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Rechargeable magnesium (Mg) batteries are promising candidates for the next-
generation of energy storage systems due to their potential high-energy density,
intrinsic safety features and cost-effectiveness. Among the various
electrochemical couples, the combination of an Mg anode with a sulfur (S)
cathode stands out as an attractive option, as it offers a remarkable
theoretical volumetric energy density exceeding 3,200Wh L–1. However,
owing to the unique properties of Mg-ion electrolytes, Mg polysulfides and
the surface passivation of Mg metal anodes, the development of Mg–S
batteries is facing multiple challenges. In this review, recent advancements in
designing efficient electrolytes for Mg–S battery systems are summarized. Apart
from electrolytes, we also discuss the progressmade in fabricating new S cathode
composites, Mg anodes and functional separators, focusing on their roles in
addressing the critical issues of the Mg–S systems. Finally, it is worth pointing out
that the collaborative research combining experimental investigations and
theoretical modelling could provide deeper insights into the mechanisms of
Mg–S battery systems and promote their development. Overall, the
comprehensive insights about the S-redox reaction, polysulfide shuttle
problems and degradation mechanism in Mg–S batteries are discussed, which
is of profound importance for creating solutions to enhance the overall
performance of Mg–S batteries. This review aims to providing an overview of
the current state of the research to stimulate innovative thoughts on the
fundamental guidelines for facilitating development of Mg–S batteries.
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1 Introduction

The increasing demand for high-performance, sustainable and safe energy storage systems
has prompted researchers to explore rechargeable battery systems that go beyond traditional
lithium (Li)-ion batteries. In this context, the promise of magnesium (Mg) batteries as a post-Li
battery solution becomes evident, given the high abundance of Mg in the Earth’s crust as well as
in seawater, rendering it a more sustainable and scalable energy storage option. Besides, Mg
batteries also show many other advantages, including high volumetric energy density, low-cost
and environmental friendliness. Besenhard and Winter, (2002); Aurbach et al. (2007); Zhang
et al. (2019) Notably, the application of magnesium–sulfur (Mg–S) batteries has attracted
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substantial attention as a prospective solution for next-generation
energy storage. Zhirong and Maximilian, (2017); Wang and
Buchmeiser, (2019); Montenegro et al. (2021).

Sulfur possesses the advantages of abundance, low-cost and
non-toxicity, while Mg can serve as a safe metal anode, thereby
augmenting the value of this battery system. Additionally, owing to
its high theoretical capacity, S cathode enables Mg–S batteries to
achieve a remarkable gravimetric (1,684 Wh kg–1) and volumetric
energy density (3,221 Wh L–1). Zu and Li, (2011); Yu and
Manthiram, (2020) The fundamental working principle of Mg–S
batteries is based on the electrochemical conversion between S and
Mg sulfide (MgS), as illustrated in Equations 1, 2:

Anode: Mg → Mg2+ + 2 e− (1)
Cathode: S8 + 8Mg2+ + 16 e− → 8MgS (2)

During discharge, Mg2+ ions migrate from the anode to the cathode
through the electrolyte and react with S8 to form MgS. Conversely,
during charge, MgS transforms to Mg2+ ions and S8. Robba et al. (2017)
While the overall conversion process seems relatively straightforward,
the underlying electrochemical reactions involve a series of intricate
steps (Equations 3–7), whichmay adversely influence the reversibility of
the S/MgS conversion process. Therefore, Mg–S batteries face critical
technical issues such as serious self-discharge, rapid capacity
degradation, and poor cell life due to the well-known “polysulfide
shuttle” phenomenon. Hu et al. (2018); Richter et al. (2021); Vincent
et al. (2023) During the discharge, the solid-state S8 can be reduced to
the long-chain polysulfide MgSn, (n=4–8), as shown in Equations 3–5.

S8 +Mg2+ + 2e− → MgS8 (3)
MgS8 + 1 /

3 Mg2+ + 2 /

3 e− → 4/3MgS6 (4)
MgS6 + 1 /

2 Mg2+ + e− → 3 /

2 MgS4 (5)
MgS4 +Mg2+ + 2 e− → 2MgS2 (6)
MgS2 +Mg2+ + 2 e− → 2MgS (7)

MgSn (n=4–8) species are found to be soluble in organic electrolytes
and may diffuse across the separator towards the Mg anode. Further,
they may be reduced on Mg surface both electrochemically and
chemically, leading to a loss of active material and anode
passivation. However, some dissolved polysulfides can migrate back
to the S cathode. Gao et al. (2018a); Laskowski et al. (2021) This
continuous back-and-forth migration between cathode and anode is
referred as polysulfide shuttle effect similar to other metal-sulfur
systems, which has been demonstrated and investigated, for
example, in Li–S battery systems. Barai et al. (2016); Dysart et al.
(2016); Chen et al. (2017); Liu et al. (2017); Mistry and Mukherjee,
(2017); Mistry and Mukherjee, (2018); Srinivasan et al. (2022) In order
to address this issue, various strategies have been employed, including
the optimization/modification of electrolytes, the design of novel S
cathode structures, and the implementation of functional separators,
which will be discussed in respective sections within this review.

2 Electrolytes

The first proof-of-concept for Mg–S batteries was carried out in
2011. Kim et al. (2011)as shown in Figure 1. Due to the electrophilic
nature of S, a non-nucleophilic electrolyte is essential for

rechargeable Mg–S batteries. Through the incorporation of the
Lewis acid AlCl3 into hexamethyldisilazide magnesium chloride
(HMDSMgCl) electrolyte, a non-nucleophilic complex electrolyte
[Mg2Cl3

•6THF][HMDSAlCl3] was synthesized. This electrolyte
exhibited reversible Mg stripping-plating behavior at room
temperature with a Coulombic efficiency of 90%. Importantly,
the electrolyte is chemically compatible with the S/carbon black
cathode, as evidenced by the reversible charge/discharge curves of
the Mg–S cells. In 2015, a new synthetic approach to the non-
nucleophilic HMDS-based electrolytes was introduced for the
application in Mg–S batteries. Zhao-Karger et al. (2015) A one-
step reaction in different ethers, including diglyme and tetraglyme,
was employed to optimize the electrolyte properties. Additionally,
the ionic liquid N-methyl-N-butylpiperidinium
bis(trifluoromethanesulfonyl)imide (PP14TFSI) was introduced as
an additive to the electrolytes. When the S/CMK-3 cathode
composites were combined with the modified electrolyte, a
discharge potential closely approached the theoretical value of
1.65 V was achieved in the first cycle, along with a capacity of
approximately 800 mAh g–1. However, the practical application of
these electrolytes is hindered by their limited long-term stability,
primarily attributed to the corrosive nature of chloride ions. In 2017,
a new type of non-corrosive fluorinated alkoxyborate based Mg
electrolyte Mg tetrakis(hexafluoroisopropyloxy)borate (Mg
[B(hfip)4]2) was developed, which consisted of the weakly
coordinating anion B(hfip)4

– dissolved in glymes. Zhao-Karger
et al. (2017) This electrolyte demonstrated remarkable oxidative
stability (~4 V) and high Coulombic efficiency (>98%). Initial tests
with an S/CMK-3 cathode revealed a discharge voltage plateau at
around 1.5 V and initial capacities of 400 mAh g–1. Besides, an
analogous aluminum-based salt was also synthesized and
reported in this study. It can be inferred that the strategy of
designing new Mg salts by incorporating different fluorinated
alkoxyborate anions was proved a valuable approach for further
optimizing the electrolyte properties, especially in the context of
Mg–S batteries. In the same year, researchers also employed an
electrolyte solution comprising a blend of magnesium fluoride and
tris(2H-hexafluoroisopropyl) borate in DME, which can generate
the initial fluoro-tris(2H-hexafluoroisopropyl)borate BF(hfip)3

–

anion prior to cycling and the same fluorinated boron-centered
B(hfip)4

– anion during cycling. Zhang et al. (2017) While this
electrolyte exhibited favorable compatibility with both S and
selenium (Se) cathodes, its oxidative stability was slightly lower
(~3.5 V) when compared to the application of a Mg[B(hfip)4]2
solution. In Mg–S batteries, a flat discharge voltage plateau at
approximately 1.1 V versus Mg was observed. The capacities
consistently reached over 1,000 mAh g–1 during the initial
30 cycles, owing to the beneficial effect of the Cu current
collector. This aspect was further elaborated upon in subsequent
research endeavors. Robba et al. (2020) Later, the investigation of the
Mg[B(hfip)4]2 salt was expanded, including simplifying the
synthesis, optimizing the composition and examining the
electrolyte-electrode interfaces. Zhao-Karger et al. (2018) With
the updated electrolyte, Mg–S cell achieved an initial discharge
capacity close to 1,000 mAh g–1. However, the capacity declined
in the next 30 cycles to around 400 mAh g–1, due to the Mg
polysulfide dissolution. To further solve the polysulfide problem,
a gel polymer electrolyte (GPE) based on this Mg[B(hfip)4]2 salt was
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prepared by an in situ polymerization method. Wang L. P. et al.
(2022) Galvanostatic cycling in a symmetric cell showed an efficient
plating/stripping behavior of Mg over 500 cycles with a very low
electrochemical overpotential (<0.06 V). More importantly, by
trapping solvent molecules in a polymerized gel network, GPE
may suppress the dissolution as well as retard the migration of
polysulfides. Enabled by the GPE, both Mg−S coin cells and the
prototype pouch cell were assembled. Moreover, the extremely
stable open-circuit voltage (OCV) over 48 h validates that the
GPE can suppress the dissolution as well as the diffusion of
polysulfide, avoiding the serious self-discharge behavior shown in
liquid electrolytes. GPEs provide new inspiration for the
development of high-performance Mg–S batteries. However,
there are still residual solvents inside GPEs, which potentially
affecting the cycling stability. In this case, the development of
solid-state electrolytes stands as a promising avenue to address
polysulfide shuttle-related challenges, offering enhanced cycling
stability for Mg–S batteries. Additionally, there is another
direction: designing self-standing polymer electrolytes and using
them as separators to simplify the battery manufacturing process.
Chen et al. (2023).

Apart from synthesizing novel Mg electrolyte salts, efforts were
made to explore the application of readily available commercial salts,
such as Mg(TFSI)2, Gao et al. (2017); Zou et al. (2021) Mg(OTf)2,
Yang et al. (2019) MgCl2, Xu et al. (2019) or Mg(NO3)2

•6H2O.
Sheha et al. (2022) High-donor-number solvents such as DMSO and

DMF were explored as potential alternatives to achieve polysulfide
mediation in Mg–S batteries. Gao et al. (2018b) Additives including
different metal chlorides, Gao et al. (2018b); Xu et al. (2019) and Li
salts (Yang et al., 2019; Zou et al., 2021) were applied to improve the
reversibility of Mg plating/stripping. Another attempt at
formulating an electrolyte involved the use of Mg(NO3)2 in a
mixture of acetonitrile and tetraglyme as the solvent. Sheha et al.
(2022) Additionally, a polymer interlayer containing polyvinylidene
fluoride (PVDF) and Mg triflate was employed to protect the Mg
surface from passivation. This study suggests future possibilities for
the advancement of halogen-free Mg electrolytes, aligning with the
long-term objective of Mg battery development. Additionally,
employing electrolyte additives proves to be an effective strategy
for performance enhancement; however, the choice of additives
must still adhere to criteria such as non-corrosiveness, sustainability
and cost-effectiveness.

3 Electrodes

3.1 Sulfur cathode

The electrochemical kinetics of conversion-type S cathodes are
influenced by two primary factors: the speed of charge transfer during S
redox reactions as well as the specific surface area. Due to the inherently
low electrical conductivity of S (~10–28 S cm−1), a large amount of

FIGURE 1
The development progress of rechargeable Mg–S batteries with different electrolytes: in 2011 the first studies with chloride containing complex
electrolytes (e.g., Mg(HMDS)2-AlCl3, MgCl2-AlCl3) in various solvents/ionic liquids. (Reproduced with permission Kim et al. (2011); Zhao-Karger et al.
(2015); Yang et al. (2019). Copyright 2014, Wiley-VCH. Copyright 2019, American Chemical Society); in 2017 investigations with chloride free electrolyte
single-salts such as Mg[B(hfip)4]2 and Mg(TFSI)2 Zhang et al. (2017); Zhao-Karger et al. (2017); Gao et al. (2018b) (Copyright 2017, Wiley-VCH); in
2018 further investigation with the combinations based on commercially available salts (e.g., Mg(TFSI)2, Mg(OTf)2) and optimization of the application of
the chloride free single-salt Mg[B(hfip)4]2 (Reproduced with permission. Zhao-Karger et al. (2018); Xu et al. (2019); Yang et al. (2019); Zou et al. (2021);
Wang L. P. et al. (2022); Sheha et al. (2022) Copyright 2022, American Chemical Society).
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conductive additives are needed to enable fast redox reactions Li et al.
(2023). Among these additives, carbon is the most commonly
employed, which can offer both robust electronic conductivity and
high specific surface area. In previous reports, various kinds of carbon
basedmaterials were used including Ketjenblack, Häcker et al. (2021); Ji
et al. (2021); Zou et al. (2021); Häcker et al. (2023) activated carbon
cloth (ACC), Gao et al. (2015); Zhao-Karger et al. (2018); Wang L. P.
et al. (2022);Wang et al. (2023a) CMK-3, Zhao-Karger et al. (2015);Wu
et al. (2021); Yang et al. (2023) CNF, Yu and Manthiram, (2016) CNT,
Du et al. (2017) and graphene. Vinayan et al. (2016); Li et al. (2016).

However, owing to the low affinity between nonpolar carbon
and polar polysulfides, there is a risk of polysulfides diffusion into
the electrolyte during the cycling, which leads to the irreversible
depletion of active materials. Introducing heteroatom doping into
carbon-based materials is a promising strategy to enhance their
affinity for polysulfides and restrain the polysulfide shuttle. Vinayan
et al. (2019) reported a nitrogen-doped hybrid nanocomposite of
multiwall carbon nanotubes (MWCNTs) and graphene, serving as
the host matrix. This composite demonstrated robust adsorption
capabilities for polysulfides, resulting in an enhanced cycling
stability. Even at a high S loading of 3 mg cm−2, a level
unprecedented in Mg–S batteries, the cell demonstrated a stable
cycling behavior with 53% capacity retention after 50 cycles. A
similar concept was applied by Lee and his colleagues. Lee et al.
(2022) They employed nitrogen-doped mesoporous carbon
(NdMC) materials as host for S. With the help of the surface
nitrogen atoms, NdMC effectively facilitated polysulfide
fragmentation and accelerated the S redox reactions, enabling the
cells to demonstrate improved reversible capacity and capacity
retention in Mg–S batteries. Recently, a novel 3D composite
conductive framework consisting of MXene and reduced
graphene oxide (rGO) was presented. Guo et al. (2023) Besides,
TiO2 nanoparticles were uniformly distributed inside the composite.
Within the structure, the nanoconfined TiO2 can provide catalytic
active sites for polysulfides, which greatly improves the reversibility
of S conversion in hybrid Mg/Li–S batteries. Table 1 summarizes the
electrochemical performance of various Mg–S batteries recently
reported in the literatures for easy comparison .

In addition to utilizing polar conductive host matrices, notable
efforts are also directed towards reducing the mobility of polysulfide
species within the cathode by forming covalent bonding between the S
species and their hosts. A prime example are sulfurized
poly(acrylonitrile) (PAN) composites, NuLi et al. (2007); Wang et al.
(2020a); Wang et al. (2020b); Wang et al. (2021); Zhang et al. (2022)
which have been thoroughly investigated and are widely employed as
cathode material. The preparation of S@PAN composites includes
mixing PAN with an excess of S, then subjecting the mixture to
controlled heating, which varies in the range of 350°C–550°C across
different publications. During this process, elemental S sublimates,
generating free radicals, that can covalently bound to the matrix.
The covalent bonding proves highly effective in capturing Mg
polysulfides and preventing the polysulfide shuttle. However, it is
important to acknowledge that the thermal stability of covalently
bonded materials may not be optimal, carrying the potential risk of
structural damage during the diffusion of molten S. Furthermore, the
mechanism and the redox pathway are more complicated, which needs
in-depth post mortem analysis to get a comprehensive understanding.
Until now, most research works have incorporated hybrid electrolytes

containing Li ions as mediator to enhance the kinetics of S@PAN
cathode. For this reason, it is important to mitigate the substantial
overpotential observed during the solid-state conversion into the final
product (MgS) in pure Mg system. These aspects should be carefully
considered in the efforts of S cathodes design. Besides, the loading of S in
most reported works is still at quite low level (~1 mg cm⁻2), which is far
below the requirements for practical applications. The primary goal in
the design of S cathodes remains ensuring a high loading of active
materials while maintaining effective utilization of S.

3.2 Magnesium anode

Apart from cathode materials, there are several important
challenges and unanswered questions related to the surface and
interfacial processes of theMg anode withinMg–S batteries. While it
is widely acknowledged that Li ion batteries can form solid
electrolyte interfaces (SEI) on the anode, allowing for Li ion
transport; (Cheng et al., 2017); Mg batteries, on the contrary,
encounter challenges arising from the formation of a blocking
interface on the Mg surface. This layer may hinder Mg ion
transport and cause uneven Mg stripping/plating, detrimentally
affecting battery efficiency and stability. Lu et al. (1999); Aurbach
et al. (2001); Jayasyaee et al. (2019); Li et al. (2020); Bieker et al.
(2021) This influence becomes particularly prominent in the
presence of polysulfides, resulting in a pitting corrosion
mechanism in Mg–S batteries. Bracamonte et al. (2023) The
dissolved polysulfides shuttle through the separator, react with
Mg metal and form numerous pits on the anode surface, which
detrimentally affects the electrochemical performance of the cell.
Therefore, research on the Mg anode is equally crucial, even though
it may occasionally receive less attention when compared to the
cathode and electrolyte.

In reported Mg–S batteries, currently used anode materials are
mainly metallic Mg discs Gao et al. (2017); Kaland et al. (2021);
Kaland et al. (2021) and foils. Zhao-Karger et al. (2015); Ford et al.
(2018); Zhao-Karger et al. (2018); Xu et al. (2019); Bosubabu et al.
(2021); Ji et al. (2021); Laskowski et al. (2021); Wang L. et al. (2022)
The surface area of Mg discs or foils is typically restricted.
Furthermore, prior to cell assembly, it is common to use a
scalpel to remove the oxidation layer from the Mg surface.
However, this process may unavoidably create an uneven surface,
leading to variable electrochemical reactivity. Consequently, this
non-uniformity contributes to the uneven deposition and
dissolution of Mg. Liu et al. (2022) By replacing the Mg metal
anode with MgxM (M= Bi, Sn, Si, Ga . . . ) alloy that is compatible
with conventional electrolytes, could be a possible solution to
circumvent these issues in some extent. Yaghoobnejad Asl et al.
(2018); Niu et al. (2020); Wang et al. (2023b) However, the alloy
anode may lower energy density on the cell level and cause larger
volume change. To enhance the performance of Mg metal, different
Mg anodes featuring expanded and uniform surface areas have been
explored. For example, fine Mg particles were dispersed in carbon
and pressed into an anode pellet, Sievert et al. (2017) with increased
surface area controlled by the applied pressure. The cells with these
pressed anodes demonstrated higher Coulombic efficiencies,
extended cycle lifespans, and reduced Ohmic resistances
compared to cells using Mg foil anodes. However, finely
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dispersed Mg particles may strongly react with oxygen in air so that
passivation may occur when handling the materials. Later, a 3D-
structured Mg anode based on an activated carbon cloth current
collector, noted as Mg@ACC, was reported. Wang et al. (2023a)
Through an electrodeposition process, Mg@ACC was prepared
without the risk of air exposure. The robust carbon matrix can
regulate a uniform Mg electrodeposition with a reduced nucleation
barrier, bringing a much-reduced initial overpotential of 0.16 V in
the Mg–Mg symmetric cells. Both long cycle life and low resistances

were also obtained in Mg–S batteries. The excellent electrochemical
performance manifests that the 3D framework is beneficial for
accelerating charge transfer and homogenizing the metal deposits
by providing a higher surface area and a lower current density. More
importantly, the enlarged surface area guarantees sufficient
electrochemically active sites, thus avoiding the detrimental
passivation of Mg anode in Mg–S cells and increasing the cycle
life significantly. However, the passivation issue remains because a
high-surface area electrode is potentially more reactive toward the

TABLE 1 A summary of recently reported Mg–S batteries.

Ref. Cathode Anode Separator Electrolyte Capacity
[mAh g−1]

Lee et al. (2022) S/nitrogen–doped mesoporous
carbon 0.7 mgsulfur cm

−2

Mg metal polyethylene separator BCM electrolyte ~400 (0.05C, 20 cycle)

Vinayan et al.
(2019)

S/nitrogen–doped MWCNTs
3 mgsulfur cm

−2

Mg metal polypropylene separator 0.4 M Mg[B(hfip)4]2 in DME 228 (C/50, 50 cycle)

Zhou et al. (2018) S/ZIF-C 1 mgsulfur cm
−2 Mg metal RGO coated Glass fiber (HMDS)2Mg-AlCl3-LiTFSI ~400 (0.1C, 250 cycle)

Ji et al. (2021) S/Ketjenblack 1 mgsulfur cm
−2 Mg foil polyoxometalate (POM)/C

coated glass fiber
0.3 M Mg[B(hfip)4]2 in DME ~320 (0.1C, 100 cycle)

Zou et al. (2021) S/Ketjenblack 1 mgsulfur cm
−2 Mg foil glass fiber + carbon paper 0.5 M Mg(TFSI)2-LiTFSI ~700 (0.4C, 300 cycle)

Wang L. P. et al.
(2022)

ACCS 1 mgsulfur cm
−2 Mg foil glass fiber (GF/C) Mg[B(hfip)4]2-GPE ~100 (0.1C, 100 cycle)

Zhao-Karger et al.
(2018)

ACCS 1 mgsulfur cm
−2 Mg foil glass fiber 0.4 M Mg[B(hfip)4]2 in DME ~200 (0.1C, 100 cycle)

Sun et al. (2020) S/MesoCo@C 0.8 mgsulfur cm
−2 Mg foil glass fiber 0.4 M MACC−DME ~280 (0.2C, 400 cycle)

Guo et al. (2023) S/MXene-TiO2@rGO
0.5 mgsulfur cm

−2

Mg foil glass fiber 0.4 M PhMgCl +2 AlCl3/THF
+1 M LiCl in THF

583.2 (0.2C, 100 cycle)

Wang et al. (2021) sulfurized poly(acrylonitrile)
composite 1.0 mgsulfur cm

−2

Mg foil glass fiber (GF/C) Mg2+/Li+ hybrid electrolyte ~1,100 (1C, 100 cycle)

Wang et al.
(2020a)

sulfurized poly(acrylonitrile)
composite 0.6 mgsulfur cm

−2

Mg powder glass fiber 0.8 M Mg[B(hfip)4]2 in
diglyme/tetraglyme

~450 (C/50, 70 cycle)

Zhang et al.
(2022)

Sulfurized-pyrolyzed
polyacrylonitrile 0.6–0.8 mgs@pPAN

on cathode

Mg foil PE membrane MBA-(MgCl2)2-(AlCl3)2 +
LiCl/THF

514.5 (0.1C, 85 cycle)

Wang et al.
(2020b)

Sulfurated poly(acrylonitrile)
0.6 mgsulfur cm

−2

Mg foil glass fiber 0.1 M Mg[BH4]2/1.5 M LiBH4/
diglyme

800 (0.5C, 300 cycle)

Sheha et al. (2022) S/SiC-BTO-GNP 1 mgsulfur cm
−2 Mg foil carbon

black
glass fiber Mg(NO3)2 in ACN-G4 ~100 (0.1C, 10 cycle)

Sievert et al.
(2017)

S/50 wt% Super C65 1 mgsulfur cm
−2 Mg powder with

graphite
glass fiber (GF/C) 1.2 M HMDSMgCl ~50 (0.1C, 100 cycle)

Vinayan et al.
(2016)

S-rGO 1.5 mgsulfur cm
−2 Mg powder with

Super C65
Celgard 2,500 Mg2Cl3HMDSAlCl3 236

(20 mA g−1,50 cycle)

Wang et al.
(2023a)

ACC/S 0.7–0.9 mgsulfur cm
−2 Mg@ACC glass fiber (GF/C) 0.4 M Mg[B(hfip)4]2 in DME ~100 (0.1C, 200 cycle)

Häcker et al.
(2023)

S/Ketjenblack 1 mgsulfur cm
−2 Aquivion/PVDF-

coated Mg anode
glass fiber (GF/C) 0.2 M Mg[B(hfip)4]2 in DME ~201 (0.1C, 150 cycle)

Bosubabu et al.
(2021)

S@GPN–PANI 1 mgsulfur cm
−2 Mg foil glass fiber (GF/C) with

GPN–PANI@CC interlayer
0.4 M Mg[B(hfip)4]2 in DME ~500 (0.1C, 150 cycle)

Wang L. et al.
(2022)

S/Ketjenblack 0.8 mgsulfur cm
−2 Mg foil Mo6S8-coated Celgard

separator with glass fiber
(GF/C)

0.4 M Mg[B(hfip)4]2 in DME ~150 (0.2C, 200 cycle)

Yang et al. (2023) S/CMK-3 1 mgsulfur cm
−2 Mg metal PP-Cu3P@C Celgard 2,400 0.5 M Mg[B(hfip)4]2 in DME 152 (0.5C, 500 cycle)
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electrolyte and polysulfides. Recently, Häcker et al. employed an
organic artificial SEI to hinder the contact of dissolved S species,
Häcker et al. (2023) protecting the Mg metal anode from the
parasitic reactions on the surface. Authors chose a combination
of sulfonated tetrafluoroethylene-based copolymer (Aquivion) and
poly(vinylidene fluoride) (PVDF) to merge ionic conductivity with
mechanical robustness. Remarkably, Mg–S cells that use Mg-
Aquivion/PVDF coated anodes exhibit a significant increase in
both discharge capacity and initial Coulombic efficiency
compared to cells that use pristine Mg foil anodes (as listed in
Table 1). However, the ex situ formed artificial SEI resulted in
increased overpotential and initial impedance in Mg–Mg symmetric
cells, implying a higher migration barrier caused by the SEI layer.
The results suggest that it is crucial to find an artificial SEI that has
high ionic conductivity and low Mg2+ migration barrier.

The most promising characteristic of Mg–S batteries is their
remarkable energy density, which can only be unlocked through the
application of Mg metal anodes. Optimizing the performance of the
metal anode requires engineering improvements for both the anodes
and their interfaces. From our perspective, finding flexible Mg-ion
conductive polymers with dual capabilities of self-healing and good
ionic conductivity is a compelling option for serving as a protective
coating layer or artificial SEI on the Mg anode. Apart from that, to
enhance the energy density at the cell level, it is essential to
manufacture thin Mg anodes. This is crucial for mitigating the
excessive mass associated with the conventional metal foil anodes,
which typically have a thickness of approximately 100 µm and
beyond. One of the most promising approaches is utilizing pre-
magnesiated substrates throughmethods such as sputter coating and
galvanostatic deposition.

4 Separator

Between cathodes and anodes, separators play a vital role in
ionic conduction and electronic insulation, influencing both the
electrochemical performance and overall safety. As shown in
Table 1, glass fiber separators, typically with a thickness of
several hundred micrometers, are predominantly utilized in
reported Mg–S battery systems. However, as we progress towards
broader applications of Mg–S battery technology, particularly on a
larger scale or at pouch cell levels, it becomes crucial to reduce the
separator thickness and, consequently, the volume of electrolyte.
Montenegro et al. (2021) Therefore, it is necessary to screen thinner
separators that can maintain the battery’s cycling stability at the
same time. Moreover, it should be noted that in Mg–S batteries,
separators also play an important role in preventing the migration of
polysulfides towards Mg anode. The use of a functionalized
separator can enhance the overall performance of the battery.
Chen et al. (2023).

For example, researchers have coated decavanadate-based
polyoxometalate (POM) clusters/carbon on glass fiber separator
by electrospinning. Ji et al. (2021) Analogous to the mechanism
of heteroatom doping in cathode materials, the carbon matrix can
effectively immobilize polysulfides, while the vanadate component
catalyze polysulfide conversion. By incorporating this modified
separator, the cycling stability of Mg–S batteries enhanced (listed
in Table 1). Later, Mo6S8, the benchmark cathode material, was

attempted as a modification layer for the Celgard separator in Mg–S
batteries. Wang L. et al. (2022) A combined DFT calculation and
experimental study manifested that the Mo6S8 layer could offer both
a powerful chemical affinity for polysulfide adsorption and a
catalytic effect on accelerating the transformation of polysulfides.
Moreover, the separator was prepared via a facile slurry-casting
process, which is adaptable for scaling up. With Mo6S8 coated
separator, the prototype Mg–S pouch cells were fabricated and
exhibited promising cycling stability over 100 cycles. Recently, a
copper phosphide (Cu3P) modified functional separator (Celgard
2,400) was prepared also via a doctor blade casting method. Yang
et al. (2023) As described, Cu3P could facilitate a rapid catalytic
transformation of polysulfides into short-chain MgS2/MgS,
attributed to the chemical binding of polysulfides at the oxidation
state surface (Cu−O−P) of Cu3P nanoparticles. Remarkably, the cells
can achieve a long cycle life up to 500 cycles at 0.5C, which is
unprecedented in Mg−S batteries. Overall, functionalization of
separators proves to be an effective approach to minimize self-
discharge and realize stable cycling in Mg–S batteries. Furthermore,
the modification can be applied to thinner separators such as
Celgard to avoid the short circuit, which is an important step for
advancing pouch cell development.

5 Theory

Modeling on multiple scales enables a better understanding of
limiting and beneficial processes in Mg–S batteries and thereby,
greatly supports and accelerates experimental research. Over the last
few years, more and more atomistic studies have complemented
experimental efforts. For instance, structures and stabilities of
species in various electrolytes were analyzed including MgSn
intermediates. Rajput et al. (2015); Baskin and Prendergast,
(2016); Sa et al. (2016); Salama et al. (2016); Samuel et al. (2017);
Vinayan et al. (2019); Kopač Lautar et al. (2020); Muthuraj et al.
(2021); Jankowski et al. (2022); Jiang et al. (2023) Moreover,
atomistic modeling has often been applied to investigate
materials, which can strongly adsorb polysulfides and thereby,
mitigate adverse shuttle effects and/or catalyze polysulfide
conversion. Zhao et al. (2021); Wang L. et al. (2022); Paul et al.
(2023); Yang et al. (2023).

In contrast, there are only few approaches to describe Mg plating
and stripping as well as full Mg battery cells on continuum scale.
Chadwick et al. (2016); DeWitt et al. (2016); Kim et al. (2016); Drews
et al. (2020); Richter et al. (2020); Drews et al. (2021); Richter et al.
(2021); Drews et al. (2023) First continuum simulations were
reported in 2015 and focus on the 3D Mg deposition
morphology. DeWitt et al. (2016) Shortly after, Chadwick et al.
proposed a 1D model for Mg plating and stripping on a noble
substrate. They aimed towards an adequate parameterization,
especially regarding the electrochemical kinetics, by fitting
simulated to experimentally measured CVs. Chadwick et al.
(2016) Although these early continuum simulations provide
valuable insights, the models are based on many simplifications.
For instance, transport in the electrolyte was described solely by
diffusion and dilute solution theory, respectively. Chadwick et al.
(2016); DeWitt et al. (2016) Nevertheless, follow-up work was not
reported until half a decade later. The recent continuum models are
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based on the thermodynamic consistent transport theory and do not
assume an ideal solution without interactions between dissolved
species. Latz and Zausch, (2011) Drews et al. explicitly considered
Mg-characteristic phenomena, such as ion aggregation and
desolvation prior to electron transfer, as well as the state-of-the-
art electrolyte based on Mg[B(hfip)4]2. Drews et al. (2020) However,
the effect of polysulfides on transport properties and electrochemical
kinetics of Mg deposition has not been properly investigated yet.

The first continuummodel of a full Mg–S cell was presented just
3 years ago. Richter et al. generalized a well-established Li–S model
and studied differences of self-discharge and degradation effects
between the Mg–S and the Li–S systems. Richter et al. (2020);
Richter et al. (2021) The work focused on the behavior of the S
species and therefore, no significant differences between Mg and Li
dissolution/deposition kinetics were considered and ions were
assumed to be fully dissociated in the electrolyte. Nonetheless,
the model coupled the complex conversion and precipitation
reactions of S species to their transport in the electrolyte, with
side reactions on the anode surface and resulting passivation being
considered. Moreover, the impact of spatial confinement by
encapsulating S into a porous carbon structure was included by a
1+1D approach, which described transport and reactions on the
macroscopic cell level as well as on the microscopic particle level.
Kinetics of undesired side reactions were found to be significantly
faster for Mg than for Li, leading to a more rapid self-discharge
during storage under OCV and fast, irreversible growth of
passivating MgS during the first cycle. One reason therefore
might be the absence of a protective SEI on the Mg metal.
Therefore, formation of a suitable artificial SEI is a promising
strategy to mitigate negative effects of the polysulfide shuttle.
Moreover, dissolution of S is found to be remarkably faster in the
Mg electrolyte, so that S leaves the carbon host very quickly. Since all
S dissolves, there is no driving force for a predominant precipitation
inside the carbon host and instead S is formed on the particle surface.
In addition, the pronounced polysulfide shuttle prevents reoxidation
of a significant amount of S species during charge. Both effects
contribute to a strong capacity fading during cycling.

Overall, there are numerous instances where theory and
experiments mutually enrich each other, and the synergistic
collaboration between experiments, DFT calculations, and
continuum simulations fosters a more comprehensive
comprehension of crucial and constraining processes in Mg
batteries. Vinayan et al. (2019); Richter et al. (2020); Drews et al.
(2021); Muthuraj et al. (2021); Richter et al. (2021); Zhao et al.
(2021); Wang L. et al. (2022); Jankowski et al. (2022); Paul et al.
(2023); Yang et al. (2023) However, reports on joint theoretical and
experimental studies - especially on adequate continuum models
and comprehensive simulations - are still rare for the Mg–S system
and a joint effort will be key to address remaining challenges.

6 Conclusion

Due to their complex chemistry, the development of Mg–S batteries
remains at the laboratory level. Challenges associated with polysulfide
shuttle, uneven Mg metal deposition and interface passivation still need
to be addressed holistically. Combining the approaches of electrolyte
modification, cathode design and anode surface engineering would be
necessary for improving the electrochemical performance, efficiency,
and lifespan ofMg–S batteries. Moreover, a profound comprehension of
the underlying electrochemical and chemical processes through
collaborative experimental and theoretical research is required. It can
provide guidance for the development of the battery components,
including electrolyte, electrode materials and separators, with the goal
of enhancing the overall performance and reliability of Mg–S batteries.
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