the chloride-containing electrolyte. The authors further reported the electrochemical performance of 

the Mg-S cell using S-CNT (80% sulfur loading) coated on Cu as the cathode. The cell demonstrated a 

high specific capacity up to 1247 mAh g-1 at 0.1 C and capacity retention of 80.4% after 100 cycles. 

In 2018, Zhao-Karger et al. further optimized the synthesis of MgBOR(hfip) electrolyte in a facile and 

scalable way and investigated the origin of the voltage hysteresis in Mg-S batteries. At the optimal 

conditions, the MgBOR(hfip) electrolyte demonstrated high ionic conductivity up to ~11 mS cm-1 and 

anodic stability up to 4.5 V vs. Mg/Mg2+ on Pt electrode.37 Recently, Luo et al. reported a stable and non-

corrosive perfluorinated pinacolatoborate magnesium electrolyte with Coulombic efficiency up to 95% 

and high anodic stability of up to 4.0 V.127 Due to the bidentate nature of the ligands bonded to the boron 

center, this electrolyte was reported to be more stable against moisture-induced decomposition than 

Mg[B(hfip)4]2. However, in comparison with other electrolyte systems reported to date, magnesium 

tetrakis(hexafluoroisopropyloxy)borate-based electrolyte still appears to be the most promising system 

for Mg-S batteries due to its high Coulombic efficiency, ionic conductivity and anodic stability.12, 37 The 



strategies for the development of borate-based electrolytes over the years provide inspiration and open 

new opportunities in future electrolyte design. 

However, magnesium tetrakis(hexafluoroisopropyloxy)borate-based electrolytes still contain critical 

issues that need to be resolved for practical application. Mandai et al.152 recently investigated the synthesis 

of Mg[Mg(HFIP)4]2 in triglyme and pointed out three major issues of this electrolyte system: (1) The 

synthetic route of Mg[Mg(HFIP)4]2 using Mg(BH4)2 shows batch-dependent electrochemical activity as 

well as insufficient synthetic yield of the salt, which might be related to the impurities in Mg(BH4)2. 

Instead, the authors proposed a synthetic route via transmetalation between Mg and B (Equation 9-10), 

which results in highly active Mg[Mg(HFIP)4]2 and high reproducibility in synthetic yields. (2) 

Mg[Mg(HFIP)4]2/glyme electrolyte was found to be unstable against Mg metal. The Mg metal soaked in 

Mg[Mg(HFIP)4]2/glyme was unevenly corroded and the decomposition products originating from glyme 

solvent were detected on its surface. (3) Non-dendritic short-circuit was observed even at a low areal 

capacity of 0.25 mAh cm-2 at 0.5 mA cm-2, which is consistent with an earlier report from Tang et al.117 

Further studies on optimizing the synthetic route, electrolyte composition, and interfacial reaction are 

needed to improve these boron-based electrolyte systems. 

Mg(Bu)2 + 2HFIP-H  Mg[HFIP]2 + 2Bu-H       (9) 

Mg[HFIP]2 + 2BH3-THF + 6HFIP-H  Mg[B(HFIP)4]2 + 6H2 + 2THF   (10) 

 



 

Figure 11. (a) Coulombic efficiency and voltage profiles of Mg asymmetric half-cell utilizing 

Mg[B(HFIP)4]2 electrolyte. (b) Linear sweep voltammogram of various current collectors utilizing 

Mg[B(HFIP)4]2 electrolyte. (c-d) Voltage profile and capacity vs. cycle number of S/CMK3 cathode 

in Mg[B(HFIP)4]2 electrolyte. Reproduced from ref.12 with permission from the Royal Society of 

Chemistry. 

5.2 Electrolyte additives 

In LIBs, electrolyte additives play an important role in enhancing the electrochemical performance by 

forming a stable SEI on the surface of anode and cathode, which is conductive to Li+ ions and prevents 

further reaction with electrolyte during cycling. However, as the diffusion of Mg2+ ion is sluggish in the 

solid-state, formation of any surface film on the Mg metal anode is likely to hamper its reversible reaction. 

In this regard, there have been relatively few reports on electrolyte additives for Mg batteries. 



Li et al. reported the use of iodine (<50 x 10-3 M) as an additive in the electrolyte solution of 0.5 M 

Mg(TFSI)2 in DME.43 The formation of a magnesium iodide layer on Mg metal anode acted as an SEI 

that was effective in reducing the Mg plating/stripping overpotential. The authors successfully obtained 

improved performance in both symmetric cells and Mg-S full-cells. Voltage hysteresis of 1.69 V, 0.67 V, 

0.58 V, and 0.55 V was observed on the Mg-S full-cells with 0 mM, 1 mM, 5 mM, and 50 mM iodine 

respectively. The experiments confirmed that the reduced voltage hysteresis is due to the low 

overpotential of Mg plating/stripping with the presence of the MgI2 layer. Recently, an artificial Ge layer 

was also found to function well as an artificial SEI.153 By adding 0.4 M GeCl4 additive to 0.5 M Mg(TFSI)2 

in DME, Zhang et al. were able to successfully create a self-repairing protective layer of germanium on 

the magnesium anode. Furthermore, even at a high current density of 10 mA cm-2, this artificial SEI 

greatly lowers the magnesium plating and stripping overpotential to slightly above 0.25 V.153 Another 

additive found to increase the sulfur cathode reversibility is yttrium chloride (YCl3).
65 With the addition 

of yttrium ions to the electrolyte, the aggregation of MgS into large particles can be prevented. In the re-

charge process, these smaller MgS particles may similarly be easier to re-oxidize back into sulfur. Ionic 

liquid 1-Butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide (Pyr14TFSI) (13 mM) was also 

introduced into Mg(TFSI)2/DME solution as an electrolyte additive, which can promote uniform 

magnesium deposition via an electrostatic shielding strategy, although its effect has not been examined in 

Mg-S batteries yet.154 

Besides additives, the addition of lithium salts as mediators (such as LiTFSI, LiCl, and LiOTf) is also 

effective in improving the reversible reaction and specific capacity of the Mg-S batteries.58, 59, 62 Upon 

evaluating the reaction mechanism in Mg-S full cells using 0.1 M Mg(HMDS)2 + 1 M LiTFSI in 

tetraglyme electrolyte, Gao et al. suggested that the hard Lewis acid Li+ plays an activating role in 

dissolving the polysulfides. Li+ achieves this effect either by coordinating to the surface S2- of MgS and 

increasing its solubility, or by lithiating MgS and forming soluble higher-order MgLi-PS.62 Since the Li+ 

cation is involved in the reaction of the cathode, it is generally observed that high concentration of Li salt 



is needed. In other words, the actual amount of Li+ in the cell must be sufficient for the conversion of the 

sulfur cathode. This factor, however, will reduce the energy density of the battery since the electrolyte is 

an inactive component, which contributes to the “dead-weight”. 

5.3 Electrolyte solvents 

Mg battery electrolytes, especially for Mg-S batteries, have relied on ethereal solvents due to their 

compatibility with Mg metal anode and polysulfide species formed during the charge/discharge cycle. As 

well established in Li-S battery literature, controlling the solubility of these polysulfide species in the 

electrolyte solution is crucial. The solubility of polysulfide strongly depends on the choice of ether 

solvents (e.g. DME, DOL, and their mixtures), and prudent electrolyte choice should be done to improve 

the electrochemical performance.155-157 Despite their conceptual similarity to Li-S batteries, electrolyte 

solvents have not yet received much attention in the case of Mg-S batteries research. In Mg electrolyte 

solutions, the solvent also plays an important role in the formation of electroactive species such as [Mg2(μ-

Cl)2(DME)4]
+ and [Mg3(μ-Cl)4(DME)5]

+ in DME based electrolyte, which is essential for the reversibility 

of Mg plating/stripping. As shown in the literature, any change in the ethereal solvents will significantly 

impact the solubility of Mg salts and reversibility of Mg plating/stripping.33, 35, 59, 81, 158 Also, widely used 

single solvent electrolyte systems (Figure 8) such as DME or THF are unfavourable due to high 

polysulfide solubility in these solvents, similar to that observed in Li-S batteries.155, 157 Bevilacqua et al. 

investigated the effect of the electrolyte solvent on the redox processes in Mg-S batteries.159 The authors 

conducted various electrochemical characterizations on the Mg-S batteries using the magnesium 

aluminum chloride complex (MACC) electrolyte system in various ethereal solvents and their mixtures, 

such as DME, THF, DOL, and tetraglyme (G4). The study found that the addition of DOL into DME and 

G4 supports higher-voltage S8 reduction. The authors suggested that the electrolyte solvent plays a role in 

defining the reduction pathways at the S8 electrode. We also noticed a few studies that employed several 

ether mixtures such as  G4-DOL,24 DME-G2,56 DEG-G4,12 and THF-G4,42 as well as ionic liquid/ether 

mixtures as solvents.23, 65  



In addition to engineering the solvent mixture, using high concentration electrolyte solution also 

significantly improved the performance of the Mg-S batteries,23, 40, 159  similar to that observed in the Li-

S batteries.160 This approach relies on the common-ion effect. In particular, the higher concentration of 

supportive salts such as lithium salts or magnesium salts will reduce the solubility of polysulfide in the 

electrolyte. Gao et al. demonstrated that the dissolution of polysulfide was effectively suppressed by 

increasing the concentration of magnesium salts from 0.25 M Mg(TFSI)2 + 0.5 M MgCl2 in DME to 1 M 

Mg(TFSI)2 + 2 M MgCl2 in DME. As a result, Mg-S batteries with concentrated electrolyte delivered 

stable cycling performance over 110 cycles with a capacity retention of 69%.  

In summary, engineering the electrolyte composition (including solvent, salt, and its concentration), and 

design of highly soluble and stable magnesium salts against reduction are the most promising strategies 

to enhance the electrochemical performance of current Mg-S batteries. There is increasing recent 

emphasis on the development of chloride-free electrolytes that are less corrosive to cell components such 

as non-noble metal current collectors and cell casings. Overall, there is a critical need to develop more 

promising electrolyte systems that have low solubility of polysulfide species and high compatibility 

with Mg anode and S cathode at the same time. There is also a need to fully elucidate the electroactive 

species in these electrolytes using techniques like single-crystal XRD and Raman spectroscopy, so as 

to understand their interactions with various Mg-S battery components.  

6. Prospects and outlook 

Since the first concept introduced in 2011 by Kim et al.,53 the development of Mg-S batteries have 

achieved notable feats in terms of reversibility, specific capacity, and cycle life. The improvement in 

battery performance was obtained through innovative designs of advanced cathode materials, 

discoveries of new Mg salt and electrolyte combinations, enhancement of Mg anode compatibility, 

and a better understanding of underlying reaction mechanisms. However, the realization of practical 

Mg-S batteries still entails great challenges. Towards practical applications, significant efforts on 



material design and cell engineering are required, while maintaining the advantages of the Mg-S 

battery as a low cost and high energy system. 

6.1 Advanced sulfur cathode design  

Despite the high volumetric capacity of metallic Mg anodes, the higher reduction potential of Mg 

compared to Li results in a lower working voltage of the Mg-S batteries (1.771 V vs. 2.275  V for Li-

S batteries).21 To stay competitive in terms of energy density, the design of the sulfur cathode must 

meet two main factors, including high sulfur loading and a low electrolyte-to-sulfur ratio. Bonnick et 

al. presented the correlation between these two factors and the energy densities of Mg-S batteries 

(Figure 12).123 In comparison to current state-of-the-art commercial LIBs (260 Wh kg-1 and 693 Wh 

L-1 at the cell level),161 Mg-S batteries are unable to compete in terms of volumetric energy density, 

but it is possible to reach a gravimetric energy density of 250 Wh kg-1 at high sulfur loading (above 

~2 mgsulfur cm-2) and low electrolyte-to-sulfur ratio (below 3). Therefore, future development of sulfur 

cathodes for Mg-S batteries must involve these two critical parameters in cell design. 

 

Figure 12. (a) Modelled volumetric and (b) gravimetric energy densities of a hypothetical Mg–S cell 

with a 75 wt% sulfur, 20 wt% carbon (2 g mL−1), 5 wt% PVDF (1.4 g mL−1) positive electrode, a 

utilization of 75%, and an average discharge potential of 1.2 V. The following assumptions were also 

made: the liquid electrolyte had a density of 1 g mL−1, the separator was 25 µm thick, had a dry density 



of 0.561 g mL−1, and had a porosity of 40% (which was filled with electrolyte in the model), the 

positive electrode current collector was 10 µm thick, 100% excess Mg was used with no separate 

current collector, and the pouch cell casing was ignored. Reprinted with permission from ref. 17 

Copyright 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinhem. 

The major challenge for sulfur cathodes in Mg-S batteries is the low reversibility of sulfur conversion, 

especially with the short-chain polysulfide (MgS, MgS2) at the end of the discharge process. Hence, 

future development of sulfur cathodes will need to focus on the design of encapsulated sulfur-carbon 

and covalently bound sulfur composites (e.g. SPAN) that can suppress the dissolution of polysulfide 

species while maintaining fast reaction kinetics and high electrical conductivity. Many physical 

confinement and chemical immobilization strategies have been developed for Li-S systems,54 which 

can serve as inspiration for Mg-S batteries. Other potential approaches for enhancement of Mg-S 

battery performance include control of the depth of discharge to avoid irreversible conversion of sulfur 

to MgS, as well as use of catalyst materials162-167 and electrolyte additives to improve the reversibility 

of sulfur conversion process.22 

6.2 Improving compatibility of Mg and alloy anodes  

The development of Mg batteries has relied on the use of Mg metal anode due to its high volumetric 

capacity and lower propensity for dendrite growth compared to Li metal anode. It is well agreed that 

the Mg plating/stripping is not always “dendrite-free”, but uniform deposition of Mg can be obtained 

by controlling the current density and electrolyte solution. Further investigation on new additives to 

prevent polysulfide shuttling, as well as new artificial SEIs to suppress dendrite formation at the Mg 

anode, are highly encouraged.111, 116-118 Recently, the concept of Mg batteries with alloy anodes (e.g. 

Mg3Bi2 and Mg2Sn) has emerged as an attractive solution to overcome the poor performance of Mg 

metal anode. The use of alloy anodes widens the choice of electrolyte components and improves the 



performance of the Mg-S batteries but it could result in lower energy density of the cell, hence the 

trade-off must be managed carefully. 

6.3 Electrolyte optimization and compatibility with polysulfides  

Current state-of-the-art electrolyte systems have been demonstrated to be compatible with Mg metal 

anode, non-corrosive to cell components, and with anodic stability above 4.5 V. The recent 

development of Mg electrolytes has been focused on the design of anions, of which borate-based and 

aluminate-based electrolytes appear to be the most promising systems to date. Further investigation of 

anion structure toward high anodic stability, non-corrosiveness, and enhanced solubility in a wide 

range of solvents is crucial for the development of Mg-S batteries. One major issue for the current 

electrolyte system of Mg-S batteries is the uncontrolled dissolution of polysulfides which causes 

capacity loss of the cathode and passivation of Mg metal anode. Hence, electrolyte optimization is an 

important future research direction to achieve stable cycling performance of Mg-S batteries, such as 

new electrolyte salts (e.g. Mg triflate),42, 47, 168 mixtures of ethereal solvents (e.g. DME-DOL),12, 24, 42, 

155 and new organic solvents (e.g. quasi-ionic liquids),169, 170 which can achieve lower solubility of 

polysulfide species while maintaining high compatibility with Mg anode. 

6.4 Advanced characterization and mechanistic studies  

There is also a lack of theoretical and experimental understanding of the reaction mechanisms and 

kinetics of the Mg-S couple during its charge and discharge process, as compared to the Li-S redox 

couple. In contrast to various quantitative models proposed to understand Li-S reaction mechanisms,171 

no quantitative model has been proposed for Mg-S batteries to our knowledge. To better understand 

the Mg-S battery’s redox reactions and failure mechanisms, precise polysulfide identification and 

quantitative analysis are required. Powerful material characterization techniques that show promise in 

providing such insight include in-situ Raman spectroscopy,172 NMR spectroscopy,173, 174 liquid 

chromatography-mass spectrometry quantification, etc.175 



7. Conclusion 

In summary, Mg-S batteries are still at an early stage of development but are already emerging to be 

one of the most promising battery chemistries among rechargeable Mg batteries, generating significant 

interest within the research community. To improve the performance of the current state-of-the-art 

Mg-S battery, innovative efforts are required, not only in the design of active materials but also in the 

engineering of the full cell. Further progress in this direction can be achieved by combining theoretical 

calculations and in-situ characterization techniques to understand reaction mechanisms and engineer 

more reversible Mg-S batteries. The insights covered in this review can also be extended to a multitude 

of other low cost, sustainable, and environmentally friendly Mg- or S-based battery systems in the 

future, including Mg-air,176 Na-S,177-179 and hybrid batteries.180 
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