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Intrinsic differences and realistic perspectives of
lithium-sulfur and magnesium-sulfur batteries

Georg Bieker 1 Verena Kipers 1 Martin Kolek® 1™ & Martin Winter!2®

Following in the footsteps of lithium-sulfur batteries, magnesium-sulfur batteries offer a high
theoretical energy content and are composed of cheap and more environmentally-friendly
electrode materials. In comparison to lithium-sulfur, however, current magnesium-sulfur
batteries suffer from higher overpotentials at the magnesium anode and the sulfur cathode,
lower material utilization and reversibility at the sulfur cathode, and an excessive demand of
electrolyte. Here, a side-by-side comparison of the processes at the two metal anodes and at
the sulfur cathode in LiT- or Mg2*-based electrolytes highlights how most of the challenges
facing magnesium-sulfur batteries are intrinsically rooted in the nature of the magnesium
species, requiring different research directions than lithium-sulfur batteries. An evaluation of
the energy content and the corresponding costs on a practical cell stack level illustrates the
importance of overcoming these challenges.

use a cathode based on sulfur, a much cheaper, more abundant, and more sustainable

material than the typically Li-, Co-, Mn-, and Ni-based cathode materials in lithium
ion batteries (LIB)>~7. Furthermore, due to the high capacities of sulfur and the metal anodes,
the cell systems correlate with high theoretical energy contents. These are highest for Li-S
batteries (LSBs) (2654 Whkg™! and 2856 Wh L-1) and Mg-S batteries (MSBs) (1684 Wh kg1
and 3221 Wh L-1)8. Although overpotentials and incomplete active material utilization as well as
high amounts of electrolyte and other inactive materials reduce the energy content of practical
LSBs and MSBs significantly®, these two systems hold the potential for similar or even higher
energy contents than LIBs. While in case of LSBs, the cost advantage of the S cathode is
counterbalanced by combining it with expensive and locally resource-limited Li as anode
material (at least 250 $ kg~! for Li metal foils!, 18 ppm in earth crust!l, 0.2gm= in sea
water!2), MSBs use cheap and globally abundant Mg as anode material (2.5 $ kg=! for Mg metal®,
2.2% in earth crust!l, 1kg m™ in sea water!3). MSBs are therefore highly attractive as a
potentially more cost effective and, in term of element abundance and material accessibility®,
more sustainable alternative to LIBs and LSBs.

Different to alkali and Ca metal anodes, a less negative standard reduction potential of the Mg
anode (-2.36 V vs. standard hydrogen electrode, SHE) results in an extraordinary high stability
against liquid electrolytes. Accordingly, a mainly surface layer-free anode and a high Coulombic
reversibility of Mg electrodeposition and -dissolution of up to 99.9% are observed in numerous
electrolyte systems, in particular in cyclic voltammetry experiments!4-21. In case of Li, Na, K,
and Ca metal, in contrast, the lower standard electrode potentials of -3.04V, -2.71V, -2.92V,
and -2.87V vs. SHE, respectively, result in a thermodynamic instability with commonly used
organic electrolytes. For the most intensively investigated Li metal anode, the continuous cor-
rosion of the anode is slowed down by a protective solid electrolyte interphase (SEI)22-26 and/or
by application of solid electrolytes?’=2°. On Na and K anodes, however, the formation of a
protective SEI is complicated by the higher solubility of the Nat- and K*-containing SEI

Rechargeable metal-S batteries, such as Li-S, Na-S, K-S, Mg-S, Ca-S, and Al-S batteries!~*
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Fig. 1 Summary of the main characteristics and challenges of LSBs. As highlighted in red, research should focus on mitigating the continuous corrosion of
the Li metal anode, which is amplified by high-surface-area Li deposits. The molecular structures contain Li (gray), S (yellow), O (red), C (cyan), H (white),
and N (blue). Blocked pathways are indicated by red crosses. (Molecular structures are redrawn from Bieker et al.84. Copyright American Chemical

Society. Reused with permission).

components39-32, On the Ca anode (—2.87 V vs. SHE), in con-
trast, the formation of electrolyte decomposition surface films
results in high overpotentials of Ca electrodeposition and -dis-
solution or even fully passivates the electrode®3-3>,

Altogether, combining Mg metal with a sulfur cathode is thus
considered a potential breakthrough in the development of low
cost and long-lasting metal-S batteries. In state-of-the-art MSBs,
however, high overpotentials during Mg electrodeposition and
-dissolution at the anode, as well as large amounts of electrolyte,
high overpotentials and a low reversibility at the S cathode limit
the practically achievable energy content and the corresponding
cost advantage. Since many of these challenges vary largely from
those of LSBs, also the future directions of MSB research have to
deviate from the more widely investigated Li counterpart.

In a side-by-side comparison, this article explains how the
different challenges of LSBs and MSBs are rooted in the
intrinsically different nature of the involved Li and Mg species.
In the first part, the different reactivities of the Li and Mg anode
with the commonly used electrolytes, the origins of the higher
overpotentials of Mg electrodeposition and -dissolution, as well
as the Li and Mg deposit morphologies and safety aspects are
discussed. The second part outlines the different stabilization,
solubility, and redox behavior of the polysulfide intermediates in
Lit- and Mg?*-containing electrolytes, and the varying char-
acteristics of Li and Mg sulfides in the composite cathode. In
result, it is explained why improving the S cathode performance
in MSBs is mostly a question of proper electrolyte design. In a
third part, it is presented how the characteristics of the two
metal anodes and the sulfur cathode in Lit- or Mg?*-based
electrolytes are reflected in the overall performance of LSB and
MSB cells. An estimation of the energy content and material
costs of LSBs and MSBs on a practical cell level, further reveals
that MSBs will only be cost competitive to LIBs, if the over-
potentials at the Mg and S electrode and the electrolyte-to-sulfur
(E:S) ratio can be reduced tremendously. For LSBs, in contrast,
it is shown that they might not be cost competitive to LIBs but
hold the potential of significantly higher specific energies. In the
end, the article provides a perspective on key directions of future
MSB research. According to intrinsic differences elaborated
within this article, most of these directions deviate substantially
from LSB research.

Characteristics of Li and Mg metal anodes. Li and Mg show a
diagonal relationship in the periodic table of the elements.
Therefore, several chemical characteristics are similar, like the
formation of monoxide species during combustion, their reac-
tivity towards nitrogen, and the chemical instability of their
carbonates upon heating3®. As described in the following, their
properties as metal anodes in battery cells, however, differ rather
strongly. The resulting challenges of the anode in LSBs and MSBs
are summarized in Figs. 1 and 2, respectively.

Stability against the electrolyte. Due to its low standard electrode
potential of -3.04 V vs. SHE, Li metal is thermodynamically
instable against commonly used liquid organic electrolytes. To
slow down continuous corrosion and thus self-discharge of the
anode and the degradation of the electrolyte?®-37:38, 1i metal
can be kinetically protected by an electronically insulating, but
Lit-conductive SEI*2-26. To compensate for the volume changes
during Li electrodeposition and -dissolution and suppress the
formation of high-surface-area lithium (HSAL3?, often referred to
as heterogeneous or dendritic Li), the SEI further has to be stable,
flexible, and homogenous. The formation of a truly long-term
protective SEI at the Li metal anode has been investigated for
decades®0-42 and still remains an unsolved challenge for lithium
metal-based battery systems, including LSBs>>#3. To compensate
for the reactivity of the Li metal anode with the electrolyte, LSB
cells require an excess of Li metal and high amounts of
electrolyte®. The latter is usually covered by a high E:S ratio.

At the Mg anode, in contrast, a standard electrode potential of
-236V vs. SHE results in a high stability against numerous
electrolyte systems. This is expressed by a Coulombic reversibility
of Mg electrodeposition and -dissolution of up to 99.9% in cyclic
voltammetry experiments!4-21. A potential kinetic protection of
Mg by surface films is thus considered to play a less relevant role
than described above for the Li, Na, K, and Ca anodes. In several
electrolyte systems, however, such high Coulombic reversibility is
only achieved after a certain number of Mg electrodeposition and
-dissolution cycles?!#4-48, During this so-called “conditioning”
process, the irreversible capacities correspond to the reduction
of H,O or other reducible impurities in the electrolyte!420:4,
In AICl;-containing electrolytes, irreversible capacities may
also correspond to a corrosion of Mg by AICLT or other AICI,
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Fig. 2 Summary of the main characteristics and challenges of MSBs. As highlighted in red, research should focus on a reduction of the high overpotentials
at the Mg anode and the S cathode, as well as the realization of low E:S ratios. The molecular structures contain Mg (gray), S (yellow), O (red), C (cyan),
H (white), and N (blue). Blocked pathways are indicated by red crosses. (Molecular structures are redrawn from Bieker et al.84. Copyright American

Chemical Society. Reused with permission).

species?04448:49 Accordingly, irreversible capacities can be avoided
by a pre-treatment of the electrolyte with Mg metal*84? or by
directly preparing the electrolyte in an optimized stoichiometry?%->
and the addition of reductive species, like Bu,Mg!420,

Overpotentials. Overpotentials during metal electrodeposition and
-dissolution mainly result from metal ion conductivity (i) in the
electrolyte and (ii) in the surface films, like the SEI in case of Li
and potentially fully passivating surface films in case of Mg, and
from (iii) energy barriers for ion adsorption and (iv) charge
transfer at the electrode | electrolyte interface. Since overpotentials
depend on the electrolyte and experimental conditions like current
density, a direct comparison of the overpotentials of Li and Mg
electrodeposition and -dissolution is difficult. Nevertheless, the
hysteresis between the potentials of constant current electro-
deposition and -dissolution of Mg (e.g, 0.2-0.3V in 0.25M
magnesium bis(trifluoromethanesulfonyl)imide (MgTFSI,)/MgCl,
(1:2) in 1,2-dimethoxyethane, DME!4) is usually about one order
of magnitude higher than for Li (e.g., below 0.025V in 1M
lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) in 1,3-diox-
olane (DOL):DME electrolyte’!).

The strong difference in electrodeposition and -dissolution
behavior of Mg and Li is rooted in the nature of the Li™ and
Mg? ™t cations. In comparison to Lit, the strong electrostatic
interactions of the high charge density Mg?T cations are
reflected in a lower ionic conductivity of Mg electrolytes
(often < 5 mS cm~1)20:21,52-54 than observed for Li electrolytes
(=5-15mS cm~1)°1%5, even though Mg-based electro-
lytes with weakly coordinating anions show ionic conductiv-
ities comparable to Li-based ones (e.g., magnesium tetrakis
(hexafluoroisopropyloxy) borate (Mg[B(hfip),],) with up to
11 mS cm—1)56:57 The interactions further inhibit a reasonable
mobility of Mg?* in solids®®. Accordingly, the occurrence of
interphase layers, e.g., from the decomposition of electrolyte
components or impurities, slows down the electrodeposition and
-dissolution of Mg?* and may even passivate the electrode for ion
transport!447:5%. The main approach in Mg battery research is
thus to maintain a bare and passivation-free Mg anode
surface®%01. In addition to choosing electrolyte components that
are stable against Mg metal, this may require reductive impurity
scavengers, like formerly used Grignard species®, small amounts
of Bu,Mg!%29, or an electrolyte pre-treatment with Mg metal. In

the aforementioned “conditioning” process, reductive currents at
potentials above 0 V vs. Mg/Mg?t and a continuous decrease in
overpotentials of the Mg electrodeposition and -dissolution
indicate an electrochemical “purification”1420:46:47.62 Here, the
decrease in overpotentials is also considered to relate to
the formation of Cl~ species, which remove surface layers from
the Mg anode and inhibit further adsorption and decomposition
of impurities! 44459,

In addition, a strong coordination of Mgt with the electrolyte
solvent®3, which results in high desolvation energies, contributes
to the overpotential of Mg electrodeposition!®. Similarly, the
insertion of Mgt into insertion cathode materials is slowed
down by the high desolvation energies of Mg?* cations®4-%7. To
lower these overpotentials, the solvent coordination of Mgt
cations needs to be weakened, e.g., by transferring Mg into
Mg,Cl;+, Mg,ClL2*, or other Mg,CL?* complexes!67:68, As
some Cl™-containing Mg electrolytes are found to be corrosive
towards components of the cell housing or the Al current
collector, those components might need to be protected by
coatings or replaced by corrosion-stable materials®®70.

Deposit morphology. When comparing the deposit morphologies
at the Li and Mg metal anode, it is often stated that Li is plagued
by HSAL or even dendrite formation®!7172, while Mg electro-
deposition is homogenous and dendrite-free®%73. For the Li metal
anode, deposits are found to have a moss-like, needle-like,
nodule-like, or granule-like morphology®!. At the Mg anode,
deposits are mostly described as pyramidic!®747> or hexagonal
structures’37677, This difference is illustrated in a comparative
study of Li and Mg electrodeposition and -dissolution at varied
current densities by Matsui’3.

The different deposit morphologies are mostly explained by a
more homogeneous current distribution on a clean, surface film-
free Mg electrode’78 in comparison to a heterogeneous current
distribution through the multicomponent SEI on Li metal’!. When
the SEI breaks upon the volume change of Li electrodeposition and
-dissolution, unprotected Li surface is exposed?>26:37, This results
in even more heterogeneous current distribution on the electrode
surface and thus a self-enforcing mechanism harming performance
and safety. By exposing unprotected Li, this mechanism accelerates
the corrosion of the electrode. To suppress both, a stable, flexible,
and homogeneous SEI is required.
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At the Mg anode, the tendency towards more homogenous
deposits is further assigned to a low surface diffusion barrier of
Mg in comparison to Li metal”®. Moreover, a local depletion of
active Mg species in the electrolyte just after Mg electrodeposition
is hypothesized to create a homogenous distribution of Mg
nucleation sides”. When comparing to the more heterogeneous
deposition of Li, this idea is supported by a usually lower ionic
conductivity of Mg electrolytes (often <5mScm™—1)20:2152 i
comparison to their Li counterparts (=5-15 mS cm~1)>1->, even
though a few Mg electrolytes show higher ionic conductivities
(e.g., Mg[B(hfip),], with up to 11 mA cm~1)*’. Similarly, the
homogenous electrodeposition process is explained by the kinetic
barrier of the desolvation of Mg species®.

In practice, however, the electrodeposition and -dissolution of
Mg is not necessarily homogeneous. In fact, also the formation of
high-surface-area magnesium (HSAM) and even Mg dendrites
has been reported, especially at higher current densities®!-83,
Although HSAM seems less reactive with the electrolyte than
HSAL, the breaking of HSAM structures may result in electronic
contact loss and thus a loss of active materials, as well. Since the
structure of Mg deposits depends on the applied current
density’376, the Mg2t+ complexation in the electrolyte’476:80,
and the presence of surface films on the Mg electrode! HSAM
formation should be avoided by the electrolyte design and
applying suitable current densities.

Safety. In addition to an amplified corrosion of the Li metal
anode, the formation of HSAL, in particular in form of Li den-
drites, corresponds to the risk of internal short-circuits, when
these grow through the separator and reach the cathode.
Although the tendency to form dendrites is lower in the case of
the Mg metal anode, a high rigidity and hardness of Mg dendrites
in comparison to their Li counterparts increase the risk of
internal short-circuits also for Mg metal-based batteries82.

In case of Li metal, also the high reactivity with moisture and
air, a low auto-ignition temperature of 180 °C and a low melting
point of 181 °C result in safety concerns. Mg metal, in contrast,
has a high auto-ignition temperature of 473 °C and a melting
point of 650 °C. In form of Mg foil, it passivates when in contact
with moisture and air at room temperature. Nevertheless, Mg
metal is highly inflammable and should therefore be considered a
potential safety risk, as well.

Sulfur cathode. At the cathode, the electrolyte needs to be non-
nucleophilic and to show a certain oxidative stability in order to
be stable towards elemental sulfur. MSBs thus require the
deployment of non-nucleophilic and electrochemically stable Mg
electrolytes!”. As in LSBs, the overall reduction of elemental
sulfur to sulfides during discharge, and the re-oxidation of these
species to sulfur during charge proceed through polysulfide
intermediates®*. Nevertheless, MSBs show a different reaction
pathway, higher overpotentials and a lower Coulombic reversi-
bility than LSBs. In a side-by-side comparison of the S cathode in
Lit- or Mg?*-containing electrolytes, the following paragraphs
explain how these differences are eventually rooted in the
stronger electrostatic interaction of Mg?T with polysulfide and
sulfide anions. The challenges of the S cathode in LSBs and MSBs
are summarized in Figs. 1 and 2, respectively.

Polysulfides species. Li and Mg polysulfides form a complex sys-
tem of disproportionation and dissociation equilibria, as depicted
in Eqs. 1-4%4-88 Here, the disproportionation reaction is con-
sidered to be driven by an increased electrostatic interaction of
the electrolyte cations with high charge density (often called
“short chain”) polysulfides like S,2~ and S,?~ in comparison to

low charge density (often referred to as “long chain”) Sg2-, S¢>-,

and S;°~ species®*87, Accordingly, the stronger Coulomb attrac-

tion of Mg?* in comparison to two Lit cations, results in a more

pronounced  disproportionation of polysulfides in Mg

electrolytes®4. At the same time, the dissociation of S¢2~ to S5*~ is

observed to be more favored in case of Lit coordination848°.
Disproportionation:

Sg =S¢ +1/45, (1)
ST =82 +1/28, (2)
Ss =S5 +3/48S, (3)
Dissociation:
Se =285 (4)

In ethers like tetrahydrofuran (THF), DME, and tetraethylene
glycol dimethyl ether (TEGDME), which are commonly used in
LSB and MSB cells, comparably low interactions between the
solvent and the cation result in rather strong cation-polysulfide
interactions. These favor the disproportionation of low charge
density polysulfides to sulfur and high charge density
species848>83. In ethers, chemically synthesized Li polysulfides
with a stoichiometry of Li,Sg are observed to disproportionate to
S42~ and Ss*~ species848288  while in the equivalent solutions of
Mg polysulfides, these species are observed to disproportionate
even further to ultraviolet/visible spectroscopy (UV/Vis) insensi-
tive species like MgS,348°.

Due to the higher electrostatic interaction of the Mg?* cations
with polysulfide anions, also the solubility of Mg polysulfides is
substantially lower than for their Li counterparts. In THF,
DME, and TEGDME, for instance, the solubility of chemically
prepared Mg polysulfide in the stoichiometry of MgSg is below
100 mM848589.90  while Li polysulfides in the stoichiometry of
Li,Sg can be dissolved to a concentration of 6 M in TEGDME?1.,

Cation-dependent reaction pathway. According to the different
stabilization of polysulfide species in LiT- and Mg?*-containing
electrolytes, the discharge reaction at the S cathode varies in LSBs
and MSBs. Equations 5-8 summarize all potential stages of this
reaction. In ether-based, Lit-containing electrolytes, the electro-
chemical reduction of sulfur proceeds via the formation of
both S,2- (stages 1-2) and S, species (stage 3)348892, while in
Mg2*-containing electrolytes, the reduction of sulfur tends to
directly proceed to S,2~ intermediates (stages 1-3)8490,

Stage1: Sg+2e — S5~ (5)
Stage2: S; +2e — 28 (6)
Stage3: S; +2e — 2S5 (7)
Staged: S5 +2e — 287 (8)

During constant current discharge of LSB cells, the formation
of S,2 (stage 1-2) and S,2- species (stage 3), respectively, is
indicated by two separate voltage plateaus (Fig. 3a)°1%3. In
MSB cells, the tendency for a rather direct reduction of sulfur to
S,2~ (stage 1-3) is frequently indicated by a single voltage
plateau®®90:9495 In several studies, however, the single voltage
plateau is preceded by a slow decrease of the voltage (Fig. 3b)3%°0
or even two separate voltage plateaus are reported®®=%. As in
LSBs, these indicate the intermediate formation of S42~ species
(stage 1-2) and their reduction to S,2~ (stage 3). In addition to
the fact that different discharge voltage profiles of MSBs are
reported for different electrolytes, the pathway of the reduction of
sulfur to S,2~ is found to be determined by the solvent-dependent
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Fig. 3 Cycling profiles of Li-S and Mg-S cells and electrochemical behavior Li and Mg polysulfide solutions. a/b Direct comparison of the constant
current (100 mA g~ ) discharge and charge voltage profiles of a sulfur impregnated activated carbon cloth electrode (1 mgs cm=2) in a a Li-S cell with 1M
LiTFSI in DME electrolyte during discharge (blue line) and charge (blue dashed line) and b a Mg-S cell with 1M MgTFSI,/MgCl, (1:2) in DME electrolyte
during discharge (red line) and charge (red dashed line) (Plots a and b are reproduced from Gao et al.8%. Copyright Wiley-VCH Verlag GmbH. Reproduced
with permission.)8°. ¢/d Cyclic voltammograms of a glassy carbon electrode in “LiSg"/LiTFSI (1mM/0.1 M, red line) and “MgSg"/MgTFSl, (1 mM/0.05 M,
blue line) in ¢ DME and d DMSO solutions at 50 mV s, calibrated vs. (ferrocene | ferrocenium) Fc | Fct (Figures ¢ and d are reused from Bieker et al.84.

Copyright American Chemical Society. Reused with permission).

cation-polysulfide interaction®4, the composition of the carbon/
Slllflgl(l)‘ (C/S) composite cathode®, and the applied discharge
rate’.

In the final step of the discharge reaction, precipitated S,2~ are
reduced to $2- species (stage 4). While this step starts to proceed
at a relative constant voltage in LSBs?1:93, MSBs show a rather
immediate decrease in cell voltage until the lower cut-off voltage
is reached>6:89,:90,94-99

During charge, LSB cells tend to exhibit two voltage plateaus,
corresponding to the formation of polysulfide intermediates and
their subsequent oxidation to sulfur’’-?3. MSB cells, in contrast,
mostly show only a single voltage plateau®®9899, This indicates a
lower tendency to form polysulfide intermediates also during
charge.

This cation-dependent differences in the electrochemical
behavior of the sulfur cathode are also observed in cyclic
voltammetry experiments of LiT- or Mg?*t-containing polysulfide
solutions®%. While in solutions of Li,Ss and LiTFSI in DME, the
reduction of sulfur proceeds via the formation of S42- and S,2-, a
direct reduction to S,2~ is observed in MgSs/MgTESI, in DME
(Fig. 3¢).

In order to assess the high voltage of the first step of the
discharge reaction and allow a stepwise oxidation during charge,
the formation of Mg polysulfide species should be stabilized.
Since this stability is determined by the electrostatic interaction of
the electrolyte cations with the polysulfide anion, it can be tailored
by an effective solvent coordination of the cations. In solvents
with high relative dielectric permittivities, like dimethyl sulfoxide
(DMSO) or dimethylformamide (DMF), a higher solubility and
less disproportionation of Li and Mg polysulfides is observed.
Accordingly, the reduction of sulfur in both, Li and Mg,
electrolytes proceeds via the formation of low charge density
Sg2~/Se%~ (stage 1) and high charge density S,27/S;2~ species (stage
2; Fig. 3d)34. Although these particular solvents are considered to
passivate the Mg anode, the findings illustrate the beneficial effect
of a stronger solvent coordination.

Overpotentials, discharge capacity, and reversibility. LSBs typically
show a mean voltage of ~2.1 V during discharge, while a mean
voltage of 2.3V is observed during charge. Due to the relatively
low overpotential of the Li metal anode, this voltage hysteresis
almost completely corresponds to overpotentials of the conver-
sion reactions at the sulfur cathode. Accordingly, the potential at
the sulfur cathode vs. a Li | Lit reference electrode largely cor-
responds to the voltage detected in two-electrode Li-S cells!%0.
With high overpotentials at the Mg anode, in contrast, the voltage
in Mg-S cells varies strongly from the potential at the sulfur
cathode. When measured vs. a Mg | Mg*t reference electrode,
the S cathode shows a mean potential of 1.4-1.5V during
discharge and 1.8-1.9 V during charge8®%0, The charge and dis-
charge reactions of the S cathode in MSBs thus tend to proceed at
substantially higher overpotentials than in LSBs.

In both systems, an insufficient electronic contact of sulfur in/to
the carbon host structure contributes to overpotentials during
discharge®®7%9. In the following, an oversaturation of polysulfide
species prior to the nucleation of solid S,2~ and S~ species (stages 2
and 3), which is reported for LSBs”1%3, is considered to contribute
to the overpotentials in MSB, as well. Since the oversaturation of Li
polysulfide species in the liquid phase may reduce the discharge
capacity or completely interrupt the discharge process, LSBs require
a high amount of electrolyte, usually expressed by the E:S ratio!0l.
Due to the low solubility of Mg polysulfides$48>8990 MSBs
may reach local oversaturation much faster. This might be the
reason why they are usually investigated with E:S ratios of 60:1
or higher’®9%102, In the final step of the discharge reaction,
overpotentials are attributed to the slow kinetics of the transforma-
tion of amorphous Li,S,/MgS, to crystalline Li,S/MgS (stage
4)%0.96.98 The overpotentials are amplified by insufficient electronic
contact of the sulfide species, which is also rooted in a volume
expansion during the transformation of sulfur to Li,S (181%)°3 and
MgS (171% in wurtzite and 133% in rock salt structure)®®, and a
poor Lit or Mg?t conductivity of Li,S and MgS?®103, Although
discussed controversially!®, the occurring overpotentials are

COMMUNICATIONS MATERIALS| (2021)2:37 | https://doi.org/10.1038/s43246-021-00143-0 | www.nature.com/commsmat 5


www.nature.com/commsmat
www.nature.com/commsmat

REVIEW ARTICLE

COMMUNICATIONS MATERIALS | https://doi.org/10.1038/543246-021-00143-0

considered to impede the full discharge of the S cathode. To
maintain a high electronic contact to the sulfur and sulfide species,
the active material is embedded into a carbon host structure with
a high surface areal%. Similar as for the electrolyte, a high amount
of carbon structures favors a high discharge capacity per mass of
sulfur®. When considering the whole composite cathode, in
contrast, the specific capacity will be negatively affected by high
amounts of carbon.

During charge, a large activation barrier for re-oxidation of
Li,S/MgS corresponds to large overpotentials and tends to result
in an incomplete charge reaction?%93:96:98,106,107 T imiting
the discharge process to the formation of MgS, thus largely
lowers the overpotentials and improves the reversibility of the S
cathode®. Since the electrostatic interaction of divalent Mg+
with the sulfide anion is higher and the formation of polysulfide
intermediates is less favored than in case of monovalent Lit
cations, overpotentials during charge are more pronounced in the
case of MSBs. Accordingly, the addition of Li to an otherwise
Mg?t-containing electrolyte lowers the overpotential during
charge and improves the overall reversibility of the S cathode!8.

Similarly, it could be shown that in case of the oxidation of
chemically prepared Li and Mg polysulfide solutions, a stronger
cation-polysulfide interaction in Mg?T-containing electrolytes
results in higher overpotentials during their oxidation to sulfur
than observed in Lit-containing electrolytes (Fig. 3c)%. In high
dielectric permittivity solvents like DMSO, in contrast, the
effective solvent complexation of the Mgt cation, reduces the
cation-polysulfide interaction and lowers the polysulfide oxidation
potentials (Fig. 3d)84. Since the cation-polysulfide interaction can
be weakened by replacing Mg?* by Mg,CL?" species, as well,
preliminary results indicate that the oxidation potential of
polysulfide species is lowered, if solely MgTFSI,-containing
electrolytes are substituted by MgTFSI,/MgCl,-based solutions!%”.
A suitable complexation of the Mg2* cation by the electrolyte
solvent and/or ligands is thus considered a key approach to lower
the overpotentials of the sulfur cathode in MSBs.

In an alternative approach, it has been demonstrated that the
presence of Cu metal at the S cathode results in lower
overpotentials and a higher capacity retention. Thereby, the
formation of CusS is observed. During discharge in the presence of
Mg+, CuS is reduced to Cu and MgS, while CuS is formed again
during charge!l0. Over repeated cycling, the reactivity of Cu
practically transforms the S cathode into a CuS cathode!ll.
Accordingly, these systems are not discussed as MSBs in this
article. Moreover, although this system shows lower over-
potentials than the conversion of S to MgS, the theoretical
specific capacities of such a Cu$ cathode (561 mAh g-1) is three
times lower compared to the S cathode (1672 mAh g-1).

Polysulfide diffusion and reactions with the metal anode. In both,
LSBs and MSBs, the S cathode tends to show a substantial
capacity fading upon cycling. In addition to a potentially irre-
versible formation of Li,S/MgS, the capacity fading is related to
the diffusion of sulfur and dissolved polysulfide species into the
electrolyte. If they reach the metal anode, the reductive decom-
position of these species further results in a loss of active material
at the anode!%2. While still affected, the Li metal anode can be
basically protected by the SEI?!. At contrast, the formation of
MgS layers on the unprotected Mg anode might result in its
passivation! 93, If sulfur or polysulfides with a low charge density
(e.g., S¢2=, Sg27) are only partially reduced to polysulfides with a
higher charge density (e.g., S427), these species can diffuse back to
the cathode to be re-oxidized. This redox shuttle mechanism
corresponds to parasitic currents inside the cell, especially during
charging. While being well-known in LSBs®1%3, these phenomena
also appear in the Mg analogue®®$102112" Due to lower

solubility of Mg polysulfides®+8>8990, this side reaction might be
less pronounced in MSBs.

As a main direction of LSB research, countless porous carbon
structures and additives are investigated to retard the diffusion
of sulfur and dissolved polysulfide species into the electrolyte.
Many of these structures are also applied in MSBs. In addition, it
has been demonstrated that the diffusion of polysulfides in the
electrolyte can be reduced by modified separators!92.113 and gel
polymer electrolytes!!4. Beyond applying the same materials
developed to retain Li polysulfides, however, future MSB
research might make use of the high electrostatic attraction of
the Mg?* cation to attach it on functional groups of the carbon
structures®®,

For LSBs, at least three alternative approaches are investigated
to suppress the dissolution and thus formation of polysulfides:
(i) reducing the solubility of polysulfides by the addition of
fluorinated co-solvents!!>116, by using sparingly solvating
electrolytes!1>117:118 " or by using so-called solvent-in-salt
(solvate ionic liquid) electrolytes!1®-119, (ii) avoiding dissolution
of polysulfides either by impregnating sulfur in micropores that
are too narrow for solvent molecules!29-123 or by closing the
pores with a semi-permeable cathode electrolyte interphase
(CED120:124125 " or (iii) avoiding the formation of polysulfide
intermediates by using ceramic electrolytes, like sulfide-based
glasses!26127. Since all of these approaches increase the over-
potentials at the sulfur cathode, they are considered to increase
the overpotentials of the S cathode in MSBs even further. Due to
the low solubility of Mg polysulfides®48>8%90, current MSB
research might already be similar to the first approach. The
second and third approach, however, would be challenged by the
low mobility of Mg?* in solids>®.

Performance, energy content, and cost of practical LSB and
MSB cells. In practical LSB and MSB cells, the different char-
acteristics of the two metal anodes and the sulfur cathode in
either LiT- or Mg?*-based electrolytes are reflected in overall cell
performance parameters, such as charge and discharge rate cap-
ability, voltage efficiency, and cycle life. Based on what has
already been demonstrated in literature, this section provides a
direct comparison of several key performance parameters of
current LSB and MSB cells. Here, it is illustrated how high
overvoltages of current MSB relate to a low voltage efficiency,
which would result in high operation costs.

The remainder of the section presents an estimation of the
energy content and material cost of LSBs and MSBs on practical
cell stack level. Thereby, it is shown that the practically achievable
energy content of MSBs is much lower than for LSBs and may not
even surpass state-of-the-art LIBs. It is further emphasized that
lower overpotentials during charge and discharge and the
realization of very low E:S ratios would be required to be more
economic than LIBs.

Performance. Figure 4 provides an overview of a selection of cell
characteristics and performance parameters usually demonstrated
in literature. In this comparison, it is important to note that the
first reversible discharge and charge of a sulfur cathode in Mg
electrolytes was only demonstrated in 201117, while LSB have
already been investigated since the 1960s!28. In Fig. 4, which is
largely based on values from a systematic summary of LSB and
MSB literature by Chung and Manthiram?, this is expressed by a
much lower number of publications. A comparison of the current
literature thus corresponds to the state-of-the-art in LSB and MSB
research but does not necessarily indicate their future potentials.

As discussed in previous sections, the stability of the Mg metal
anode with commonly used electrolytes, which is expressed by a
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Coulombic reversibility of up to 99.9%!4-21, is much higher than
usually observed for the Li metal anode. At the same time,
although not dendrite-free in all conditions, the deposition
morphology of Mg tends to be more homogeneous than observed
for Li’3. When it comes to overpotentials, however, the Mg metal
anode and also the sulfur cathode in Mg electrolytes show
significantly higher values than observed for LSBs. On cell level,
the hysteresis between a mean discharge voltage of 1.3V and a
mean charge voltage of 2.0 V°6:89:969899,102 requits in a voltage
efficiency of only 65%. For LSBs, the ratio of a mean voltage of
2.1V during discharge and 2.3 V during charge would achieve a
voltage efficiency of up to 91%. When multiplying with
Coulombic efficiency, thus including the capacity losses upon
charge and discharge, the resulting energy efficiency would
correspond to even lower values. During long-term operation, the
very low energy efficiency of current MSBs would accumulate to
high energy losses, especially when compared to high energy-

No. of publications

Anode

reversibility
Deposition
p Cycle life
morphology
Voltage
o C-Rate
efficiency S—
Low E:S ratio { LSB
MSB

Fig. 4 Cell characteristic and performance parameters of state-of-the-art
LSBs and MSBs. Comparison of the number of publications on LSBs (blue)
and MSBs (red) and the reported S utilization at the cathode, the cycle life,
C-rate, electrolyte-to-sulfur (E:S) ratio, and voltage efficiency on the cell
level, as well as the homogeneity of the deposition morphology and
electrochemical reversibility at the metal anodes.

efficient LIBs, but also in comparison to LSBs. This would result
in higher operating cost!?%.

Figure 4 further indicates how the lower discharge capacity and
reversibility of the sulfur cathode in MSBs is reflected in the
overall cell performance. First, the sulfur utilization, thus
discharge capacity of the cathode when expressed per mass of
sulfur (mAh gs~!) in relation to the theoretical capacity of sulfur,
that is reported in current MSBs studies, is usually significantly
lower than observed in LSB publications?. Second, the capacity of
the sulfur cathode is observed to fade significantly faster in MSBs.
While in Lit-based electrolytes, up to 1000 cycles have been
demonstrated in several publications, a reversible operation of the
S cathode has, so far, only been demonstrated for ~100 cycles in
Mg?t-based electrolytes®>. Moreover, MSB studies only show
charge and discharge rates between 0.01 C and 0.1 C, while rates
of more than 1 C have already been presented for LSBs2. Finally,
as already discussed above, the E:S ratio in MSB studies is 60:1 or
higher?89%102_ while for LSBs, a stable operation could already be
demonstrated with E:S ratios of below 3:12.

Energy content. For the energy content of practical LSB and MSB
cells, not only the reversibly realized discharge capacity at the S
cathode (as expressed in mAh gs~!) and the overall mean dis-
charge voltage, but also the weight and volume of all inactive
materials need to be included. Considering that Li, Mg, and S are
comparably light-weight active materials, large amounts of elec-
trolyte, the weight of the current collectors and of the carbon host
structure have a much stronger impact on the overall specific
energy of practical LSB and MSB cells than it is the case in LIBs or
solid-state batteries (SSBs), for instance. With an E:S ratio of 3:1,
for instance, practical LSB and MSB cells may realize only about
11% of the theoretical specific energy, while in case of practical
LIB or SSB cells, 43% and 36%, respectively, of the theoretical
specific energy are achieved®. Due to the fact that capacity fading
and cycle life vary for different cell compositions, the energy
content may further change differently during cycling.

Figure 5a-c illustrate how the specific energy of practical
LSBs and MSBs is determined by the E:S ratio (mLgs™!) and
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Fig. 5 Specific energy and cost estimations of LSB and MSB. Specific energy on cell stack level (including electrodes, electrolyte, separator, and current
collectors) and corresponding material costs in dependence of the electrolyte-to-sulfur (E:S) ratio and sulfur loading for a/d LSBs, b/e MSBs with the
typically observed mean discharge voltage of 1.3V, and ¢/f MSBs with a hypothetical mean discharge voltage of 1.7 V. E:S ratios of 2:1 (red), 3:1 (blue), 5:1
(green), 10:1 (yellow), 20:1 (brown, only a-c), and 60:1 (cyan, only a-c) are displayed and compared with state-of-the-art LIBs (gray).
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Table 1 Details on the LSB and MSB cells presented in Fig. 5.

Cell Anode Cathode Mean discharge Capacity Excess anode/% Capacity Density
voltage/V anode/Ah kg1 sulfur/Ahkg=1  electrolyte/kg L1

LSB Li S/C composite 2.1 3862 100 1200 1

MSB (1.3 V) Mg S/C composite 13 2205 0 1200 11

MSB (1.7 V) Mg S/C composite 1.7 2205 0 1200 11

Sulfur loading and E:S ratio were varied as displayed in Fig. 5. In all three cell types, the S/C cathode consists of 70 wt.% sulfur, 20 wt.% carbon, and 10 wt.% binder. For the separator, and the Cu (5 pm)
and Al current collectors (7.5 um), a mass of 1.33mgcm=2, 4.48 mgcm~—2, and 2.03 mg cm~2, respectively, has been considered®.

the sulfur loading on the electrode (mgcm=2). In the case of
MSBs, cells with the typically observed mean discharge voltage of
1.3 V26:89.96.98.99,102 are compared with cells with a hypothetical
mean discharge voltage of 1.7V, which might be achieved by
substantially reducing the overpotentials at the Mg anode and the
S cathode. For LSBs, a mean discharge voltage of 2.1V is used.
The displayed values correspond to the cell stack level, so the
weight of a pouch, prismatic or cylindrical cell housing is not
included. For a comparison with the energy content of state-of-
the-art LIBs, the specific energy of a graphite-lithium nickel
cobalt aluminum oxide (NCA) cell as estimated by Betz et al.? is
indicated. While showing a similar specific energy as expected for
graphite-lithium nickel manganese cobalt oxide (NMC811) cells,
graphite-NCA cells surpass the energy content of NMC622- or
NMCl11-based cells!?.

Following the methodology of Betz et al.?, a S/C composite
with a sulfur content of 70 wt.% and a discharge capacity of
1200 mAh gg~! is assumed at the cathode. Here, a typical
cathode thickness of 100 um corresponds to a sulfur loading of
5.8 mgcm~2. These assumptions are considered optimistic,
especially for MSBs. At the Li anode, a Li excess of 100% is
considered to compensate for reactions with the electrolyte,
while for the less reactive Mg anode no excess is included. All
details are displayed in Table 1.

In result, LSBs with E:S ratios of 3:1 and 2:1 provide 394 Wh kg‘1
and 467 Whkg!, respectively, at a sulfur loading of 5.8 mgcm—
(Fig. 5a). When further including the weight of an 18650 cell
housing, these values would be reduced to 283 Whkg! and 339
Wh kg1 in case of LSBs with E:S ratios of 3:1 and 2:1, respectively.
Graphite-NCA LIBs correspond to a specific energy of 314 Wh kg~!
on cell stack level and 264 Whkg™! on a cell level, based on a set of
assumptions®. In all, 18650 LSB cells with E:S ratios of 3:1 and 2:1
would significantly surpass the energy content of graphite-NCA
cells. Similar values are given in literature!3%13! and for the LSB
prototype cell of Sion Power!32, Due to the high weight of the
18650 cell housing per cell stack volume, the use of pouch cells
would result in LSBs with even higher specific energies. Never-
theless, unlike hard case cell housings, pouch cells do not allow too
much excess of liquid electrolyte without losing shape and stability.

MSBs with a typically observed discharge voltage of 1.3V or
lower>6:89,96,98,99,102 and an E:S ratio of 60:1 or higher?89%-102,
correspond to specific energy values of 23 Wh kg~! or lower. For
low E:S ratios of 3:1 and 2:1, however, specific energies of
235 Whkg! and 282 Whkg! would be achieved at a sulfur
loading of 5.8 mgcm=2 (Fig. 5b). In 18650 cells, these values
would correspond to an energy content of 178 Whkg™! and
217 Whkg1°. Even for such low E:S ratios, MSBs would thus
show lower specific energy than graphite-NCA LIBs.

With a hypothetical mean discharge voltage of 1.7 V, in contrast,
MSB with E:S ratios of 3:1 and 2:1 could achieve 308 Whkg!
and 369 Whkg! on cell stack level (Fig. 5c) and 233 Whkg! and
284 Whkg! in 18650 cells. As for LSBs, the specific energy of such
MSBs is considered to be higher in case of pouch cells.
Nevertheless, as already indicated on cell stack level, MSBs would

Table 2 Material costs of the LSB and MSB cells presented
in Fig. 5d-f.

Material Cost/$ kg1
Lithium (lower estimate)'© 250

Lithium Chigher estimate)!© 1000
Magnesium® 5.20

Sulfur® 0.05

Electrolyte? 13.64 (15% L)
Copper? 1339 (12$m=2)
Aluminum? 7.39 (0.3$m~2)
Separatord 82.71 (11$m~2)
Carbon'33 6.60

Binder!33 9.50

aCosts in $ kg~ were calculated from the values in the BatPaC model'33 (in brackets) and the
densities or areal mass, respectively, as displayed in Table 1. Note that the Cu and Al current
collector foils are considered to be used on both sides.

require largely reduced overpotentials during discharge and very
low E:S ratios to achieve similar or even higher specific energy than
graphite-NCA LIBs.

Costs. Based on the specific energies of LSBs and MSBs on cell
stack level, also the E:S ratio and sulfur loading dependent
material costs per kWh are estimated. As displayed in Table 2, the
cost of the inactive materials are derived from Argonne National
Laboratory’s LIB-based BatPaC model!33. For Li and Mg elec-
trolytes, the same cost as for a 1.2-M LiPF4-based electrolyte in
BatPaC is assumed (15 $ L1), though in particular Mg anodes
require specific and highly purified electrolyte solutions. Accord-
ing to the U.S. Geological Survey, a sulfur price of 0.05 $ kg~! and
a Mg metal price of 5.2 $kg™! are used®. In contrast to Mg, the
high reactivity with air and moisture, as well as the adhesiveness of
Li metal with production equipment is considered to result in
higher production costs of Li metal, especially in case of thin foils
(e.g., 67 um for 200% of the capacity of the cathode with a sulfur
loading of 5.8 mgcm~2). As in a comprehensive cost estimation of
LIB and SSB technologies by Schmuch et al.l% a lower price
estimate of 250 $kg! is compared with a higher estimate of
1000 $ kg1 in this study, as well. For Mg, in contrast, it is assumed
that the production of thin foils (e.g., 19 um for 100% of the
capacity of the cathode with a sulfur loading of 5.8 mg cm=2) will
not significantly increase costs.

In Fig. 5d-f, the material price of LSBs and MSBs is compared to
the cost range of several currently investigated LIB technologies (on
cell stack level). While the higher value of ~80 $ kWh~! corresponds
to graphite-NMC622 cells, the lower value of =50$kWh! is
representative for Si/graphite-Li- and Mn-rich NMC cells!?.

For LSBs, the material cost of cell stacks with a sulfur loading
of 5.8 mgcm=2 and E:S ratios of 2:1 to 3:1 is estimated to be
87-93 $ kWh-! for the low cost estimate of Li metal (Fig. 5d)
and 272-278 $kWh-! for the high cost estimate. While the
C/S cathode only contributes 1.30 $ kWh~!, the Li metal anode
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accounts for 62 $ kWh-1 in the case of a low Li cost of 250 $ kg1
For the high cost estimate of 1000$kg™!, the anode alone
would correspond to a cost of 247 $ kWh~1. The electrolyte costs
12-18 $ kWh™! for E:S ratios of 2:1 to 3:1 and the other inactive
materials would total 13 $ kWh~1.

In MSBs, in contrast, the low cost of 52 $kg™! for Mg metal
compensates for the comparatively low specific energy. For cells with
the typically observed mean discharge voltage of 1.3V, very low E:S
ratios of 2:1 to 3:1 would result in material costs of 44-53 $ kWh~1.
These are comparable to the lower range of LIBs (Fig. 5e). A
significant cost advantage of MSBs over LIBs, however, is only
achieved for cells with a discharge voltage higher than 1.7V, for
instance, and very low E:S ratios of 3:1 and 2:1. For a sulfur loading
of 58 mgem=2, such cells would correspond to material costs of
33-41 $kWh! (Fig. 5f). Here, the S cathode and the Mg anode
would contribute with 1.6 $kWh™! and 1.4 $kWh!, respectively,
while the electrolyte would cost 15-22 $kWh! for E:S ratios of
3:1 to 2:1. The separator and current collectors would cost another
16 $ kWh! (at 5.8 mg cm™2). In MSBs, electrolyte and other inactive
materials are thus the main cost drivers.

In result, the low cost of the Mg and S electrode materials are
hardly reflected in the overall material costs per kWh. On the one
hand, this is based on a comparably low specific energy on cell
stack level of MSBs. On the other hand, the cost advantage over
the active materials in LIBs, for instance, diminishes with large
amounts of inactive materials in MSBs. When including the cost
of further inactive materials, e.g., the cell housing, and the costs of
cell production, which may require a pre-treatment and an
extremely clean environment in order to avoid the passivation of
the Mg metal anode, the cost advantage of the Mg and S electrode
materials will diminish further.

Accessible E:S ratio in MSB. Considering that current MSB studies
are conducted with E:S ratios of 60:1 or higher’®9%102 which
corresponds to a practical energy content of 30 kWh kg~! or
lower (Fig. 5b), the challenge of reducing the amount of elec-
trolyte to a ratio of 3:1 or even 2:1 is tremendous. From a
molecular perspective, a ratio of 3 mL DME per gram sulfur, for
instance, corresponds to about one solvent molecule per sulfur
atom, or 4 solvent molecules per S,2~ species. In other words, 1 g
sulfur per 3 mL solvent corresponds to S42~ or SgZ~ concentra-
tions of 2.6 M and 1.3 M, respectively. While for Li,Sg, a solubility
of 6 M is observed in TEGDME?®], for instance, the solubility of
MgSs is below 100 mM in THF, DME, and TEGDME34:8>8990 1
order to realize MSBs with similar specific energy and lower costs
than LIBs, electrolyte formulations with a substantially higher Mg
polysulfide solubility need to be developed.

Perspectives on Mg-S batteries. One decade after Kim et al.l”
first reported the reversible charge and discharge of a Mg-S$ cell,
the research on MSBs made tremendous progress. After initial
studies with HMDSMgCI/AICl;- and MgHMDS,/MgCl,/AlCl;-
based electrolytes (HMDS = hexamethyldisilazide)!7-96-98,102,
the reversible operation of MSBs was also demonstrated
in MgCl,/AICl;-112, MgTFSI,/MgCl,-89, and Mg[B(ORg)4],-
based electrolytes (Rp= fluorinated alkyl)®®>7:9>. In parallel,
several sulfur/carbon composites already known from LSBs
were successfully applied to MSB research®®98102 and the elec-
trochemical processes during charge and discharge at the S
cathode in Mg electrolytes have been investigated840,96,99,

In a critical perspective, however, this article reveals that it is still a
long way to develop state-of-the-art MSB technology into a practical
battery technique. First, because of the high voltage hysteresis during
charge (20V) and discharge (1.3 V)>08996.9899102" the voltage
efficiency of charging and discharging current MSBs would be below

65%, resulting in an even lower energy efficiency. Second, due
to this hysteresis, but also because of high E:S ratios of 60:1 or
higher?89%102, the energy content of current MSBs would be as low
as 23kWhkg! on a practical cell stack level. To improve voltage
and energy efficiencies and achieve a practical energy content of
MSBs to a level comparable to LIBs, future research should focus on
the approaches discussed below. A key research direction should be
devoted to electrolyte design.

As a first priority, MSB research should focus on lowering the
overpotentials at BOTH electrodes. At the Mg anode, the
overpotential of electrodeposition and -dissolution can be improved
by reducing the strong Mg?t desolvation energies, eg., by
complexing Mg?*+ with Cl-species. In parallel, the formation of
electrode surface films should be avoided by eliminating reducible
impurities in the electrolyte by a pre-treatment of the electrolytes,
e.g. with Mg metal*849 or reductive species like Bu,Mg!420. For a
cell behavior free of the need for conditioning, electrolytes should
further be prepared in ideal stoichiometry?(. At the S cathode, the
overpotentials during discharge and charge of the S cathode
in Mg electrolytes can be improved by lowering the electrostatic
Mg?t-polysulfide interaction and stabilizing the formation of Mg
polysulfides4. Although not stable at the Mg anode, it could be
shown in high dielectric permittivity solvents like DMSO and DMF
that a higher stabilization of Mg polysulfides increases the mean
discharge potential by taking also advantage of the intermediate
polysulfide formation®4, During charge, the intermediate formation
of polysulfides lowers the overpotential of oxidation of MgS to
sulfur. Similarly, the overpotentials at the S cathode were already
found to vary with different ethers®*°¢ and might further be
lowered by complexing the Mg?* cation with Cl-species!%°.

Second, to achieve practical specific energy values comparable to
LIBs, MSB research should focus on realizing tremendously lower
E:S ratios. As pointed out in this perspective, the solubility of Mg
polysulfides in commonly used ethers is much lower than for Li
polysulfides and eventually too low to dissolve sufficiently high
amounts of polysulfides in an E:S ratio of 3:1, for instance.
Therefore, MSB research should focus on developing electrolytes
with a higher Mg polysulfide solubility. At the same time, however,
this approach should not promote polysulfide diffusion to the Mg
anode to avoid formation of passivating films. Therefore, MSB
studies should focus on new ways to anchor or confine dissolved
Mg polysulfide species in or at the cathode structure. Differing
from LSB research, the high electrostatic interaction of Mg2t with
surface groups might open new strategies®s.

In the end, the technology readiness level (TRL) has to be
regarded in the comparison. LIBs are the established high energy
density benchmark technology in various markets, while LSBs
currently find their way into niche markets and MSBs are in the
stage of very basic research. While the specific energy content of
practical MSB cells might remain inferior to LIBs and LSBs, it is
still too early to state whether or whether not MSBs can be
developed into a more economical and more sustainable
alternative to these technologies. Differing from LIBs and LSBs,
MSBs are rather competitive in terms of electrode material cost,
abundant resources, and more ecofriendly active materials©.
Such systems would be of great interest for a more sustainable
integration of renewable energies into the grid.
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