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Abstract: Magnesium–sulfur batteries are an emerging technology. With their elevated theoretical
energy density, enhanced safety, and cost-efficiency, they have the ability to transform the energy
storage market. This review investigates the obstacles and progress made in the field of electrolytes
which are especially designed for magnesium–sulfur batteries. The primary focus of the review lies
in identifying electrolytes that can facilitate the reversible electroplating and stripping of Mg2+ ions
whilst maintaining compatibility with sulfur cathodes and other battery components. The review
also addresses the critical issue of managing the shuttle effect on soluble magnesium polysulfide
by looking at the innovative engineering methods used at the sulfur cathode’s interface and in the
microstructure design, both of which can enhance the reaction kinetics and overall battery efficiency.
This review emphasizes the significance of reaction mechanism analysis from the recent studies
on magnesium–sulfur batteries. Through analysis of the insights proposed in the latest literature,
this review identifies the gaps in the current research and suggests future directions which can
enhance the electrochemical performance of Mg-S batteries. Our analysis highlights the importance
of innovative electrolyte solutions and provides a deeper understanding of the reaction mechanisms
in order to overcome the existing barriers and pave the way for the practical application of Mg-S
battery technology.

Keywords: magnesium–sulfur; battery; electrolyte; non-nucleophilic; nucleophilic

1. Introduction

The successful application of rechargeable Li-ion batteries (LIBs) has lead to the
dramatic development of portable electronic devices, electric vehicles, and large-scale
energy storage systems in recent decades as the world attempts to tackle increasingly
intensive climate and environmental problems [1–4]. However, LIBs are failing to catch up
with the ever-growing safety and energy density demands of emerging applications, such as
electric vehicles with long endurances and unmanned aerial vehicles [3,5,6]. The high price
of the corresponding materials for LIBs also introduces concerns with the requirement for
new rechargeable battery systems to have an economical cost alongside their high-energy
density to achieve a sustainable future [7–10]. In recent decades, magnesium batteries
have attracted growing interest as a promising candidate for post-lithium-ion battery
systems [11–15]. Divalent Mg2+ enables two electron transfers per Mg atom, resulting in
a high theoretical specific capacity of 2205 mAh g−1 [16–18]. Considering the density of
magnesium, the Mg anode enables a high volumetric capacity of 3833 mAh mL−1, which is
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almost double that of lithium (2062 mAh mL−1) [17,19–22]. Moreover, a Mg anode displays
advantages such as low cost, high Earth abundance, and easy operation under air [23–25].

In spite of these advantages, the use of Mg as an anode in rechargeable batteries is still
hampered by the limited choice of electrolytes and cathode materials in view of facile passi-
vation of the Mg’s surface and the sluggish solid-state diffusion of the highly polar divalent
cations in the lattices [26–31]. Up until now, pure Mg-ion systems based on the intercalation
mechanism have had a limited energy density, usually less than 300 Wh kg−1 without
counting the weight of the solvent [32–34]. Therefore, it is highly desirable to develop novel
and safe systems and materials based on Mg2+/Mg metal conversion chemistry with a
higher energy density, where anode dendrite growth can be effectively suppressed [35–37].
Sulfur is one of the most promising candidates for conversion cathodes because of its high
theoretical capacity (1672 mAh g−1) and volumetric capacity (3459 mAh mL−1), as well as
its reserve abundance [38–41]. Sulfur cathodes have been well developed in Li-S battery
systems. The cell exhibits a high theoretical volumetric energy density of 2856 Wh kg−1,
which is over four times higher than that of LIBs [42,43]. However, Li-S batteries suffer from
poor long-term stability due to the formation of unwanted solid electrolyte interphases
(SEIs), shuttle effects, and the growth of lithium dendrites during their operation [44–46].
Compared to the intensive research process for Li-S batteries, Mg-S batteries show a higher
volumetric capacity of 3221 mAh mL−1 but they are still in their nascent stage [19,47].
Development has been impeded due to the numerous issues present in the system. Firstly,
suitable electrolytes are required. Commonly used Mg-ion battery electrolytes such as
magnesium perchlorate acetonitrile are nucleophilic in nature and therefore cannot support
the reversible Mg-ion redox reaction in a Mg-S battery [23]. Numerous efforts have been
made to find compatible electrolytes for the system. For example, Muldoon et al. reported
on a Hauser base electrolyte that is produced according to the reaction of AlCl3 with hex-
amethyldisilazide magnesium chloride (HMDSMgCl) in a tetrahydrofuran (THF) solvent
to form a non-nucleophilic [Mg2(µ-Cl)36THF][HMDSAlCl3] complex, which showed a high
voltage stability of up to 3.2 V [48]. Furthermore, electrolyte additives such as salts, ethereal
solvents, and ionic liquid additives have been used to improve the performance of the elec-
trolyte used by Muldoon et al. above [49–51]. Non-nucleophilic electrolytes are pivotal in
augmenting the stability and efficiency of Mg-S batteries. Researchers have developed both
chloride-inclusive and chloride-exempt non-nucleophilic electrolyte systems. For example,
chloride-inclusive hexamethyldisilazane magnesium chloride (HMDSMgCl)-based non-
nucleophilic electrolytes have exhibited favorable compatibility with sulfur cathodes [52].
Moreover, notwithstanding the typical incompatibility of nucleophilic organic magnesium
compounds with sulfur-based conversion cathodes, scholars have effectively modified
nucleophilic (PhMgCl)2-AlCl3/THF electrolytes to conform to the needs of Mg-S batter-
ies [53,54]. These systems benefit from their similarity to the sulfur reduction mechanism
in Li-S batteries, which means it is possible to try to use the same base cathode materi-
als [44,55–57], electrolytes [58–60], separators [61–63], and methodologies [64,65] for the
development of Mg-S batteries.

The purpose of this review is to summarize the most up-to-date understanding in
the field of electrolytes for Mg-S batteries, highlighting the typical methods and examples
that have contributed to the development of these electrolytes. Furthermore, since the
research into Mg-S batteries is still in its early stages, the principle of Mg-S batteries will
also be discussed, as it has not yet been analyzed in the results of a definitive study. Finally,
the remaining challenges and future perspectives will be given in an attempt to inspire
researchers in this area.

2. Principle of Mg-S Batteries

The construction of a Mg-S battery (Figure 1a) comprises a magnesium anode, a sulfur
cathode, and electrolytes, which together illustrate the structure and working principle of
the battery. The magnesium atom loses two electrons during discharge, becomes Mg2+ at
the anode, and dissolves in the electrolyte. The Mg2+ migrates through the cell separator
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and reaches the sulfur on the electrolyte’s cathode side surface [66]. The electrons then
proceed to the sulfur cathode through an external connection, where elemental sulfur
generates electrons. In the sulfur cathode’s continuous reduction process, elemental sulfur
is transformed into long-chain magnesium polysulfide (MgSx, 4 ≤ x ≤ 8), which dissociates
into short-chain magnesium polysulfide (MgSx, 2 ≤ x < 4). This short-chain magnesium
polysulfide is then transformed into magnesium sulfide (MgS) [55,67–69]. The external
circuit applies a current or voltage to the Mg-S battery during the charging process. In the
MgS, S2− loses electrons and transforms into elemental sulfur, followed by the dissolution
of Mg2+ in the electrolyte. The magnesium ions in the electrolyte migrate from the cathode
to the magnesium anode, driven by the current, which completes the Mg-S battery’s
discharge/charge cycle. In the anode of magnesium, Mg is oxidized during the discharging
process. The cathode is restored during the charging process to complete the battery’s
internal migration and forms a complete battery path [26,56,70]. The main equations for
the reactions are as follows:
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Magnesium anode: Mg − 2e− = Mg2+,
Sulfur cathode: S + 2e− + Mg2+ = MgS,
Total response: Mg + S = MgS.
So far, the research on Mg-S batteries has focused on the cathode, anode, and elec-

trolyte (Figure 1b). The materials of the anode and cathode in Mg-S batteries include the
following types:

Anode: Mg metal is the most commonly used anode material for Mg-S batteries; de-
pending on the type of battery, its form may vary between foils [17,67,71,72], plates [51,73],
and discs [74–77]. In addition to Mg metal, Mg–carbon composite materials are also used
as anode modifiers [55,78,79]. The carbon provides the anode with good electronic conduc-
tivity and a high surface area, meaning a higher capacity and current rate capacity [80].

Cathode: The material of the cathode is a primary research priority for Mg-S battery
performance enhancement [81]. The composition of the cathode materials mainly includes
S/carbon and S/MOF. The role of the carbon [17,52,82–84] and Metal–Organic Frameworks
(s) [72] in the cathode is mainly that of a conductive agent, due to the low electrical
conductivity of sulfur. Since 2014, when Zhao-Karger et al. used CMK-3 [55], a mesoporous
carbon material, as the conductive agent and as a container to fix the sulfur and mitigate the
shuttle effect [85], increasing numbers of researchers are now implementing mesoporous-
structure conductive agents in the cathode material of Mg-S batteries [54,86,87].

Furthermore, the study of electrolytes also accounts for a significant proportion of the
research, and this is the focus of this review.
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3. Recent Developments in Electrolytes

The performance of Mg-S batteries is significantly influenced by the characteristics
of the electrolyte used. In recent years, there has been an increasing focus on research
pertaining to the electrolytes and mechanisms of Mg-S batteries (Figure 1b,c). This shift in
focus is attributed to the realization among researchers that advancements in the electrode
materials alone are insufficient to significantly enhance the electrochemical performance of
Mg-S batteries. Only by elucidating the working mechanism of these batteries, addressing
the shuttle effect, and enhancing the mass transfer efficiency can Mg-S batteries progress
beyond the laboratory stage [88–90]. The ideal electrolyte for Mg-S batteries should facilitate
the reversible deposition and stripping of magnesium at the anode and enable the efficient
utilization of sulfur at the cathode [59,61,91]. Based on the chemical reactions, they can be
classified into two categories: non-nucleophilic and nucleophilic electrolytes. A comparison
of the key performance statistics of notable nucleophilic and non-nucleophilic electrolytes
is shown at the end of Table 1.

Table 1. Electrolyte systems in Mg-S batteries (according to electrolyte type and in chronological order).

Author/Year Electrolyte
Type Solute Solvent Additives

Coulombic
Efficiency

[%]

Capacity
[mAh g−1sulfur]/

Current Rate/
Cycle Number

H.S. Kim et al.,
2011 [52]

Non-
nucleophilic

Cl-containing

HMDSMgCl THF AlCl3 95–100 394/no data/2nd

Zhao-Karger, Z
et al., 2013 [92]

(HMDS)2Mg/
(i-Pr2N)2Mg

THF/Diglyme/
Tetraglyme AlCl3 97–98 90/10 mA g−1/30th

Zhao-Karger
et al., 2014 [55] (HMDS)2Mg Diglyme/

Tetraglyme
AlCl3+

PP14TFSI 100

150/0.01 C/20th
(PVDF, diglyme)
200/0.01 C/20th
(CMC, diglyme)
250/0.01 C/20th

(PVDF, tetraglyme)
260/0.01 C/20th

(CMC, tetraglyme)
Gao et al., 2015

[17] (HMDS)2Mg No Data AlCl3 +
LiTFSI 92 1000/0.03 C/30th

Du et al., 2017
[71] B(HFP)3/OMBB DME MgCl2

80.4%
(100th) 1000/0.1 C/100th

Zhao et al., 2019
[93]

Magnesium
bis(diisopropyl)

amide
THF AlCl3 + LiCl 94 400/0.04 C/100th

Yang et al., 2018
[53]

Mg(CF3SO3)2 +
anthracene

THF +
Tetraglyme

AlCl3 + LiCl/
LiCF3SO3

100 300/0.05 C/55th
400/0.05 C/55th

Sun et al., 2021
[94] Mg(TFSI)2 DME MgCl2 +

rPDI
99.4
98

110 (1 mg cm−2

loading)/15 C/1000th
100 (10 mg cm−2

loading)/1 C/200th
Xu et al., 2019

[95] Mg(BPh4)2 PYR14TFSI YCl3 98.7 1000/0.04 C/50th

Li et al., 2016
[77]

Non-
nucleophilic

Cl-free

[Mg(THF)6]2+ PYR14TFSI +
THF No data 100 63/0.02 C/20th

Zhao-Karger, Z
et al., 2017 [51] Mg[B(hfip)4]2 DME + TEG No data 100 200/0.1 C/100th

Zhao-Karger, Z
et al., 2018 [84] Mg[B(hfip)4]2 DME No data 100 200/0.1 C/100th

Zhang et al.,
2017 [50] THFPB DME MgF2 100 900/0.03 C/30th

Ren et al., 2021
[60] MBA + AlF3 THF LiTFSI +

PP14TFSI 100 260/0.2 C/70th
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Table 1. Cont.

Author/Year Electrolyte
Type Solute Solvent Additives

Coulombic
Efficiency

[%]

Capacity
[mAh g−1sulfur]/

Current Rate/
Cycle Number

Zeng et al., 2017
[96] Nucleophilic

(PhMgCl)2 THF AlCl3 100 300/0.005 C/40th

Wang et al.,
2018 [54] (PhMgCl)2 THF AlCl3 100 368/0.1 C/200th

3.1. Non-Nucleophilic Electrolytes

Owing to the electrophilic nature of elemental sulfur, it reacts with the nucleophilic
substances in nucleophilic electrolytes, adversely affecting the stability and efficiency of
batteries [52,73,74,77]. Therefore, in the design and application of Mg-S batteries and
other sulfur-based batteries, researchers predominantly employ electrolytes with non-
nucleophilic properties. In this section, there are two types of non-nucleophilic electrolyte
systems in Mg-S batteries, which are chloride-containing and chloride-free.

3.1.1. Chloride-Containing

A moderate concentration of Cl− is regarded as beneficial, not only for stabilizing Mg2+

but also for dissolving the passivating species on the Mg anode, thereby enhancing the Mg
plating/stripping process. A hexamethyldisilazide magnesium chloride (HMDSMgCl)-
based non-nucleophilic electrolyte, which exhibits good compatibility with sulfur cathodes,
was synthesized in 2011 by H.S. Kim et al. [52]. The interaction between the HMDSMgCl
electrolyte and the Lewis acid AlCl3 was investigated, with the objective of enhancing the
electrochemical performance. By varying the acid-to-base ratio and reaction time, it was
observed that the electrolyte’s electrochemical performance peaked after a 24-hour reaction
period, specifically when the HMDSMgCl-to-AlCl3 ratio was 3:1. As illustrated by the green
and blue lines in Figure 2a, the current density for Mg deposition exhibited an approximate
sevenfold increase following the addition of AlCl3. However, the voltage stability of
the HMDSMgCl electrolyte did not show any improvement (Figure 2b). To identify the
reaction products of HMDSMgCl with AlCl3, crystals were harvested through the slow
diffusion of hexane. The crystal structure [Mg2(µ-Cl)3·6THF][HMDSAlCl3] (Figure 2c)
was determined using single-crystal X-ray diffraction. This structure was found to feature
a cation with two octahedrally coordinated Mg centers, each containing three chlorine
atoms. THF molecules, through oxygen coordination, occupy the remaining three sites
on each Mg center. According to the constant current charging and discharging data, the
specific capacity during the first discharge was approximately 1200 mAh g−1. However,
the overpotential reached approximately 1.1 V, and the capacity rapidly decayed to around
395 mAh g−1 (Figure 2d). This study offers a novel perspective on the development of
non-nucleophilic electrolytes for Mg-S batteries.

In order to synthesize the magnesium-bis-(hexamethyldisilazide) [(HMDS)2Mg] and
AlCl3-based non-nucleophilic electrolyte in different ethers, a number of one-step strategies
were employed by Z. Z. Karger et al. in 2013 [92]. Through the means of chemical
processes involving magnesium bisamide and Lewis acids in aprotic solvents, the non-
nucleophilic electrolyte for magnesium batteries was synthesized, which had an excellent
electrochemical performance. The in situ process-generated electrolyte possessed excellent
characteristics, such as a high anode stability, excellent ionic conductivity, good cycling
efficiency, and feasibility of preparation. With these advantageous properties, it holds great
promise in the area of rechargeable magnesium batteries.
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Figure 2. (a) Cyclic voltammograms of HMDSMgCl (green), the reaction product generated in situ
from a 3:1 mixture of HMDSMgCl to AlCl3 (blue), and the crystal obtained from a 3:1 mixture of
HMDSMgCl to AlCl3 (red). Inset shows the charge balance during the deposition and subsequent
dissolution of Mg. (b) Enlargement of 2–3.5 V region of (a) highlighting the oxidative stability of the
electrolytes. (c) ORTEP plot (25% thermal probability ellipsoids) of [Mg2Cl3·6THF][HMDSAlCl3].
Hydrogen atoms, THF crystallization, and second component of disorder are omitted for clarity.
(d) Discharge and charge of a Mg-S coin cell at 50 and 25 µA, respectively. XPS spectra were
taken from coin cells at various stages of cycling [52]. Cyclic voltammograms of the electrolyte in
(e) diglyme solution (blue) and tetraglyme solution (red) and (f) diglyme/PP14TFSI solution (green)
and tetraglyme/PP14TFSI solution (purple), using Pt as electrode at a scan rate of 25 mV s−1. Initial
discharge–charge curves of S/CMK400PEG composite using (g) PVDF binder and (h) CMC binder in
the electrolyte in diglyme (gray), tetraglyme (red), diglyme/PP14TFSI (blue), tetraglyme/PP14TFSI
(green). (i) Cycling performance of S/CMK400PEG cathode in the electrolyte in diglyme/PP14TFSI
(denoted as DEGIL in blue), in tetraglyme/PP14TFSI (denoted as TEGIL in green), and in tetraglyme
(denoted as TEG in red) using CMC and PVDF as binders, respectively [55]. (a–d) Copyright © 2011,
Hee Soo Kim et al. (e–i) © Copyright 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

To advance the performance of Mg-S batteries, Z. Z. Karger et al. explored a novel
preparation method for non-nucleophilic electrolyte solutions using a two-step reaction in
one pot [55]. This study initially employed (HMDS)2Mg-based diglyme and tetraglyme elec-
trolyte solutions for constructing Mg-S batteries, integrating N-methyl-N-butylpiperidinium
bis(trifluoromethanesulfonyl)imide (PP14TFSI) as an additive into these electrolytes. Dur-
ing the testing phase with a sulfur cathode (S/CMK), the electrolytes based on diglyme
and tetraglyme demonstrated distinct capacities of 250 and 550 mAh g−1, respectively.
However, the Mg-S batteries exhibited low-capacity retention, with a discharge potential of
1.65 V. Furthermore, the study also assessed the role of the ionic liquid (IL) PP14TFSI as a
cosolvent in the electrolyte. Utilizing a PVDF binder and a tetraglyme/PP14TFSI solution,
the batteries initially delivered approximately 800 mAh g−1 in the first cycle, but this value
was significantly reduced to around 350 mAh g−1 in the subsequent cycle. Conversely,
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the batteries containing TEGIL (tetraglyme and PP14TFSI) with binders of either PVDF or
CMC maintained a stable reversible capacity of about 260 mAh g−1 after over 20 cycles
(Figure 2e–i). This study elucidated that the electrochemical conversion of magnesium
and sulfur demonstrates a fundamentally unique battery chemistry compared to Li-S sys-
tems. It was observed that the significant hysteresis between the discharge and charge
voltages during cell cycling contributes to the capacity degradation of the batteries. This
type of electrolyte has garnered considerable interest among researchers, with scholars like
Vinayan et al. [79], Yu et al. [82], and many other researchers also utilizing it to investigate
Mg-S batteries.

Previous research on lithium-ion and lithium–sulfur batteries has demonstrated that
the physicochemical properties of electrolytes can be effectively enhanced with the ad-
dition of electrolyte additives. Furthermore, these additives can have a positive impact
on the electrochemical performance of battery systems. In 2015, Gao et al. introduced a
novel strategy to augment the reversibility of Mg-S chemistry [17]. A non-nucleophilic Mg
electrolyte, supplemented with LiTFSI additives, facilitates the integration of a reversible
polysulfide redox process into the cathode with Mg deposition/stripping at the anode.
Galvanostatic charge–discharge tests revealed that the specific capacity of the primary mag-
nesium electrolytes was approximately 650 mAh g−1. Notably, the electrolyte containing
LiTFSI exhibited a reversible capacity of around 1000 mAh g−1 at 71 mA g−1, with a stable
voltage plateau at 1.75 V, maintaining stability for 30 cycles (Figure 3a–e). This enhanced
reversibility is attributed to two main factors: (1) Li+ ions participating in the cathode
reaction, either forming readily rechargeable Li polysulfide (Li-PS) or integrating into the
Mg-PS to create hybrid Mg/Li polysulfide (MgLi-PS) during discharge. (2) The hard Lewis
acid characteristic of Li+ coordinating strongly with the surface S2− of the lower-order Mg-
PS, thereby increasing its solubility, reducing the reoxidation energy barrier, and rendering
it electrochemically active. A reversible capacity of 1000 mAh g−1 is one of the highest
shown in the Mg-S battery research so far, as shown in Table 1.
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Figure 3. (a) Charge/discharge curves of sulfur cathode in 0.1 M Mg-HMDS + 1.0 M LiTFSI elec-
trolyte in a three-electrode cell at a current of 71 mAh g−1 at room temperature. Arrow illustrates the
capacity-increasing trend of the ACC/S composite cathode as a result of slow electrolyte penetra-
tion. (b) Cycling stability of the Mg-S battery in electrolyte with and without LiTFSI. (c) Working
mechanism of the Mg-S battery with LiTFSI additive. Comparison of surface XPS measurements of
Mg anode cycled in Mg-HDMS in the absence (d) and presence (e) of LiTFSI [17]. Copyright © 2015,
American Chemical Society.

In 2017, Du et al. proposed an organic magnesium borate-based (OMBB) electrolyte,
predominantly comprising a tetrakis(hexafluoroisopropyl) borate anion [B(HFP)4]−

(Figure 4a) and a solvating cation [Mg4Cl6(DME)6]2+ [71]. This electrolyte was synthesized
using a simple in situ process involving tris(hexafluoroisopropyl)boronic acid [B(HFP)3],
MgCl2, and Mg powder in 1,2-dimethoxyethane (DME). The overpotential was approxi-
mately 0.07 V at a current density of 0.1 mA cm−2 and increased marginally, with a rise in
the current density from 0.1 mA cm−2 to 1 mA cm−2 (Figure 4b). Various sulfur–carbon
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composite materials (S-AMC, S-CNT, and S-CMK), prepared using the melt diffusion
method, were employed to evaluate the OMBB electrolyte’s compatibility. Among these
sulfur–carbon composite cathodes, tested at a current density of 160 mA g−1, the highest
specific discharge capacity achieved was 1247 mAh g−1 (Figure 4c). Additionally, the
S-CNT cathode exhibited a capacity retention rate of 80.4% after 100 cycles. The specific ca-
pacity of the sulfur–carbon composite cathodes increased initially, which may be attributed
to the 0.5 M OMBB electrolyte’s self-conditioning effect, as it gradually permeated into the
sulfur–carbon composite cathode. Both the discharge and charge curves feature two distinct
voltage plateaus (Figure 4d). Remarkably, the Mg-S-CNT battery maintained a discharge
capacity of about 500 mAh g−1 even at a current rate of 500 mA g−1. Electrochemical
impedance spectroscopy (EIS) measurements (Figure 4f) were conducted to investigate the
reasons for the initial increase in specific capacity. These measurements revealed a sharp
decrease in the charge transfer resistance (Rct) during the initial cycles, elucidating the
enhanced discharge capacity observed.
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Figure 4. (a) ORTEP plot (50% thermal probability ellipsoids) of the molecular structure of crystalline
[Mg4Cl6(DME)6][B(HFP)4]2. Hydrogen atoms are omitted for clarity. (b) Polarization properties of
Mg/Mg symmetrical cells with the 0.5 M OMBB electrolyte at current densities of 0.1, 0.2, 0.4, 0.5, and
1 mA cm−2; the cycling time was 1 h per cycle (30 min charging and 30 min discharging). (c) Discharge
capacities and Coulombic Efficiency as a function of the cycle number for different S-C composite
cathodes at a current rate of 160 mA g−1 in the 0.5 M OMBB electrolyte. (d–f) Electrochemical
characterization of the Mg-S-CNT battery in the 0.5 M OMBB electrolyte: (d) galvanostatic discharge–
charge profiles for different cycles at a current rate of 160 mA g−1; (e) discharge capacities and
Coulombic Efficiency at different charge–discharge current rates; (f) EIS measurements after different
cycles (charge–discharge at a current rate of 160 mA g−1). The colored points represent the results of
the tests, and the colored lines are the corresponding fitting curves [71]. The cycling curves (g) and
cycling efficiency (h) of Mg plating/stripping on the SS substrate from 0.25 mol L−1 MBA–AlCl3/THF
electrolytes with 2:1, 1:1, and 1:2 MBA-to-AlCl3 molar ratios. Discharge–charge profiles at 0.04C of the
S@MC|Mg coin cell with 0.25 mol L−1 BMA + 2AlCl3/THF electrolyte (i) and 0.25 mol L−1 BMA +
2AlCl3 + 0.5 mol L−1 LiCl/THF electrolyte (j). Cycling performance (inset) and Coulombic Efficiency
at 0.04C of S@MC|Mg coin cells with 0.25 mol L−1 BMA + 2AlCl3/THF electrolytes containing
LiCl at different concentrations (k). The cycling performance at 0.04 C of S@MC|Mg coin cells with
0.4 mol L−1 (PhMgCl)2 + AlCl3/THF and 0.25 mol L−1 BMA + 2AlCl3/THF electrolytes containing
1.0 mol L−1 LiCl (l) [93]. Copyright © The Royal Society of Chemistry 2017.
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In 2019, Zhao et al. synthesized a remarkable magnesium electrolyte through the
reaction of a magnesium salt, magnesium bis(diisopropyl)amide (MBA), and AlCl3 in
THF [93]. For this Mg electrolyte, achieving a low overpotential and high Coulombic
Efficiency during long-term cycling for Mg electrochemical plating/stripping is paramount.
From the initial cycle, the overpotentials for Mg plating/stripping in the three electrolytes
were consistently below −0.2 V and 0.1 V, respectively (Figure 4g). The corresponding
Coulombic Efficiency (Figure 4h) is based on the ratio of the charge amount for magne-
sium plating to that of magnesium stripping. Notably, when the concentration of the
MBA + 2AlCl3/THF electrolyte is 0.25 mol L−1, it exhibits the highest and most stable
Coulombic Efficiency. The Coulombic Efficiency is, however, lower than other notable
electrolytes, as demonstrated in Table 1.

To verify the compatibility of the electrolyte with the sulfur cathode, researchers
assembled a coin cell using a 0.25 mol L−1 BMA + 2AlCl3/THF electrolyte, a S@MC
cathode, and a Mg anode. This cell provided an initial discharge capacity of 152.0 mAh g−1

and a charge capacity of 112.8 mAh g−1, with a Coulombic Efficiency of 74.2%, (Figure 4i).
The existing research indicates that incorporating lithium ions into magnesium electrolytes
typically activates the electrochemistry of magnesium–sulfur battery systems. The first
three galvanostatic discharge–charge curves of the S@MC|Mg coin cell with a 0.25 mol L−1

BMA + 2AlCl3 + 0.5 mol L−1 LiCl/THF electrolyte at 0.04C show an initial discharge
capacity of about 815.6 mAh g−1 (Figure 4j). The capacities for the second and third cycles
are approximately 747.5 mAh g−1 and 602.2 mAh g−1, respectively. The presence of Li+

has notably enhanced the reversibility of the sulfur cathode. Additionally, the inclusion
of LiCl significantly improves the cycling stability (Figure 4k). The Coulombic Efficiency
of S@MC|Mg coin cells with 0.25 mol L−1 BMA + 2AlCl3/THF electrolytes containing
varying concentrations of LiCl are displayed in Figure 4k. The Coulombic Efficiency’s
stability improves with an increasing LiCl concentration, especially at 1.0 mol L−1, where
the charge capacity gradually aligns with, but does not exceed, the discharge capacity.
These results suggest that the cathode’s reversibility is contingent on the presence of
Li+. The enhanced interfacial compatibility and improved electrochemical performance
may result from increased solution conductivity (1144 and 1185 µS cm−1 for 0.5 and
1.0 mol L−1 LiCl, respectively). The S@MC|Mg coin cell with a 0.25 mol L−1 BMA +
2AlCl3 + 1.0 mol L−1 LiCl/THF electrolyte demonstrates better cycling stability than
one with a 0.4 (PhMgCl)2 + AlCl3 + 1.0 mol L−1 LiCl/THF electrolyte (Figure 4l). After
100 cycles, the capacity retention is approximately 57.7% and 34.4% of the initial capacity,
respectively. However, this experiment could be considered controversial, as the Mg-S
battery’s performance gains also correlate with the increasing concentration of lithium ions.
It is important to consider what level of contribution the lithium ions are making to the
performance and to question whether the battery can still be called a Mg-S battery and still
comes with the associated benefits of a Mg-S battery compared to a Li+ battery.

In 2019, Yang et al. introduced a novel electrolyte based on magnesium trifluo-
romethanesulfonate (Mg(CF3SO3)2)–AlCl3–MgCl2–anthracene–LiCl dissolved in THF and
tetraglyme [53]. Mg(SO3CF3)2, which served as the source of the Mg2+ ions, is non-
nucleophilic, easier to handle, and more cost-effective compared to Mg(TFSI)2 (where
TFSI = bis(trifluoromethanesulfonyl)imide). However, challenges in Mg deposition/dissolution
were observed, marked by a high overpotential, attributed to an inherent oxide layer on
the Mg anode. In response, inspired by transmetalation reactions, where magnesium com-
pounds react with Lewis acids, a typical Lewis acid, AlCl3 containing Cl−, was added. This
addition reacted with Mg(CF3SO3)2 to generate effective active species within the solutions.

A Mg-S@microporous carbon cell, incorporating a 0.125 M Mg(CF3SO3)2 + 0.25 M
AlCl3 + 0.25 M MgCl2 + 0.025 M anthracene/THF and tetraglyme (1:1, v/v) electrolyte,
was cycled at 0.05 C (Figure 5a,b). The Coulombic Efficiency of the cell initially reached
almost 100% after a few cycles. However, due to substantial unreacted sulfur and inefficient
Mg ion dissociation within the cathode, the discharge capacity sharply declined to just
50 mAh gsulfur

−1 after 50 cycles.
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Mg(CF3SO3)2 + 0.25 M AlCl3 + 0.25 M MgCl2 + 0.025 M anthracene/THF + TG (1:1 volume ratio) elec-
trolyte (a,b) and 0.25 M Mg(CF3SO3)2 + 0.5 M AlCl3 + 0.25 M MgCl2 + 0.025 M anthracene/THF + TG
(1:1 volume ratio) electrolyte (c,d) between 0.5 and 1.7 V at 0.05 C. Discharge–charge profiles and
cycling performance of S@MC|Mg coin cell with 0.125 M Mg(CF3SO3)2 + 0.25 M AlCl3 + 0.25 M
MgCl2 + 0.025 M anthracene/THF + TG (1:1 volume ratio) electrolyte adding 0.5 M LiCl (e,f) or
LiCF3SO3 (g,h) between 0.5 and 1.7 V at 0.05 C [53]. (i) Cycling stability of the MgPS/Y-based elec-
trolyte and MgPS/Al-based electrolyte cells under a current density of 80 mA g−1 [95]. Copyright ©
2019, American Chemical Society.

The previous research indicates that the issue of polysulfide shuttling in electrolytes
can be mitigated by increasing the electrolyte concentration. In such high-concentration
electrolytes, fewer sulfur molecules, either as elemental sulfur or polysulfides, dissolve
into the electrolyte during cycling. Consequently, this approach helps in curtailing the loss
of active material. Furthermore, the discharge–charge performance of a S@MC|Mg coin
cell containing a concentrated electrolyte (0.25 M Mg(CF3SO3)2 + 0.5 M AlCl3 + 0.25 M
MgCl2 + 0.025 M anthracene/THF + TG (1:1 volume ratio)) was evaluated. This configura-
tion not only led to a significant reduction in the specific capacity of the coin cell but also
resulted in a poorer cycle performance compared to using a dilute electrolyte (Figure 5c).
Notably, the Coulombic Efficiency exceeded 100% during stable cycling (Figure 5d).

The incorporation of Li+ ions into the electrolyte, with the aim of facilitating the disso-
lution of Mg2+ ions and thereby reducing the kinetic barriers while increasing the solubility
of low-order polysulfides, was undertaken to enhance the electrochemical performance.
The researchers introduced LiCl (Figure 5e,f) and LiCF3SO3 (Figure 5g,h), respectively, into
a 0.125 M Mg(CF3SO3)2 + 0.25 M AlCl3 + 0.25 M MgCl2 + 0.025 M anthracene/THF and
tetraglyme (1:1, v/v) solution. The results (Figure 5e,f) demonstrate that the addition of LiCl
prolonged the discharge plateau at 1.05 V, leading to an enhanced discharge capacity and
reversibility, confirming that Li+ ions effectively promote Mg dissolution. Notably, adding
0.5 M LiCF3SO3 as an additive further improved the cell performance. The cell achieved a
discharge capacity of approximately 400 mAh gsulfur

−1 at 0.05 C over 50 cycles, suggesting
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that the addition of CF3SO3Li also mitigates the detrimental effects on Mg plating. How-
ever, this method also faces the same controversy mentioned before: can the battery still
be classified as a Mg-S battery, which maintains a high level of safety and is less prone to
dendrites than one with the addition of Li+? In recent years, the majority of researchers
have encountered this problem and have stopped adding Li+ into Mg-S batteries.

It is significant to note that in 2014, Zhao-Karger et al. reported in their study the
effect of augmenting the electrolyte viscosity by incorporating high-viscosity PP14TFSI
(173 mPa s), which can partially impede the movement of polysulfides toward the an-
ode [55]. This method demonstrates a novel strategy for mitigating the shuttle effect in
Mg-S batteries. By enhancing the electrolyte’s viscosity, the mobility of the polysulfides
is decreased, thus curtailing their transference and subsequently reducing the adverse
impacts on the battery performance.

It is noteworthy that in 2021, Sun et al. described reduced perylene diimide-ethylenediamine
(rPDI) as an efficacious electrolyte additive. They added 0.2 mM rPDI into a Mg(TFSI)2–
MgCl2-based electrolyte, which adsorbed onto the Mg and repelled the TFSI− anions away
from the Mg surface, preventing TFSI− decomposition and Mg passivation [94]. The full
cell showed a highly stable cycle life at 15 C (>1000 cycles), revealing the mitigation of
the shuttle effect. Although the capacity is low at 110 mAh g−1 after 1000 cycles, it is a
significant improvement over other electrolyte systems, as can be seen in Table 1, where it
has the largest number of cycles reported.

In recent years, there have been significant advancements in the field of novel Lewis
acids. In 2018, Xu et al. developed an yttrium (Y)-based electrolyte by replacing AlCl3 with
YCl3 [95]. Their findings revealed several key advantages: firstly, the standard electrode
potential of Y ions (−2.372 V vs. SHE) is higher than that of Al ions (−1.66 V vs. SHE),
and secondly, YCl3 effectively facilitates the removal of water from the electrolyte. In their
synthesis, MgCl2 (1 molar equivalent) and YCl3 (2 molar equivalent) were reacted with
diglyme in an ionic liquid solvent, PYR14TFSI, at a temperature of 120 ◦C.

To investigate the distinct impacts of the YCl3 and AlCl3 additives, Xu et al. compared
the electrochemical performances of two Mg-S cells: one with a MgPS cathode in an
aluminum-based electrolyte and the other with a MgPS cathode in an yttrium-based
electrolyte. The cell featuring the yttrium-type electrolyte demonstrated stable cycling
for 50 cycles with a discharge capacity of approximately 900 mAh g−1 (Figure 5i). In
contrast, the cell containing the aluminum-based electrolyte only managed 20 cycles before
experiencing a sharp decline in capacity. Furthermore, the electrochemical impedance
spectroscopy (EIS) data indicated that the yttrium-based electrolyte exhibited a lower
impedance [95].

The inclusion of chloride ions has been shown to provide a multitude of benefits,
such as stabilization of the Mg2+ ions and amplification of the dissolution of passivating
substances on the Mg anode. This subsequently facilitated improved efficiency in the
plating and stripping of Mg. The impact is particularly pronounced when employing
HMDSMgCl-based electrolytes, where the introduction of AlCl3 results in a significant rise
in current density for Mg deposition, although it does not enhance the voltage stability.
Additionally, the advancement of organic magnesium borate-based (OMBB) electrolytes
and the exploration of innovative techniques for preparing non-nucleophilic electrolyte
solutions have further elevated the performance of Mg-S batteries.

3.1.2. Chloride-Free

Muldoon et al. highlighted the adverse effects associated with the presence of chlorine
in electrolytes, pointing out that the chlorides in the electroactive species [Mg2(µ-Cl)3·6THF]
are a primary cause of corrosion [97]. Additionally, the bulky structure of the cation, char-
acterized by two octahedrally coordinated Mg atoms linked by three chlorides, impedes
Mg ion mobility. This analysis underscores the urgent need to develop and synthesize
new types of chlorine-free salts for use in Mg-S batteries. In 2016, Li et al. pioneered a
method for synthesizing a simple chloride-free [Mg(THF)6]2+ cation salt with AlCl4− as
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a counteranion, utilizing a straightforward heating process in an ionic liquid solvent [77].
The crystal structure of the [Mg(THF)6][AlCl4]2 salt is illustrated in Figure 6a. Li et al.
underscored the benefits of using ionic liquids, including their high boiling point, low
melting point, exceptional chemical and thermal stability, nonflammability, and low vapor
pressure [77,98]. They proposed a stoichiometric reaction of MgCl2 (1 molar equivalent)
with AlCl3 (2 molar equivalents), using the ionic liquid n-methyl-(n-butyl) pyrrolidinium
bis(trifluoromethanesulfonyl)imide (PYR14TFSI) as a reaction medium. It was postulated
that the chloride ions in MgCl2 could be completely displaced by AlCl3 under ele-
vated temperatures.
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Figure 6. (a) Proposed formation mechanism and X-ray crystal structure of Mg salt. (b) Cycling
behavior of a symmetrical cell with electrolyte [Mg(THF)6][AlCl4]2 in PYR14TFSI/THF (1:1 v/v)
at different current densities of 1 µA cm−2 to 500 µA cm−2; the cycle time was 30 min per cycle
(15 min charging and 15 min discharging). (c) Discharge and charge profile for 20 cycles of dis-
charging and charging, cathode: 50 % S loading, NG/SP/commercial S/PVDF = 4:5:10:1. Rate:
0.01 C discharging, 0.02 C charging. Anode: Mg disk [77]. (d) Ball-and-stick representation of the
Mg[B(hfip)4]2·3DME crystal. (e) Linear sweep voltammograms of various electrodes at a scan rate of
5 mV s−1. Battery performance of the Mg-S-CMK-3 cell: (f) discharge–charge profiles, (g) cycling
behavior [51]. (h) Charge/discharge profiles; (i) cycling performance of the ACCS–Mg cell with 0.4 M
electrolytes [84]. (a–c) © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (d–g) Copyright ©
The Royal Society of Chemistry 2017. (h,i) Copyright © 2019, American Chemical Society.

Initially, a magnesium stripping/plating experiment was conducted, with the current
density varying from 1 µA cm−2 to 500 µA cm−2 and the cycling time for each charge
and discharge set at 15 min. At lower current densities, the Coulombic Efficiency of the
cell is nearly 100% (Figure 6b). However, as the current density escalates to 300 µA cm−2,
an increase in polarization occurs, leading to irregular potential fluctuations. For further
analysis, electrochemical impedance spectroscopy (EIS) was employed to examine the
formation and stability of the interface between the electrolyte solution and the magnesium
electrode over the course of the cycling. Initially, the interface between the magnesium
electrode and the electrolyte solution is unstable, but it stabilizes after a certain number of
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cycles, evidenced by the gradual stabilization of the solid electrolyte interface (SEI) layer on
the magnesium electrode. In the cycling performance of the Mg-S cells (Figure 6c), it was
observed that the cell maintains stability for over 20 cycles, although its capacity decreases
sharply in the first five cycles from approximately 700 mAh g−1 to 130 mAh g−1, before
stabilizing at a relatively steady capacity of around 70 mAh g−1.

In 2017, Zhao-Karger et al. developed a fluorinated magnesium alkoxyborate-based
electrolyte for Mg-S batteries [51]. They synthesized conductive salts via the reaction of
Mg[BH4]2 with fluorinated alcohols (RF-OH) in ethereal solvents, such as DME. Upon removing
the solvent from Hexafluoro-2-propanol (hfip), the conductive salt Mg[B(hfip)4]2·3DME was
obtained. Its crystal structure, determined using X-ray crystallography, is Mg[B(hfip)4]2·3DME
(Figure 6d). The crystal unit consists of typical ion pairs, with the octahedral coordination
geometry around the Mg2+ ions being slightly deformed due to the solvation by the three
DME molecules. In the [B(hfip)4]− counteranion, the boron (B) atom is tetrahedrally bonded
to four hexafluoroisopropyloxy groups. The O–B–O angles (107.8◦ and 107.2◦) approximate
the ideal tetrahedral angle. The anodic stability of the MgBOR(hfip)/DME electrolyte
on conventional electrode substrates, including stainless steel (SS), Al, primed Al, and
Cu, was examined using linear sweep voltammetry (LSV). The voltammogram indicates
that the oxidation stability of the electrolyte on Pt is about 3.5 V, possibly limited by the
DME oxidation (Figure 6e). Swagelok-type cells, containing a MgBOR(hfip)/DEG–TEG
electrolyte, S/CMK-3 cathode, and Mg foil anode, were cycled at room temperature at 0.1 C
(167 mA cm−2). The galvanostatic discharge/charge curves from the 1st to the 5th, 10th,
and 20th cycles are displayed in Figure 6f. After the initial cycles, the discharge voltage
stabilized at around 1.5V. From the second cycle onward, the discharge capacity decreased
but remained above approximately 200 mAh g−1 sulfur up to the 100th cycle (Figure 6g).
The overcharging behavior, evident in the first five cycles, led to a reduced efficiency. To
optimize the electrochemical performance, the concentration of Mg[B(hfip)4]2 in the DME
solvent varied from 0.1 to 0.4 M. Cyclic voltammetry revealed that higher concentrations
of Mg[B(hfip)4]2 increased the current densities [84]. Based on these findings, the authors
concluded that fluorinated alkoxyborate-based electrolytes hold promise for Mg-S batteries.

The same research team also explored Swagelok-type cells consisting of a 0.4 M MgBh-
fip/DME electrolyte, an ACCS cathode, and a Mg foil anode. These cells were cycled at a
current rate of 0.1 C (167 mA cm−2) at 25 ◦C [84]. The initial galvanostatic discharge/charge
curves displayed a relatively flat discharge voltage plateau at approximately 1.5 V, followed
by a sloped region until a cutoff voltage of 0.5 V, suggesting a stepwise reaction pathway.
The cells achieved a discharge capacity of about 930 mAh g−1, while the charge capacity
marginally surpassed the discharge capacity (Figure 6h,i). The Coulombic Efficiency for
the first cycle, calculated by dividing the charge capacity by the discharge capacity, was
approximately 110%. This gradual decline in capacity is attributed to the dissolution of the
magnesium polysulfide (MgSx) and the ongoing loss of active material.

In 2017, Zhang et al. introduced a boron-centered anion-based magnesium elec-
trolyte (BCM electrolyte) characterized by its ease of synthesis, high ionic conductivity,
broad potential window (3.5 V vs. Mg), compatibility with electrophilic sulfur, and non-
corrosiveness toward the cell components [50]. They analyzed the chemical and electro-
chemical properties of various anionic forms in non-nucleophilic electrolytes, detailing
the specific challenges encountered in their practical applications, as highlighted in the
colored boxes of Figure 7a. In their approach, the properties of the BCM electrolytes,
including the electrochemical window, salt concentration, and compatibility with the Mg
anode, could be finely tuned by selecting specific anionic groups. Notably, the use of
tris(2H-hexafluoroisopropyl) borate (THFPB)/MgF2 salts in the DME solvent led to the
formation of the [Mg(DME)n][FTHB]2 complex (Figure 7b), which demonstrated a wide
operating window of 3.5 V. With a magnesium anode and a sulfur cathode containing
85 wt.% sulfur and a sulfur loading of 1.5 mg cm−2, the cell delivered a discharge capacity
of 1081 mAh g−1 and a stable voltage plateau at 1.1 V and exhibited no overcharging
in subsequent cycles (Figure 7c). The excellent capacity retention over 30 cycles, with
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an initial discharge capacity of 86.4%, underscores the success of this novel electrolyte
design concept.

1 
 

 

Figure 7. (a) Decorated periodic table for directing efficient Mg-ion electrolytes. Electrolytes derived
from anions of 1⃝ to 8⃝ suffer from specific problems. Electrolytes from 1⃝, 3⃝, 4⃝, and 5⃝ can react
with Mg metals, forming impervious surface layers. Anions of 7⃝ and 8⃝ display insufficient anodic
stability, resulting in limited potential windows of the determined Mg-ion electrolytes. Electrolytes
containing anions of 6⃝ corrode typical current collectors and show incompatibility with sulfur and
oxide cathodes. The complicated synthetic procedure and incompatibility with sulfur cathodes of 2⃝-
constructed Mg-ion electrolyte makes it less promising for practical Mg-ion electrolytes. (b) CV curves
of SS electrode in BCM electrolyte containing THFPB and MgF2 at 5 mV s−1. (c) The electrochemical
performances of the Se/C and S/C electrodes in BCM electrolytes: galvanostatic charge/discharge
profile [50]. Copyright © 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

In 2021, Ren et al. demonstrated for the first time the use of a PP14TFSI ionic liquid
as a co-solvent with THF in a chlorine-free MBA-based electrolyte [60]. This approach
significantly enhanced the ionic conductivity and increased the oxidative stability potential
on stainless steel to 2.2 V vs. Mg/Mg2+. The experimental results indicated that this
electrolyte exhibited a low overpotential below 200 mV and maintained approximately 90%
Coulombic Efficiency in the reversible electrochemical plating/stripping of magnesium.
Following the addition of PP14TFSI, the current density for magnesium plating/stripping
was escalated by a factor of 238. Additionally, the MBA-2AlF3 electrolyte showed good
compatibility with the Mo6S8 cathode. Furthermore, Ren et al. also reported the perfor-
mance of a Se@pPAN|Mg full cell, which delivered an initial capacity of 447.8 mAh g−1 at
0.2 C, with a minimal capacity decay of about 0.66% per cycle over more than 70 cycles.
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The chloride-free electrolytes highlighted in this section, such as the fluorinated
alkoxyborate-based electrolytes and boron-centered anion-based (BCM) electrolytes, demon-
strate wide operating windows, high ionic conductivities, and good compatibility with
Mg anodes and sulfur cathodes. Chloride-free electrolytes mitigate the disadvantages
shown in chloride-containing electrolytes of corrosion and limited Mg ion mobility. The
synthesis of simple cation salts, such as [Mg(THF)6]2+ with non-chloride counterions, and
the development of fluorinated magnesium alkoxyborate-based electrolytes signify great
strides toward the goal of achieving high-performance Mg-S batteries. These advancements
are not merely academic; they offer practical pathways to enhance the electrochemical
performance, stability, and safety of Mg-S batteries.

3.2. Nucleophilic Electrolytes

The reaction between PhMgCl and AlCl3 facilitates the synthesis of Grignard reagent-
based nucleophilic all-phenyl complex (APC) electrolytes. Initially, these APC electrolytes
were not tailored to use in Mg-S batteries due to the high nucleophilicity of organomagne-
sium compounds, which generally renders them incompatible with sulfur-based conversion
cathodes. However, in 2017, Linqi Zeng et al. adapted an APC electrolyte for Mg-S battery
applications [96]. Utilizing copper as the current collector for a sulfur cathode and inte-
grating it with the nucleophilic (PhMgCl)2-AlCl3/THF electrolyte, they achieved an initial
discharge capacity of 659 mAh g−1. Additionally, at a current density of 10 mA g−1, the
reversible capacity of the cell stabilized at 113 mAh g−1 after 20 cycles.

The cyclic voltammetry (CV) curves of the Mg-S coin cell at a scan rate of 0.05 mV s−1

(Figure 8a) feature Cu as the cathode current collector. During the first cathodic scan,
two significant reduction peaks at 1.0 V and 1.35 V were observed, accompanied by shoulder
peaks at 0.9 V. These peaks are indicative of the formation of higher-order magnesium
polysulfides (MgSx, where 4 ≤ X ≤ 8). These high-order polysulfides undergo reduction
into their lower-order counterparts, subsequently leading to the formation of MgS2 and
MgS. In the anodic scan, the re-oxidation of MgS and MgS2 back into polysulfide MgSx
(x > 2) is characterized by a distinct oxidation peak at 1.43 V. They observed an increase
in current above 1.6 V, which suggests further oxidation into higher-order polysulfides
or elemental sulfur. A marked decrease in the peak currents during the second cathodic
scan points to the dissolution of some of the sulfur or polysulfides into the electrolyte,
contributing to a decline in cell capacity. The shift in the peak voltage aligns with these
electrochemical processes.

The discharge–charge cycling performance and corresponding Coulombic Efficiency
of a Mg-S coin cell with a Cu cathode collector operating at a current density of 10 mA g−1

are displayed in Figure 8b. The cell’s capacity exhibited a steady decline until the 20th cycle,
stabilizing at approximately 113 mAh g−1 thereafter. Notably, after a few initial cycles, there
was a gradual increase in the charging capacity compared to the discharge capacity. The
Coulombic Efficiency, exceeding 100% (Figure 8b), is attributed to the polysulfide shuttle
effect, a recognized parasitic side reaction. Furthermore, elevating the current density
to 20 mA g−1 proved effective in maintaining the discharge capacity above 99 mAh g−1

after 20 cycles, indicating a mitigation of the dissolution and shuttle effects. This improve-
ment suggests a robust interaction between Cu and S, along with the enhanced electronic
conductivity of copper sulfides, positively affecting the sulfur utilization and the cyclic
stability of the sulfur cathode in the nucleophilic electrolyte. Additionally, incorporating
LiCl into the (PhMgCl)2-AlCl3/THF electrolyte further enhanced its cycling stability and
rate performance. The capacity initially decreased from 512 mAh g−1 to 388 mAh g−1 and
then was consistently held at 384 mAh g−1 (Figure 8c).

In 2018, expanding on their previous work, W. Wang et al. from the same research
group introduced an innovative sulfur@microporous carbon (S@MC) electrode [54]. This
electrode, employing copper as the current collector, was designed as a novel cathode for ad-
vanced Mg-S batteries. It effectively utilizes APC-based nucleophilic electrolytes, marking a
significant advancement in the development of high-performance Mg-S battery technology.
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Figure 8. (a) CVs of the Mg-S coin cell with Cu as the cathode current collector at 0.05 mV s−1. (b) The
cycling performance of Mg-S coin cells with Cu as the cathode current collector at 10 mA g−1 and
20 mA g−1. (c) Initial three discharge–charge curves of Mg-S cell with Cu as the cathode current
collector in 0.4 mol L−1 (PhMgCl)2-AlCl3 + 1.0 mol L−1 LiCl/THF electrolyte at 10 mA g−1 [96].
Initial three discharge–charge curves (d) and cycling performance (e) of elemental sulfur and S@MC
at a rate of 0.006 C. (f) The 20th discharge–charge curves of S@MC at different rates; the electrolyte
is 0.4 mol L−1 (PhMgCl)2–AlCl3/THF. (g) Cycling performance of elemental sulfur and S@MC
composite at 0.1 C; inset is the Coulombic Efficiency upon cycling. (h) The rate performance of
elemental sulfur and S@MC composite at different rates. (i) Typical discharge–charge curves of
S@MC at different rates; the electrolyte is 0.4 mol L−1 (PhMgCl)2–AlCl3 + 1.0 mol L−1 LiCl/THF [54].
(a–c) © Linqi et al., 2017. Published by ECS. (d–i) Copyright © 2018, American Chemical Society.

Microporous carbon (MC), serving as the host material, enhances the chemical kinetics
of the electrode and adsorbs sulfur and polysulfides effectively. At 50 ◦C, the formation of
copper sulfide occurs when sulfur is coated onto a Cu collector, creating a robust chemical
interaction between the Cu and sulfur. This interaction plays a crucial role in preventing the
sulfur from being eroded by the electrolyte and reducing the rate of polysulfide dissolution.
Utilizing the unique properties of microporous carbon and Cu current collectors, the initial
discharge capacity of the S@MC electrode is around 979.0 mAh g−1. After undergoing
200 cycles at a 0.1 C rate, the capacity reaches a stable value of 368.8 mAh g−1, indicating
improved sulfur utilization and enhanced cycle stability. This retention rate is on par with
several non-nucleophilic electrolytes [52,79]. Even at a higher rate of 0.2 C, the composite
maintains a capacity of about 200 mAh g−1, achieving a Coulombic Efficiency of up to
200%. The strategy of reinforcing the chemical bonds between smaller S2-4 molecules and
larger S8 molecules within the MC framework has been demonstrated to be an effective
approach to boosting the cyclic stability, rate performance, and sulfur utilization in Mg-S
batteries with nucleophilic electrolytes (Figure 8d–i).
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Research on electrolyte systems suitable for Mg-S batteries is still ongoing; nonetheless,
some achievements have already been accomplished. Figure 9 summarizes all the clearly
identified electroactive species in the electrolytes investigated so far. According to the
structure of these electroactive species, we have divided them into cations: O−, cations:
Cl−, anions: non-metal, anions: metal, size: small, size: medium, and size: large.
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The electrolyte plays a pivotal role in the performance of Mg-S batteries, directly
influencing their efficiency, capacity, cycling stability, and safety. The choice between
non-nucleophilic and nucleophilic electrolytes remains unclear. The addition of chloride
ions then adds a further layer of complexity. Finding the ideal electrolyte that balances
conductivity, reactivity, and stability with the Mg anode and sulfur cathode is still a
challenging goal.

Non-nucleophilic electrolytes have shown promise due to their ability to stabilize Mg2+

ions and facilitate efficient plating/stripping processes. The shuttle effect and the need
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for a higher Coulombic Efficiency remain as the biggest issues. Chloride-free electrolytes
address the corrosion issues associated with chloride ions but require careful synthesis to
maintain high ionic conductivity and compatibility with sulfur cathodes. Nucleophilic
electrolytes offer unique pathways for Mg-S battery configurations, but the reactivity of
organic magnesium compounds with sulfur-based cathodes needs to be addressed. The
use of copper current collectors and microporous carbon in the literature has shown that
there is great promise for the future of these electrolytes.

This review has analyzed a number of notable electrolytes which have been used in
the field of Mg-S battery research. Table 1 provides a comparison of these electrolytes,
highlighting key statistics such as Coulombic Efficiency, capacity, and current rate. It clearly
reveals a major difficulty that magnesium–sulfur batteries are currently facing with low
cycling performances. This is mainly due to the sharp drop in the battery capacity caused
by the shuttle effect.

4. The Mechanism of Sulfur Reduction

In 2012, Muldoon et al. emphasized the necessity of using non-nucleophilic magne-
sium organohaloaluminate electrolytes to achieve an effective pairing between magnesium
and sulfur [48]. In 2014, Zhirong et al. used modified electrolytes in tetraglyme or a binary
solvent of glyme and PP14TFSI. The use of this additive aims to adjust the viscosity of
the electrolyte and may reduce the solubility of magnesium polysulfides [55]. The result
shows the ability of the glyme polyether chains to permit multidentate cation coordination
through the oxygen atoms, allowing for the adoption of flexible coordination numbers
and geometries, which considerably improves the performance, Coulombic Efficiency, and
discharge voltage. Then, they propose a redox mechanism for Mg-S batteries:

Step I: Elemental sulfur is reduced into MgS8 at the solid electrolyte interface (SEI), followed
by the dissolution of MgS8 into a liquid cathode, transitioning into lower-order polysulfides.

Step I S8 + 4e− + Mg2+ → 2MgS4 (1)

Step II: Low-order polysulfides such as MgS4 are reduced into MgS2, corresponding
to the second discharge platform.

Step II MgS4 + 2e− + Mg2+ → 2MgS2 (2)

Step III: MgS2 is reduced into MgS, a process characterized by high kinetic barriers
and polarization.

Step III MgS2 + 2e− → 2MgS (3)

In the work of Robba et al., 2017, they used a non-nucleophilic electrolyte solution pre-
pared from MgCl2 and Mg(TFSI)2 salts dissolved in a binary mixture of ether solvents [67].
The results show the battery exhibited two clear discharge plateaus during the first dis-
charge process, corresponding to the conversion of MgSx (high-voltage plateau) and the
further conversion of polysulfides into MgS (low-voltage plateau). In the same year, Gao
et al. determined the specific discharge plateau in a MgTFSI2–DME electrolyte:

Step I: The transformation of elemental sulfur into long-chain polysulfides (2.4–1.5 V
potential slope)

Step I S8 + 4e− + Mg2+ → MgS8 2.5–1.5 V (4)

Step II: Shortening of the polysulfide chain (1.5 V potential plateau)

Step II MgS8 + 6e− + 3Mg2+ → 4MgS2 1.5 V (5)

Step III: The solid-state transition from short-chain polysulfides to magnesium sulfide
(1.5–0.5 V potential slope)

Step III MgS2 + 2e− → 2MgS 1.5–0.5 V (6)
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In 2019, Yan et al. further investigated the sulfur reduction reaction route according
to the in situ method using an electrolyte of Mg(HMDS)2–AlCl3 [68], also including three
stages (Figure 10b):
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Stage I: Rapid reaction stage for the formation of high-order MgSx (MgS8, MgS4).

Stage I S8 + Mg2+ + e− → MgS8 + MgS4 (7)

Stage II: Reduction stage from high-order MgS4 into Mg3S8

Stage II MgS8 + MgS4 + e− → Mg3S8 (8)

Stage III: Sluggish further reduction of Mg3S8 into MgS; this reaction predominantly
occurs in the solid phase, contributing to the rapid capacity decay of the Mg-S battery.

Stage III Mg3S8 + e− → MgS (9)

In situ XAS analysis (Figure 10a) reveals that Mg3S8 and MgS are electrochemically
inert and difficult to convert back into high-order polysulfides. This leads to a rapid decline
in the battery capacity and a shortened cycle life.

Forrest et al. investigated the impact of dissolved sulfur on the passivation of Mg
anodes in Mg-S batteries, revealing that interactions between the dissolved polysulfides
and the Mg anode led to the formation of a passivating MgS layer on the anode surface [25].
This layer readily reforms during reduction but can be removed under oxidative conditions.
The research highlights that the concentration of dissolved S8 influences the rate of MgS
layer formation by altering the equilibrium of polysulfide disproportionation.

In 2022, Joachim et al. characterized the magnesium polysulfide dissolution behav-
ior in a different electrolyte of Mg[B(hfip)4]2 in tetraethylene glycol dimethyl ether (G4,
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tetraglyme) [99]. By applying operando UV/Vis spectroscopy, S8, S6
2−, and S4

2− were
identified as the species present in the electrolyte, while S8

2− and S3
•− were not detected.

A reduction pathway is proposed, with the previously gained insights summarized in
Figure 10c. In solvents with a high dielectric permittivity and donor number (e.g., DMSO,
DMF, or ACN), the low-charge-density polysulfides S8

2−, S6
2−, and S3

•− are dominant,
while in solvents with a low dielectric permittivity and donor number (G1, G2, G4, THF),
the high-charge-density polysulfide S4

2− is well stabilized.
The intermediate magnesium polysulfides are the main reason for a low Coulombic

Efficiency and low cycle performance, which is termed the shuttle effect. The mechanisms
by which the shuttle effect diminishes the electrochemical performance of Mg-S batteries
can be summarized in three main points:

Reduced Coulombic Efficiency: Coulombic Efficiency refers to the effective utilization
of charge during the battery’s charging and discharging processes. Magnesium polysulfides
form and dissolve in the electrolyte, with these dissolved polysulfides shuttling between
the anode and cathode. This shuttling leads to a portion of the charge in the battery being
inefficiently used for energy storage and release, thus reducing the Coulombic Efficiency.

Self-discharge: Self-discharge is a phenomenon where a battery naturally loses its
charge when not in use [99]. This process occurs in three stages: (I) the dissolution and
reduction into S6

2− and S4
2− of S8 in the electrolyte, (II) the stabilization of the sulfur

concentration and increase in polysulfides (S6
2−/S4

2−), (III) equilibrium of the sulfur and
polysulfide (S8/S6

2−/S4
2−) concentrations. This self-discharge behavior leads to the loss of

active materials in the battery, thereby affecting the battery’s capacity and cycle stability.
Anode Passivation: Due to the low solubility of the sulfides, not all the formed

polysulfides can be dissolved, resulting in the formation of insoluble MgSx and MgS at
the interface, which poses a significant barrier to further magnetization [68]. This leads to
premature termination of discharge, especially at high sulfur/carbon ratios, resulting in
lower sulfur utilization.

The extensive research into the sulfur reduction mechanism within Mg-S batteries
underscores the pivotal role of the electrolyte composition and solvent dynamics in dictating
the battery performance. There is a need for innovative solutions to address challenges such
as the shuttle effect and anode passivation, highlighted by the work to enhance Coulombic
Efficiency and mitigate self-discharge. This review highlights the key literature in this field,
with the aim of advancing the understanding of Mg-S battery chemistry. It has also set a
clear direction for the future, with a need to develop electrolyte and battery designs that
address these specific challenges, thereby unlocking the potential of Mg-S batteries for
high-efficiency, sustainable energy storage.

5. Concluding Remarks and Outlook

In this comprehensive review of the development of Mg-S battery electrolytes, we take
an in-depth look at the progress, challenges, and future directions in this field. Mg-S batter-
ies have the potential to become a viable alternative to conventional Li-ion systems, offering
advantages in terms of energy density, safety, and sustainability. However, their current
development is hampered by critical issues such as electrolyte compatibility and anode
passivation, as well as being limited by the shuttle effect. Innovations in non-nucleophilic
electrolytes, advanced cathode materials, and anode protection strategies are considered
key to overcoming these obstacles. This review highlights the need for interdisciplinary
research and technological breakthroughs in materials science and electrochemistry to
address the complex challenges of Mg-S batteries.

The recent research on Mg-S batteries indicates that, while they have an impressive
theoretical energy density of up to 2856 Wh kg−1 and rank highly in terms of safety
due to the minimal formation of dendrites during charge/discharge, the electrochemical
performance of the actual Mg-S batteries is far from ideal. This includes practical metrics
such as energy density, cycling stability, and charge/discharge rates, which currently
fall significantly short of those in Li-ion batteries. The primary reason for this under-
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performance, similar to that in Li-S batteries, is the formation and uncontrollability of
polysulfides during the charge/discharge cycles. These polysulfides can freely move across
the separator between the anode and cathode, a phenomenon known as the “shuttle effect”.
This shuttle effect leads to inefficient utilization of some of the battery’s charge in energy
storage and release. Moreover, the insoluble polysulfides can form a passivation layer on
the electrode surfaces, impeding electrode reactions. These cumulative adverse effects make
it challenging for Mg-S batteries to achieve their theoretical electrochemical performance.

To mitigate the shuttle effect, researchers have employed various strategies, including,
but not limited to, 1. Non-Nucleophilic Electrolytes: These do not react with sulfur and
thus help reduce the shuttle effect. For instance, non-nucleophilic electrolytes synthe-
sized from hexamethyldisilazane magnesium chloride (HMDSMgCl) and AlCl3, as well
as organic magnesium borate-based electrolytes containing tetrafluoroborate ammonium
([B(HFP)4]−), are used. 2. Chloride Additives: Adding an appropriate amount of chloride,
such as lithium chloride (LiCl), to non-nucleophilic electrolytes can enhance their stability
and electrochemical performance, thereby reducing the shuttle effect. 3. Electrolyte Addi-
tives: For example, adding certain ionic liquids, such as PP14TFSI, to the electrolyte can
improve its conductivity and oxidation stability, which, in turn, helps reduce the shuttle
effect. 4. High-Concentration Electrolytes: High-concentration electrolytes can decrease
the solubility of the sulfur molecules or polysulfides in the electrolyte, thereby reducing
the loss of active material and the shuttle effect. These methods address the shuttle effect
according to different mechanisms and have indeed improved the overall performance of
Mg-S batteries to a certain extent.

Despite various efforts, breakthrough advancements in the overall performance of
Mg-S batteries remain elusive. A significant factor contributing to this stagnation is the lack
of a clear understanding of the internal reaction pathways in Mg-S batteries, specifically the
sulfur reduction pathways. Although numerous studies have been published investigating
the mechanisms of Mg-S batteries, the complexity of the sulfur reduction reactions and
limitations in the research methodologies make it challenging for researchers to delineate
a complete reaction pathway for each type of electrolyte. There has been some progress,
with certain studies proposing relatively comprehensive reaction pathways. However, the
authors of these studies also acknowledge discrepancies between their proposed pathways
and the characterization results of other research. These inconsistencies might be attributed
to the transient nature of some intermediate products or the difficulty of detecting them
using traditional methods. This highlights the ongoing challenges in fully understanding
and optimizing the electrochemistry of Mg-S batteries.

Non-nucleophilic electrolytes, magnesium borate-based electrolytes (Mg(BPh4)2, and
Mg[B(hfip)4]2) exhibit a higher capacity, Coulombic Efficiency, and cycle performance
compared to the other types of electrolytes, as was shown in Table 1. Benefitting from
their high solvation capacity and electrochemical stability, DME and TEG have become
the most popular solvents for use with these electrolytes. Looking at the future prospects,
there are a number of interesting topics to explore. Additive reduced perylene diimide–
ethylenediamine (rPDI) forms a protecting layer on the Mg anode and leads to a high
number of stable cycle lives, opening up a promising research prospect. In addition, re-
search into the reaction mechanism, especially in-depth investigations into the mechanisms
of the sulfur reduction reaction pathways, is a very important task, and findings in this
area will significantly contribute to the mitigation of the shuttle effect, which is key to the
future of Mg-S battery use.

In summary, rechargeable Mg-S batteries represent a battery system with immense
potential for development, characterized by their high theoretical energy density and
proven high safety performance. It is reasonable to anticipate that, in the foreseeable future,
a significant breakthrough in the practical electrochemical performance of Mg-S batteries
will be achieved.



Molecules 2024, 29, 1234 22 of 25

Author Contributions: Conceptualization, J.F., Z.H. and F.R.W.; Funding acquisition, L.S., Z.H. and
F.R.W.; Formal analysis, J.F. and M.G.; Investigation, L.S., M.G. and L.Z.; Resources, J.F. and L.Z.;
Project administration, L.S., Z.H. and F.R.W.; Writing—original draft, L.S.; Writing—review & editing,
L.S., J.F., J.H., Z.H. and F.R.W.; Supervision, Z.H. and F.R.W. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the startup fund at Hubei University of Technology, high-level
talent grant from Hubei province, China Scholarship Council (Grant No. 201908060125, CSC), the
Doctor of Suzhou University Scientific Research Foundation Project (Grant No. 2023BSK056), the
Anhui Province Higher Education Innovation Team: Key Technologies and Equipment Innovation
Team for Clean Energy (Grant No. 2023AH010055).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data generated or analyzed during this study are included in
the article.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Li, M.; Lu, J.; Chen, Z.; Amine, K. 30 Years of Lithium-Ion Batteries. Adv. Mater. 2018, 30, e1800561. [CrossRef] [PubMed]
2. Rivera-Barrera, J.; Muñoz-Galeano, N.; Sarmiento-Maldonado, H. SoC Estimation for Lithium-ion Batteries: Review and Future

Challenges. Electronics 2017, 6, 102. [CrossRef]
3. Xu, J.; Cai, X.; Cai, S.; Shao, Y.; Hu, C.; Lu, S.; Ding, S. High-Energy Lithium-Ion Batteries: Recent Progress and a Promising

Future in Applications. Energy Environ. Mater. 2023, 6, e12450. [CrossRef]
4. Placke, T.; Kloepsch, R.; Dühnen, S.; Winter, M. Lithium ion, lithium metal, and alternative rechargeable battery technologies: The

odyssey for high energy density. J. Solid State Electrochem. 2017, 21, 1939–1964. [CrossRef]
5. Shahjalal, M.; Roy, P.K.; Shams, T.; Fly, A.; Chowdhury, J.I.; Ahmed, M.R.; Liu, K. A review on second-life of Li-ion batteries:

Prospects, challenges, and issues. Energy 2022, 241, 122881. [CrossRef]
6. Yang, Z.; Zhu, P.; Ullah, Z.; Zheng, S.; Yu, S.; Zhu, S.; Liu, L.; Li, Q. Synchronous Light Harvesting and Energy Storing Organic

Cathode Material 1,4-Dihydroxyanthraquinone for Lithium-Ion Batteries. Chem. Eng. J. 2023, 468, 143787. [CrossRef]
7. Wu, J.; Zheng, M.; Liu, T.; Wang, Y.; Liu, Y.; Nai, J.; Zhang, L.; Zhang, S.; Tao, X. Direct recovery: A sustainable recycling

technology for spent lithium-ion battery. Energy Storage Mater. 2023, 54, 120–134. [CrossRef]
8. Li, J.; Fleetwood, J.; Hawley, W.B.; Kays, W. From Materials to Cell: State-of-the-Art and Prospective Technologies for Lithium-Ion

Battery Electrode Processing. Chem. Rev. 2022, 122, 903–956. [CrossRef]
9. Li, G.; Zheng, X. Thermal energy storage system integration forms for a sustainable future. Renew. Sustain. Energy Rev. 2016, 62,

736–757. [CrossRef]
10. Schneider, S.F.; Novak, P.; Kober, T. Rechargeable Batteries for Simultaneous Demand Peak Shaving and Price Arbitrage Business.

IEEE Trans. Sustain. Energy 2021, 12, 148–157. [CrossRef]
11. Choi, J.W.; Aurbach, D. Promise and reality of post-lithium-ion batteries with high energy densities. Nat. Rev. Mater. 2016,

1, 16013. [CrossRef]
12. Bella, F.; De Luca, S.; Fagiolari, L.; Versaci, D.; Amici, J.; Francia, C.; Bodoardo, S. An Overview on Anodes for Magnesium

Batteries: Challenges towards a Promising Storage Solution for Renewables. Nanomaterials 2021, 11, 810. [CrossRef] [PubMed]
13. Chen, X.; Liu, X.; Le, Q.; Zhang, M.; Liu, M.; Atrens, A. A comprehensive review of the development of magnesium anodes for

primary batteries. J. Mater. Chem. A 2021, 9, 12367–12399. [CrossRef]
14. Lei, X.; Liang, X.; Yang, R.; Zhang, F.; Wang, C.; Lee, C.S.; Tang, Y. Rational Design Strategy of Novel Energy Storage Systems:

Toward High-Performance Rechargeable Magnesium Batteries. Small 2022, 18, e2200418. [CrossRef] [PubMed]
15. Kong, L.; Yan, C.; Huang, J.-Q.; Zhao, M.-Q.; Titirici, M.-M.; Xiang, R.; Zhang, Q. A Review of Advanced Energy Materials for

Magnesium-Sulfur Batteries. Energy Environ. Mater. 2018, 1, 100–112. [CrossRef]
16. Benmayza, A.; Ramanathan, M.; Arthur, T.S.; Matsui, M.; Mizuno, F.; Guo, J.; Glans, P.-A.; Prakash, J. Effect of Electrolytic

Properties of a Magnesium Organohaloaluminate Electrolyte on Magnesium Deposition. J. Phys. Chem. C 2013, 117, 26881–26888.
[CrossRef]

17. Gao, T.; Noked, M.; Pearse, A.J.; Gillette, E.; Fan, X.; Zhu, Y.; Luo, C.; Suo, L.; Schroeder, M.A.; Xu, K.; et al. Enhancing the
reversibility of Mg/S battery chemistry through Li+ mediation. J. Am. Chem. Soc. 2015, 137, 12388–12393. [CrossRef] [PubMed]

18. Razaq, R.; Li, P.; Dong, Y.; Li, Y.; Mao, Y.; Bo, S.H. Practical energy densities, cost, and technical challenges for magnesium-sulfur
batteries. EcoMat 2020, 2, e12056. [CrossRef]

19. Zhang, R.; Cui, C.; Xiao, R.; Li, R.; Mu, T.; Huo, H.; Ma, Y.; Yin, G.; Zuo, P. Interface regulation of Mg anode and redox couple
conversion in cathode by copper for high-performance Mg-S battery. Chem. Eng. J. 2023, 451, 138663. [CrossRef]

https://doi.org/10.1002/adma.201800561
https://www.ncbi.nlm.nih.gov/pubmed/29904941
https://doi.org/10.3390/electronics6040102
https://doi.org/10.1002/eem2.12450
https://doi.org/10.1007/s10008-017-3610-7
https://doi.org/10.1016/j.energy.2021.122881
https://doi.org/10.1016/j.cej.2023.143787
https://doi.org/10.1016/j.ensm.2022.09.029
https://doi.org/10.1021/acs.chemrev.1c00565
https://doi.org/10.1016/j.rser.2016.04.076
https://doi.org/10.1109/TSTE.2020.2988205
https://doi.org/10.1038/natrevmats.2016.13
https://doi.org/10.3390/nano11030810
https://www.ncbi.nlm.nih.gov/pubmed/33809914
https://doi.org/10.1039/D1TA01471D
https://doi.org/10.1002/smll.202200418
https://www.ncbi.nlm.nih.gov/pubmed/35315220
https://doi.org/10.1002/eem2.12012
https://doi.org/10.1021/jp4077068
https://doi.org/10.1021/jacs.5b07820
https://www.ncbi.nlm.nih.gov/pubmed/26360783
https://doi.org/10.1002/eom2.12056
https://doi.org/10.1016/j.cej.2022.138663


Molecules 2024, 29, 1234 23 of 25

20. Hong, W.; Ge, P.; Jiang, Y.; Yang, L.; Tian, Y.; Zou, G.; Cao, X.; Hou, H.; Ji, X. Yolk-Shell-Structured Bismuth@N-Doped Carbon
Anode for Lithium-Ion Battery with High Volumetric Capacity. ACS Appl. Mater. Interfaces 2019, 11, 10829–10840. [CrossRef]

21. Togonon, J.J.H.; Esparcia, E.A., Jr.; Del Rosario, J.A.D.; Ocon, J.D. Development of Magnesium Anode-Based Transient Primary
Batteries. ChemistryOpen 2021, 10, 471–476. [CrossRef]

22. Panigrahi, P.; Mishra, S.B.; Hussain, T.; Nanda, B.R.K.; Ahuja, R. Density Functional Theory Studies of Si2BN Nanosheets as
Anode Materials for Magnesium-Ion Batteries. ACS Appl. Nano Mater. 2020, 3, 9055–9063. [CrossRef]

23. Saha, P.; Datta, M.K.; Velikokhatnyi, O.I.; Manivannan, A.; Alman, D.; Kumta, P.N. Rechargeable magnesium battery: Current
status and key challenges for the future. Prog. Mater. Sci. 2014, 66, 1–86. [CrossRef]

24. Fan, H.; Zheng, Z.; Zhao, L.; Li, W.; Wang, J.; Dai, M.; Zhao, Y.; Xiao, J.; Wang, G.; Ding, X.; et al. Extending Cycle Life of Mg/S
Battery by Activation of Mg Anode/Electrolyte Interface through an LiCl-Assisted MgCl2 Solubilization Mechanism. Adv. Funct.
Mater. 2020, 30, 1909370. [CrossRef]

25. Laskowski, F.A.L.; Stradley, S.H.; Qian, M.D.; See, K.A. Mg Anode Passivation Caused by the Reaction of Dissolved Sulfur in
Mg-S Batteries. ACS Appl. Mater. Interfaces 2021, 13, 29461–29470. [CrossRef] [PubMed]

26. Wang, P.; Buchmeiser, M.R. Rechargeable Magnesium–Sulfur Battery Technology: State of the Art and Key Challenges. Adv.
Funct. Mater. 2019, 29, 1905248. [CrossRef]

27. Zhang, Z.; Dong, S.; Cui, Z.; Du, A.; Li, G.; Cui, G. Rechargeable Magnesium Batteries using Conversion-Type Cathodes: A
Perspective and Minireview. Small Methods 2018, 2, 1800020. [CrossRef]

28. Guo, Z.; Zhao, S.; Li, T.; Su, D.; Guo, S.; Wang, G. Recent Advances in Rechargeable Magnesium-Based Batteries for High-Efficiency
Energy Storage. Adv. Energy Mater. 2020, 10, 1903591. [CrossRef]

29. Cheng, X.; Zhang, Z.; Kong, Q.; Zhang, Q.; Wang, T.; Dong, S.; Gu, L.; Wang, X.; Ma, J.; Han, P.; et al. Highly Reversible Cuprous
Mediated Cathode Chemistry for Magnesium Batteries. Angew. Chem. Int. Ed. Engl. 2020, 59, 11477–11482. [CrossRef]

30. Zhang, Z.; Chen, B.; Xu, H.; Cui, Z.; Dong, S.; Du, A.; Ma, J.; Wang, Q.; Zhou, X.; Cui, G. Self-Established Rapid Magnesiation/De-
Magnesiation Pathways in Binary Selenium-Copper Mixtures with Significantly Enhanced Mg-Ion Storage Reversibility. Adv.
Funct. Mater. 2018, 28, 1701718. [CrossRef]

31. Zhao-Karger, Z.; Fichtner, M. Magnesium–sulfur battery: Its beginning and recent progress. MRS Commun. 2017, 7, 770–784.
32. Yang, Y.; Yang, H.; Wang, X.; Bai, Y.; Wu, C. Multivalent metal–sulfur batteries for green and cost-effective energy storage: Current

status and challenges. J. Energy Chem. 2022, 64, 144–165. [CrossRef]
33. Shi, F.; Yu, J.; Chen, C.; Lau, S.P.; Lv, W.; Xu, Z.-L. Advances in understanding and regulation of sulfur conversion processes in

metal–sulfur batteries. J. Mater. Chem. A 2022, 10, 19412–19443. [CrossRef]
34. Zhang, Z.; Li, Y.; Zhao, G.; Zhu, L.; Sun, Y.; Besenbacher, F.; Yu, M. Rechargeable Mg-Ion Full Battery System with High Capacity

and High Rate. ACS Appl. Mater. Interfaces 2021, 13, 40451–40459. [CrossRef]
35. Zhao-Karger, Z.; Fichtner, M. Beyond Intercalation Chemistry for Rechargeable Mg Batteries: A Short Review and Perspective.

Front. Chem. 2018, 6, 656. [CrossRef] [PubMed]
36. Romio, M.; Surace, Y.; Mautner, A.; Hamid, R.; Jahn, M.; Cupid, D.M.; Abrahams, I. A Comparative Mechanistic Study on the

Intercalation Reactions of Mg2+ and Li+ Ions into (Mg0.5Ni0.5)3(PO4)2. Batteries 2023, 9, 342. [CrossRef]
37. Yang, J.; Li, J.; Gong, W.; Geng, F. Genuine divalent magnesium-ion storage and fast diffusion kinetics in metal oxides at room

temperature. Proc. Natl. Acad. Sci. USA 2021, 118, e2111549118. [CrossRef]
38. Yu, X.-G.; Xie, J.-Y.; Yang, J.; Huang, H.-J.; Wang, K.; Wen, Z.-S. Lithium storage in conductive sulfur-containing polymers. J.

Electroanal. Chem. 2004, 573, 121–128.
39. Zhu, J.; Mu, S. Defect Engineering in Carbon-Based Electrocatalysts: Insight into Intrinsic Carbon Defects. Adv. Funct. Mater.

2020, 30, 2001097. [CrossRef]
40. Sheha, E.M.; Farrag, M.; Refai, H.S.; El-Desoky, M.M.; Abdel-Hady, E. Positron Annihilation Spectroscopy as a Diagnostic Tool

for Probing the First-Cycle Defect Evolution in Magnesium–Sulfur Battery Electrodes. Phys. Status Solidi A 2023, 220, 2200661.
[CrossRef]

41. Zhang, S.; Ren, W.; NuLi, Y.; Wang, B.; Yang, J.; Wang, J. Sulfurized-Pyrolyzed Polyacrylonitrile Cathode for Magnesium-Sulfur
Batteries Containing Mg2+/Li+ Hybrid Electrolytes. Chem. Eng. J. 2022, 427, 130902. [CrossRef]

42. Zu, C.-X.; Li, H. Thermodynamic analysis on energy densities of batteries. Energy Env. Mater. 2011, 4, 2614–2624. [CrossRef]
43. Bieker, G.; Küpers, V.; Kolek, M.; Winter, M. Intrinsic differences and realistic perspectives of lithium-sulfur and magnesium-sulfur

batteries. Commun. Mater. 2021, 2, 37. [CrossRef]
44. Wang, M.; Bai, Z.; Yang, T.; Nie, C.; Xu, X.; Wang, Y.; Yang, J.; Dou, S.; Wang, N. Advances in High Sulfur Loading Cathodes for

Practical Lithium-Sulfur Batteries. Adv. Energy Mater. 2022, 12, 2201585. [CrossRef]
45. Zhao, F.; Xue, J.; Shao, W.; Yu, H.; Huang, W.; Xiao, J. Toward high-sulfur-content, high-performance lithium-sulfur batteries:

Review of materials and technologies. J. Energy Chem. 2023, 80, 625–657. [CrossRef]
46. Zhang, Z.; Wang, B.; Ju, S.; Wu, Z.; Yang, Y.; Pan, H.; Yu, X. Progress and prospects for solving the “shuttle effect” in magnesium-

sulfur batteries. Energy Storage Mater. 2023, 62, 102933. [CrossRef]
47. Bieker, G.; Diddens, D.; Kolek, M.; Borodin, O.; Winter, M.; Bieker, P.; Jalkanen, K. Cation-Dependent Electrochemistry of

Polysulfides in Lithium and Magnesium Electrolyte Solutions. J. Phys. Chem. C 2018, 122, 21770–21783. [CrossRef]
48. Muldoon, J.; Bucur, C.B.; Oliver, A.G.; Sugimoto, T.; Matsui, M.; Kim, H.S.; Allred, G.D.; Zajicek, J.; Kotani, Y. Electrolyte

roadblocks to a magnesium rechargeable battery. Energy Environ. Mater. 2012, 5, 5941–5950. [CrossRef]

https://doi.org/10.1021/acsami.8b20477
https://doi.org/10.1002/open.202000168
https://doi.org/10.1021/acsanm.0c01747
https://doi.org/10.1016/j.pmatsci.2014.04.001
https://doi.org/10.1002/adfm.201909370
https://doi.org/10.1021/acsami.1c02788
https://www.ncbi.nlm.nih.gov/pubmed/34142812
https://doi.org/10.1002/adfm.201905248
https://doi.org/10.1002/smtd.201800020
https://doi.org/10.1002/aenm.201903591
https://doi.org/10.1002/anie.202002177
https://doi.org/10.1002/adfm.201701718
https://doi.org/10.1016/j.jechem.2021.04.054
https://doi.org/10.1039/D2TA02217F
https://doi.org/10.1021/acsami.1c06106
https://doi.org/10.3389/fchem.2018.00656
https://www.ncbi.nlm.nih.gov/pubmed/30697538
https://doi.org/10.3390/batteries9070342
https://doi.org/10.1073/pnas.2111549118
https://doi.org/10.1002/adfm.202001097
https://doi.org/10.1002/pssa.202200661
https://doi.org/10.1016/j.cej.2021.130902
https://doi.org/10.1039/c0ee00777c
https://doi.org/10.1038/s43246-021-00143-0
https://doi.org/10.1002/aenm.202201585
https://doi.org/10.1016/j.jechem.2023.02.009
https://doi.org/10.1016/j.ensm.2023.102933
https://doi.org/10.1021/acs.jpcc.8b06560
https://doi.org/10.1039/c2ee03029b


Molecules 2024, 29, 1234 24 of 25

49. Nguyen, D.T.; Horia, R.; Eng, A.Y.S.; Song, S.W.; Seh, Z.W. Material design strategies to improve the performance of rechargeable
magnesium-sulfur batteries. Mater. Horiz. 2021, 8, 830–853. [CrossRef] [PubMed]

50. Zhang, Z.; Cui, Z.; Qiao, L.; Guan, J.; Xu, H.; Wang, X.; Hu, P.; Du, H.; Li, S.; Zhou, X.; et al. Novel Design Concepts of Efficient
Mg-Ion Electrolytes toward High-Performance Magnesium-Selenium and Magnesium-Sulfur Batteries. Adv. Energy Mater. 2017,
7, 1602055. [CrossRef]

51. Zhao-Karger, Z.; Gil Bardaji, M.E.; Fuhr, O.; Fichtner, M. A new class of non-corrosive, highly efficient electrolytes for rechargeable
magnesium batteries. J. Mater. Chem. A 2017, 5, 10815–10820. [CrossRef]

52. Kim, H.S.; Arthur, T.S.; Allred, G.D.; Zajicek, J.; Newman, J.G.; Rodnyansky, A.E.; Oliver, A.G.; Boggess, W.C.; Muldoon, J.
Structure and compatibility of a magnesium electrolyte with a sulphur cathode. Nat. Commun. 2011, 2, 427. [CrossRef] [PubMed]

53. Yang, Y.; Wang, W.; Nuli, Y.; Yang, J.; Wang, J. High Active Magnesium Trifluoromethanesulfonate-Based Electrolytes for
Magnesium–Sulfur Batteries. ACS Appl. Mater. Interfaces 2019, 11, 9062–9072. [CrossRef] [PubMed]

54. Wang, W.; Yuan, H.; Nuli, Y.; Zhou, J.; Yang, J.; Wang, J. Sulfur@microporous Carbon Cathode with a High Sulfur Content for
Magnesium–Sulfur Batteries with Nucleophilic Electrolytes. J. Phys. Chem. C 2018, 122, 26764–26776. [CrossRef]

55. Zhao-Karger, Z.; Zhao, X.; Wang, D.; Diemant, T.; Behm, R.J.; Fichtner, M. Performance Improvement of Magnesium Sulfur
Batteries with Modified Non-Nucleophilic Electrolytes. Adv. Energy Mater. 2014, 5, 1401155. [CrossRef]

56. Yao, Y.Y.; Zhan, Y.; Sun, X.Y.; Li, Z.; Xu, H.; Laine, R.M.; Zou, J.X. Advances in Cathodes for High-Performance Magnesium-Sulfur
Batteries: A Critical Review. Batteries 2023, 9, 203. [CrossRef]

57. Wang, C.; Ji, Q.; Chu, R.; Ullah, Z.; Zheng, M.; Dong, X.; Sun, Y.; Li, Q.; Liu, L. High-Performance PDB Organic Cathodes
Reinforced by 3D Flower-like Carbon for Lithium-/Sodium-Ion Batteries. ACS Appl. Energy Mater. 2021, 4, 12641–12648.
[CrossRef]

58. Zheng, S.; Yu, S.; Ullah, Z.; Liu, L.; Chen, L.; Sun, H.; Chen, M.; Liu, L.; Li, Q. π-d conjugation regulates the cathode/electrolyte
interface in all-solid-state lithium-ion batteries. J. Mater. Chem. A 2024, 12, 3967–3976. [CrossRef]

59. Li, Y.; Cheng, M.; Liu, Q.; Wang, R.; Ma, W.; Li, X.; Hu, J.; Wei, T.; Liu, C.; Ling, Y.; et al. Toward High-Performance Mg/S Batteries
with M4-Assisted Mg(AlCl(4))(2) /PYR14TFSI/DME Electrolyte and MoS2@CMK/S Cathode. Small 2023, e2307396. [CrossRef]

60. Ren, W.; Wu, D.; NuLi, Y.; Zhang, X.; Yang, J.; Wang, J. A Chlorine-Free Electrolyte Based on Non-nucleophilic Magnesium
Bis(diisopropyl)amide and Ionic Liquid for Rechargeable Magnesium Batteries. ACS Appl. Mater. Interfaces 2021, 13, 32957–32967.
[CrossRef]

61. Yang, Y.; Fu, W.; Zhang, D.; Ren, W.; Zhang, S.; Yan, Y.; Zhang, Y.; Lee, S.J.; Lee, J.S.; Ma, Z.F.; et al. Toward High-Performance
Mg-S Batteries via a Copper Phosphide Modified Separator. ACS Nano 2022, 17, 1255–1267. [CrossRef]

62. Ji, Y.; Liu-Théato, X.; Xiu, Y.; Indris, S.; Njel, C.; Maibach, J.; Ehrenberg, H.; Fichtner, M.; Zhao-Karger, Z. Polyoxometalate Modified
Separator for Performance Enhancement of Magnesium–Sulfur Batteries. Adv. Funct. Mater. 2021, 31, 2100868. [CrossRef]

63. Zhou, Z.F.; Chen, B.B.; Fang, T.T.; Li, Y.; Wang, Q.J.; Zhang, J.J.; Zhao, Y.F. A Multifunctional Separator Enables Safe and Durable
Lithium/Magnesium-Sulfur Batteries under Elevated Temperature. Adv. Energy Mater. 2020, 10, 1902023. [CrossRef]

64. Guan, Z.; Ullah, Z.; Zheng, S.; Yang, R.; Zhu, P.; Cheng, Q.; Song, P.; Li, Q.; Liu, L. Single Iron Atom Anchored on ZIF-8 Derived
Carbon Framework to Directionally Regulate Lithium Deposition with Minimum Nucleation Overpotential. Adv. Mater. Interfaces
2022, 9, 2201278. [CrossRef]

65. Zhao, L.; Ning, Y.; Dong, Q.; Ullah, Z.; Zhu, P.; Zheng, S.; Xia, G.; Zhu, S.; Li, Q.; Liu, L. Longer cycle life and higher discharge
voltage of a small molecular indanthrone resulting from the extended conjugated framework. J. Power Sources 2023, 556, 232518.
[CrossRef]

66. Chen, S.; Wang, Y.; Sun, Y.; Zhang, D.; Zhang, S.; Zhao, Y.; Wang, J.; Yang, J.; NuLi, Y. Research status and prospect of separators
for magnesium-sulfur batteries. J. Energy Chem. 2023, 87, 225–246. [CrossRef]
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