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ABSTRACT: The magnesium−sulfur battery represents a promising
post-lithium system with potentially high energy density and improved
safety. However, just as all metal−sulfur systems, it is plagued with the
polysulfide shuttle leading to active material loss and surface layer
formation on the anode. To gain further insights, the present study aims
to shed light on the dissolution characteristics of sulfur and polysulfides
in glyme-based electrolytes for magnesium−sulfur batteries. Therefore,
operando UV/vis spectroscopy and imaging were applied to survey their
concentration in solution and the separator coloration during
galvanostatic cycling. The influence of conductive cathode additives
(carbon black and titanium nitride) on the sulfur retention and cycling
overpotentials were investigated. Thus, valuable insights into the
system’s reversibility and the benefit of additional reaction sites are
gained. On the basis of these findings, a reduction pathway is proposed with S8, S6

2−, and S4
2− being the present species in the

electrolyte, while the dissolution of S8
2− and S3

•− is unfavored. In addition, the evolution of the sulfur species concentration
during an extended rest at open-circuit voltage was investigated, which revealed a three-staged self-discharge.

In the past decade, there has been increasing interest in
post-lithium-ion batteries. Among others, the electro-
chemical couple of magnesium and sulfur is a promising

candidate and under intensive research as a sustainable high-
energy battery system. Indeed, its high theoretical energy
density of 2400 Wh L−1 and 1330 Wh kg−1 is significantly
decreased when considering a realistic cell setup; thus, Mg−S
cells might not be able to compete with Li-ion and Li−S
batteries in terms of volumetric and gravimetric energy
densities, respectively.1 However, in contrast to other metal
anodes such as Li, Na, K, Ca, or Al, magnesium offers a lower
tendency for dendrite formation and therefore improved safety
during cycling.2 Furthermore, due to its abundancy, it
represents a cost-effective, sustainable, and easily recyclable
battery alternative.
Mechanistic studies of Mg−S cells revealed that the

electrochemical reaction is comparable to lithium−sulfur
batteries, namely, the reduction from elemental sulfur to a
solid product with MgSx species as intermediates34.5 Their
solubility enhances the redox reactions due to faster liquid-
phase reaction kinetics, but on the other hand the well-known
issues of self-discharge, polysulfide shuttle, overcharge, and
active material loss arise. Because sulfur species feature

absorption in the visible light spectrum and consequently
cause a coloration of the electrolyte and separator, UV/vis
spectroscopy is a well-suited method to investigate their
dissolution behavior. Previous studies took advantage and
applied this technique to ex situ67 and operando studies of Li−
S batteries in transmission89 and reflection mode10.11

Interesting insights are gained by Zou et al., as they highlight
the significant influence of the electrolyte solvent on the redox
reactions.9

In recent years, UV/vis spectroscopy was also utilized to
investigate Mg−S cells, starting with ex situ investigations at
selected cycling stages.3,12 A systematic analysis of MgSx
species in different solvents13 and electrolytes14 was conducted
by Bieker et al., which unveiled significant differences in the
disproportionation/dissociation behavior of lithium and
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magnesium polysulfides solutions. It was found that the
currently used electrolyte solvents for Mg−S cells, namely,
glymes and ethers, hardly stabilize short-chain polysulfides
such as S4

2− and S3
•̵−, which might be the origin of large

overpotentials during reduction to magnesium sulfide and their
subsequent reoxidation. Drvaric ̌ Talian et al. adopted this
approach to synthesize distinct MgSx (x = 4, 6, 8) solutions
and study their disproportionation and redox kinetics in situ.15

Recently, an extensive ex situ study by Ford et al. highlighted
the importance of self-discharge and found it to be severe in all
common magnesium electrolytes.16 However, to the best of
our knowledge, there is a lack of systematic operando studies
of Mg−S cells to ascertain the cycling and self-discharge
properties as ex situ measurements suffer from possible
changes of the MgSx species and concentration. Therefore,
the present study aims to directly investigate the MgSx
evolution during cycling and extended rest at open-circuit
voltage (OCV) to assess the cell’s reversibility and self-
discharge, respectively.

■ GALVANOSTATIC CYCLING
As previously demonstrated for the Li−S system,10 the
absorbance can be calculated from the continuously collected
transmission UV/vis spectra by applying the Lambert−Beer
law. To consider possible changes in the spectra, which are not
caused by polysulfide absorbance, namely, slight shifts in the
lamp spectrum or drying of the separator, the spectra are
normalized. Experimental details are depicted in the
Supporting Information.
For the UV/vis spectra analysis, specific wavelengths at the

absorbance maxima are identified and subsequently correlated
to sulfur species on the basis of previous literature on sulfur
and metal polysulfides (Figure 1 and Supporting Information
Table S1).3,6,7,9,13 Because the distinct absorbance energy is
solvent-dependent, the specific wavelengths slightly vary when
applying other electrolyte systems. Despite the polysulfide
solubility being cation-dictated,13 the actual region of the
absorbance, however, hardly differs from lithium to magnesium
polysulfides, as cations and polysulfide anions are dissociated
in solution. The fact that some polysulfide anions (S8

2−, S6
2−,

and S4
2−) absorb light at two different wavelength regions

might be originated in their solvation shell, i.e., the number of
coordinating solvent molecules.
Exemplary UV/vis spectra at characteristic cycling stages of

a Mg−S cell (Figure S8) are plotted in Figure 2. The initial
spectra are similar to previously reported data,13 with the
spectra being dominated by absorbance peaks at 237 and 280
nm, which can be assigned to elemental sulfur (S8) dissolved in
the electrolyte. Furthermore, a small shoulder at 410 nm,
corresponding to the short-chain polysulfide S4

2−, is already
present after cell assembly. Interestingly, this peak intensifies in

the subsequent discharge, which is in strong contrast to the
findings by Bieker et al., where hardly no S4

2− was detected in
glyme-based solutions and electrolytes.13,14 These results
further support the fact that the involved cationLi+ or
Mg2+plays a crucial role in the stability and solubility of
polysulfides. In case of magnesium, S6

2− and S4
2− species are

easily synthesizable in glymes electrochemically, while their
chemical synthesis takes far more effort than their lithium
counterparts. Therein, stochiometric mixing of Li2S and S8 in
solution is sufficient and rather defined solutions with high
Li2Sx concentrations (>1 M) are synthesizable,17 whereas the
preparation of MgSx solutions requires high-energy ball-
milling18 or the presence of complexing agents19 and
magnesium salts.16

While S8
2− species with their absorption being reported in

the region of 475−505 and 560 nm were not detected, two
peaks at 315 and 355 nm are present. The latter is assigned to
S6

2−, which is further backed by a small shoulder at 475 nm. A
distinct assignment of the peak at 315 nm is hampered due to
overlap of absorption wavelengths of S6

2− and S4
2− and was

therefore not considered in the subsequent analysis. The
polysulfide radical S3

•− (640 nm) was not detected at all,
which is in agreement with Bieker et al.13,14 and relates to the
strong interaction of Mg2+ with polysulfide species in glymes,
which favors the reduction or disproportionation to high
charge density polysulfides such as S4

2−.
To survey the evolution of specific sulfur species (S8, S6

2−,
S4

2−, and S3
•−), their corresponding wavelengths (280, 355,

Figure 1. Sulfur species (S8, S8
2−, S6

2−, S4
2−, S3

•−, and S2−) and their main corresponding absorption region in the ultraviolet and visible light
spectrum on the basis of previous studies on different metal polysulfides (Table S1).

Figure 2. Exemplary UV/vis spectra collected at different C/20
cycling stages of a Mg/S cell comprising a 0.2 M Mg[B(hfip)4]2/
G4 electrolyte and a S/KB/CMC-SBR (50/40/10 wt %) cathode.
The corresponding potential curve is depicted in Figure S8.
Absorbance peaks are indicated and correlated to sulfur species
identified in previous studies.

ACS Energy Letters http://pubs.acs.org/journal/aelccp Letter

https://doi.org/10.1021/acsenergylett.1c02152
ACS Energy Lett. 2022, 7, 1−9

2

https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.1c02152/suppl_file/nz1c02152_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.1c02152/suppl_file/nz1c02152_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.1c02152/suppl_file/nz1c02152_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.1c02152?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.1c02152?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.1c02152?fig=fig1&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.1c02152/suppl_file/nz1c02152_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.1c02152?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.1c02152?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.1c02152?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.1c02152?fig=fig2&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.1c02152/suppl_file/nz1c02152_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.1c02152?fig=fig2&ref=pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://doi.org/10.1021/acsenergylett.1c02152?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


410, and 640 nm) are plotted together with the voltage profile
over time in Figure 3. In addition, the operando images of the
separator at characteristic stages are depicted below.

The already high concentration of elemental sulfur after cell
assembly (A) reflects the fast diffusion of S8 in the electrolyte
accompanied by a drop in cell voltage. Simultaneously to S8,
the concentration of S6

2− and S4
2− species during the initial 1 h

OCV increases (B). In our previous study,20 we assumed this
to be originated in elemental sulfur being partially reduced to
S8

2− at the anode via the following non-faradaic reaction:

S 2e S8 8
2+ ↔− −

(1)

The other option, namely, the reaction of elemental sulfur with
electrolyte at the cathode side, was excluded by Ford et al.,
who ascertained, using UPLC-MS, that the presence of Mg
metal is required for the self-discharge to be initiated.16 This
was confirmed as the separator in a Mg anode-free cell stays
uncolored during extended rest (Figure S15). Because S8

2− is
not detected, an instant subsequent reaction to S6

2−/S4
2− has

to take placeeither further via non-faradaic reaction at the
anode,

S
4
3

e
4
3

S8
2

6
2+ ↔− − −

(2)

S 2e 2S8
2

4
2+ ↔− − −

(3)

or via chemical reaction, i.e., disproportionation,

S S
1
4

S8
2

6
2

8↔ +− −
(4)

S S
1
2

S8
2

4
2

8↔ +− −
(5)

The preferred reaction mainly depends on the electrolyte’s
solubility limit. In an electrolyte with higher solubility limit, the
formed polysulfides might diffuse away from the Mg surface,

where instant disproportionation has to take place to exclude
S8

2− detection. Assuming a sulfur species concentration already
close to the solubility limit, ongoing non-faradaic reaction with
Mg metal is likely. A distinct interpretation is difficult, but at
least it can be concluded that either one of these reactions
must possess fast kinetics. The direct reduction of S8 to form
two S4

2− molecules without any S8
2− intermediate is assumed

to be unlikely due to the large number of concurrently
transferred electrons in a single step.
During the first discharge plateau (C, D), the desired

faradaic reaction at the cathode side, namely, the reduction of
elemental sulfur to S6

2− and S4
2−, takes place (eqs 1−3). Due

to their solubility in the electrolyte, they diffuse into the
separator, causing its bright yellow coloration (D). With
proceeding discharge (E, F), the overall concentration of sulfur
species in the electrolyte decreases to end up with an only
partially colored separator (F). This indicates that there is a
strong driving force for the polysulfides to diffuse back to a
conductive carbon surface to be further reduced on the
cathode side, potentially via the following reactions:

S 2e 2S4
2

2
2+ ↔− − −

(6)

S 2e 2S2
2 2+ ↔− − −

(7)

However, the still rather high concentrations of S8, S6
2− and

S4
2− at the end of the discharge show the severe loss of active

material due to its inaccessibility in the separator.
During charge, the reoxidation of (poly-)sulfides leads to an

increase of the S4
2−, S6

2−, and S8 concentration in the
electrolyte (G, H), but despite a high-charge-cutoff potential,
there is no decline in concentration toward the end of charge
(I)not even for the short-chain polysulfide S4

2−. This
indicates an incomplete reoxidation of the dissolved sulfur
species to elemental sulfur and a capacity loss during charging.
This becomes noticeable in a shorter first plateau in the
subsequent discharge (J). This undulatory trend, i.e. the
increase and decrease in concentration, repeats in the following
cycles with constant amplitude (Figure S7) and is qualitatively
reproducible (Figure S8).

■ CATHODE ADDITIVES
Among the sulfur retention approaches, the incorporation of
polar additives in the cathode structure is rather popular.
Compounds featuring intrinsic electrical conductivity are of
special interest as they not only adsorb the sulfur species but
may directly act as reaction sites. For this purpose, along with
conductive carbon black (C-NERGY Super C45), titanium
nitride (TiN) was chosen in this study (Table S2). To ensure
comparability, powders with a similar specific surface area of
45 and 48 m2/g for C45 and TiN, respectively, were selected
and the weight ratio in the cathode composition (10 wt %) as
well as the sulfur loading (1 mg/cm2) was kept constant.
The corresponding plots of voltage and absorbance over

time are depicted in Figures 4 and 5. Therein, the overall
absorbance value is comparable to the standard cathode
(Figure 3), which reflects a similar sulfur/polysulfide
concentration in the electrolyte and indicates no beneficial
retention effect. Despite attention being paid to an identical
cell assembly, the electrode and separator positioning slightly
differs for each cell. Thus, differences in intensity in between
cells might arise, which hinder the quantitative comparison of
the gained absorbance values. Furthermore, the synthesis of
complexing agent-free distinct magnesium polysulfide solutions

Figure 3. Voltage profile, absorbance and images of operando
optical cells cycled at C/20 comprising a 0.2 M Mg[B(hfip)4]2/G4
electrolyte and a S/KB/CMC-SBR (50/40/10 wt %) cathode.
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with defined concentration as reference solutions is hardly
possible. Therefore, the discussion only focuses on the present
species, their relative absorbance values in a single measure-
ment, and the comparison of their qualitative trend between
different measurements.
Herein, after an initial drop in concentration, a similar trend

during the first discharge, namely, a strong increase of S6
2− and

S4
2− in the first plateau is observed. However, during charge

the absorbance differs for the C45-containing cathode (Figure
4) with the S4

2−/S6
2− concentration in the electrolyte being

reduced toward the charge-cutoff potential. This might
originate from a larger number of reaction sites which enables
a faster reoxidation of short-chain polysulfides during charge.
In contrast, cathodes with TiN (Figure 5) do not feature such
decline in polysulfide concentrationdespite proving to be
suitable as an adsorption center/redox mediator in Li−S
batteries (TiN21−26). Because the surface areas of C45 (45 m2/
g) and TiN (48 m2/g) are very similar, the different behavior is
either linked to the higher electrical conductivity of C45 vs
TiN (1.77 vs 0.024 S/cm, Table S2) or originated in a higher
tendency for polysulfides to adsorb at the carbon surface. This
points to the reaction being charge-transferrather than mass-
transport-limited. The adsorption energy can indeed be
estimated by density functional theory (DFT), which goes
beyond the scope of this work, but should be part of
subsequent studies.
As mentioned above, the trend during the initial 1 h OCV

differs for the C45-cathode, with the sulfur and polysulfide
concentrations in the electrolyte steadily decreasing. However,
this was not interpreted further asin contrast to the declining
polysulfide concentration toward charge cutoffthis could not
be reproduced (Figure S13) and might stem from spectra
deviations in the initial wetting process compared to the
reference measurement.
Despite the decay in S4

2−/S6
2− concentration during charge

of the C45-cathode, the separator still exhibits a yellowish
coloration (I) similar to Figure 3 and in contrast to the almost
colorless separator at the end of discharge (F). Indeed, the
decline in concentration of S6

2− species during discharge
follows S8 rather than S4

2− species, however, during charge the
concentration trend of S4

2− and S6
2− concentrations is rather

similar (especially in Figure S13). This is in contrast to
previous reports in the Li−S system, where S6

2− is consumed
while the S4

2− concentration risesand vice versa.8 Their
equilibrium can be defined by the electrochemical reaction:

S e
3
2

S6
2

4
2+ ↔− − −

(8)

and the chemical reaction, i.e., disproportionation,

S S
1
4

S6
2

4
2

8↔ +− −
(9)

2S S S4
2

2
2

6
2↔ +− − −

(10)

As depicted in eq 6, S4
2− might be a crucial intermediate

toward the solid product at the end of discharge. If the S2
2−/

S2− formation occurs at the expense of S4
2− species, the

equilibrium in eq 8 is altered and the S6
2− concentration

should be declining similarly. However, in Figures 3−5 and
S13, it is only declining moderately during discharge,
suggesting that the reduction kinetics are rather slow.
Considering that concentration trend, the disproportionation
eq 9 is unfavored, whereas the liquid−solid transition could
take place via disproportionation eq 10. However, the
concentration of S4

2− (and S6
2−) during extended OCV

appears to be very stable (Figures 8 and S14), why the
disproportionation eqs 9 and 10 are both considered unlikely.
In Figure 6, a reduction pathway is proposed summarizing

the previously gained insights. In general, the equilibrium of
the sulfur species depends on temperature, concentration, and
solvent properties. In solvents with high dielectric permittivity

Figure 4. Voltage profile, absorbance, and images of operando
optical cells cycled at C/20 comprising a 0.2 M Mg[B(hfip)4]2/G4
electrolyte and a S/KB/C45/CMC-SBR (44.4/35.6/10/10 wt %)
cathode.

Figure 5. Voltage profile, absorbance, and images of operando
optical cells cycled at C/20 comprising a 0.2 M Mg[B(hfip)4]2/G4
electrolyte and a S/KB/TiN/CMC-SBR (44.4/35.6/10/10 wt %)
cathode.
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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 low dielectric permittivity and donor
number (G1, G2, G4, THF) the high charge density
polysulfide S4

2− is well-stabilized.13,14 It should be kept in
mind that the pathway in Figure 6 relies on the observed
polysulfides in solution, not at the cathode side. It is further
noted that the liquid−solid reaction of S4

2− to S2
2−/S2− at the

cathode is just an assumption and the composition of the solid
compounds is unknown. In fact, there is a disagreement in
literature stating MgS2

12,27 or Mg3S8
28 as intermediate, while

others did not observe any intermediate.4,5

Comparing the potential plateaus and gained capacities of
the cells comprising no additive and cells with 10 wt % TiN
and C45 (Figure 7) only minor differences are observed. In the
initial cycle, the additivesespecially C45are beneficial in
reducing the charge potential of the first and second plateaus
from 2.3 to 2.2 V and from 2.6 to 2.45 V, respectively. The
corresponding S8, S6

2−, and S4
2− concentrations in Figures 3−5

increase concurrently during chargethe latter to a larger
extent due to S4

2− being the initial soluble intermediate. While
the first charge plateau can be assigned to the reaction from
solid to liquid phase (S2−/S2

2− to S4
2−, eq 6), the second

plateau correlates with the reaction from liquid to solid phase
(S4

2− to S8). However, an unambiguous assignment of the

underlying reaction pathway in the second plateau is difficult.
As the S6

2− concentration rises simultaneously to S8, the
oxidation of S4

2− is assumed to partially take place via eq 3 + 1
and 8 + 2 + 1. In case of the C45-cathode, simultaneous
depletion of S6

2− and S4
2− in the electrolyte appears (Figure

S13)however only after the second plateauresulting in an
increase in overpotential due to insulating elemental sulfur
blocking conductive sites and the solid state diffusion of
magnesium ions being rather slow. Severe polysulfide shuttling,
i.e., the ongoing reduction of long-chain polysulfides or
elemental sulfur at the anode was not observed.
In the corresponding images, the formation of black deposits

on the anode surface are detected during charge at
approximately 2.5 V (Figures 3−5H and Figure 8I). This
might originate from sulfide precipitation or electrolyte
decomposition at the anode. The electrolyte salt exhibits a
high oxidative stability of 3.5 V on Al and stainless steel;18

however, its stability appears to be lower on Mg as indeed
fluoride species from the electrolyte salt were found to
contribute to the SEI formation on the Mg surface in previous
studies.20 Furthermore, the precipitation of sulfur species such
as MgS, MgSO4,

20 or MgS6−8
16 at the anode was reported,

which results in irreversible sulfur loss and partially accounts
for the declining discharge capacity.

Figure 6. Proposed reduction pathway for sulfur species in glyme-based electrolytes. Solid and dashed lines represent electrochemical and
chemical reactions (disproportionation), respectively. Reactions with fast and sluggish kinetics are marked in green and red, respectively,
and are labeled with the equation numbers in the text. Note that only information about the species in the electrolyte/separator are gained,
and the distinct composition of the solid compounds is unknown.

Figure 7. Influence of conductive additives (10 wt % C45 or TiN) on the potential plateaus and overpotentials arising during galvanostatic
cycling at C/20.
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With proceeding cycling, the differences in charge over-
potential between the cathodes become negligible (Figure 7,
cycle 5). This points to the additional reaction sites being
covered by precipitated and (partially) inactive magnesium
sulfide. This correlates perfectly with the decreasing charge-
cutoff decay in S4

2−/S6
2− concentration with proceeding

cycling (Figure S13). During discharge, the cathodes hardly
differ in both potential and capacity gain with the additive-free
cathode even providing slightly more capacity in the lower
discharge plateau. Accompanied overpotentials of this rather
steep “plateau” suggest sluggish kinetics, which evidently
cannot be enhanced by increasing the conductive surface area.
In general, the overpotentials of the solid−liquid reaction in
the first discharge and charge plateau decrease with cycling
from 1.2/1.3 to 1.5 V and from 2.2/2.3 to 2.1 V. In contrast,
the overpotentials of the liquid−solid reaction in the second
discharge and charge plateau increase with cycling from 0.6 to
approximately 0.5 V and from 2.45 to 2.6 V, respectively, both
pointing to the fact that magnesium sulfide and sulfur
precipitation takes place on outer carbon surfaces rather than
in the porous matrix. This facilitates the dissolution of solids
due to the larger number of electrolyte molecules in their
vicinity but, in the subsequent reaction, leads to a faster
blocking of the conductive surface area by precipitates.

■ SELF-DISCHARGE
Besides the galvanostatic cycling, the self-discharge was
surveyed with an initial 48 h OCV period after cell assembly
and prior to cycling. The voltage curve and the corresponding
absorbance of the specific sulfur species are plotted in Figure 8.
Therein, the OCV period can be divided into three stages:

(I) In the initial hours, the potential drops from 1.6 to 1.4 V
and an increase of the S8 concentration is observed. In
the same time, the concentrations of S6

2− and S4
2− rise

due to the stepwise non-faradaic reduction of S8 to S8
2−

at the anode surface and further reaction to S6
2− and

S4
2− electrochemically (eqs 2 and 3) or chemically (eqs

4 and 5).

(II) After approximately 7 h OCV, the S8 concentration
becomes constant, which suggests the solubility limit of
the sulfur species in the electrolyte is reached. In pure
G4, an S8 solubility limit of 7.5 mM is reported,29 which
is similar to those of other glymes (G1: 10 mM;30 G2:
7.0 mM29). In electrolyte systems, the sulfur solubility is
further reduced with increasing salt concentration as the
amount of residual solvent molecules for coordination of
sulfur species is minimized (0.1 M LiTFSI/G1 (9 mM),
1 M LiTFSI/G1 (4 mM)30). Considering the sulfur
loading of 1 mg/cm2, i.e., 8.83 μmol of sulfur in the
cathode, and the applied electrolyte volume of 65 μL, a
maximum concentration of 17 mM S8 results. Therefore,
the solubility limit should indeed be reached with sulfur
still being partially present in the cathode. This is backed
by the fact that the S6

2− and S4
2− concentrations

concurrently rise via ongoing sulfur reduction at the
anode to cause a yellowish coloration of the separator.
Moreover, this also confirms that polysulfides are more
soluble than sulfur,31 leading to S-supersaturated
electrolyte solutions in cycled cells.30

(III) In the third stage, the concentrations of S6
2− and S4

2−

become constant, while the S8 concentration slightly
declines. This indicates the polysulfide solubility limit
being reached, which further diminishes the sulfur
concentration in solution. S6

2− and S4
2− appear to be

rather stable in solution and neither disproportionation
(eq 9/10) nor precipitation was observed. After 40 h
OCV, the sulfur concentration becomes constant and an
equilibrium of all sulfur species in solution is reached.
Considering the missing first plateau in the subsequent
discharge, it is concluded that there is no accessible S8
left in the cathode. A complete washout of sulfur from
the cathode implies, that the porous carbon network is
not capable of retaining any sulfur molecule, which is
surprising as sulfur is in fact incorporated into the
available pores (Table S3). However, because the main
sulfur content is lost, the approach of mechanical
intrusion of sulfur into the carbon matrix or the porous
network of Ketjenblack itself seems unsuitable for sulfur
retention.32 As expected, cathodes with C45-additive
exhibit a similar self-discharge behavior (Figure S14) as
C45 does not provide tailored pore sizes to incorporate
sulfur. In general, the quasi-solid-state conceptknown
to retain sulfur species in microporous carbons such as
aerogels in the lithium−sulfur system33might not be
applicable for magnesium cells as it relies on the solid-
state diffusion of cations and the Mg2+ diffusion is rather
sluggish. A promising alternative strategy might be
covalently bound sulfur in polymer chains (e.g.,
SPAN34).

Comparing identical cells during 48 h OCV reveals that the
qualitative potential trend is reproducible (Figure S16).
However, apart from the necessity of Mg metal (Figure S15)
and the obvious influence of the sulfur retention capability of

Figure 8. Voltage profile, absorbance and images of operando
optical cells during 48 h OCV and subsequent cycling at C/20
comprising a 0.2 M Mg[B(hfip)4]2/G4 electrolyte and a S/KB/
CMC-SBR (50/40/10 wt %) cathode. Three stages can be
identified: (I) an initial rise in sulfur species concentration, (II)
the ongoing reduction of sulfur to polysulfides, and (III) an
equilibrium in sulfur species concentration.
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the cathode, the electrolyte plays a crucial role in the context of
self-discharge. Impurities (e.g., residual reactants or water)
might result in an altered SEI formation due to non-faradaic
reduction and therefore varied anode surface area to reduce
sulfur species. Thusas depicted in Figure S16significant
potential differences arise after cell assembly between different
electrolyte batches (up to 0.5 V) but also between a single
batch after 48 h OCV (up to 0.1 V).
As reported in our previous study,35 the main parameters for

self-discharge are (i) the mobility, solubility and dissolution
kinetics of sulfur species and (ii) the kinetics of the side
reactions on the Mg surface. Strategies to counteract the self-
discharge by altering the dissolved sulfur species or their
dissolution behavior increases ohmic losses and decreases the
rate capability, respectively. This was investigated by a decrease
in temperature, which indeed minimizes the sulfur loss, but
also provokes a tremendous overpotential in the second
discharge plateau.20 The same is true when considering lean-
electrolyte conditions to have less sulfur present in the liquid
phase, because solid-phase kinetics are rather sluggish. The so-
called solvent-in-salt approach applying a high concentrated
electrolyte is reasonable due to lower S8 and MgSx solubility;

31

however, sulfur dissolution might still occur, leading to
electrolyte salt precipitation.15 Therefore, the most promising
approach is the prevention of sulfur reduction at the anode by
an artificial SEI as this is not detrimental for the sulfur redox
reactions at the cathode and additionally suppresses ongoing
SEI growth. To mitigate the active material loss, an additional
ion-selective separator coating toward the cathode side is
reasonable.
Despite severe self-discharge, it was possible to cycle the cell

after 48 h at OCValbeit with reduced capacity compared to
a cell rested for 1 h at OCV. Interestingly, the trend during
charging with a significant decline in S4

2−, S6
2−, and even S8

concentration (Figure 8J) rather follows the C45-cathode
(Figure 4) than the identical cell with only 1 h OCV (Figure
S7). This is probably due to the complete sulfur dissolution
from the cathode during 48 h OCV and the Ketjenblack matrix
again featuring a large surface area (Table S3), while exhibiting
an even higher conductivity than C45 (5.471 vs 1.772 S/cm,
Table S2). This effect is declining with proceeding cycling,
again indicating the blocking of reaction sites by precipitates
within the cathode matrix.
This study set out to analyze the magnesium polysulfide

dissolution behavior in glyme-based electrolytes during cycling
and rest at OCV. By applying operando UV/vis spectroscopy,
S8, S6

2−, and S4
2− were identified as present species in the

electrolyte, while S8
2− and S3

•− were not detected. During
galvanostatic cycling, S6

2− and S4
2− are formed, diffuse in the

electrolyte, and cause a bright yellow coloration of the
electrolyte and separator. While there is a strong driving
force for them to diffuse back to the cathode side during
discharge, the electrolyte still exhibits a high sulfur species
concentration after charge indicating incomplete reoxidation
and active material loss. Conductive cathode additives such as
carbon black (C45) or TiN can be beneficial by introducing
additional reaction sites that enhance the reoxidation, leading
to a decreased overpotential during charge and declining S4

2−

concentration toward charge-cutoff potential.
During extended rest at OCV, severe self-discharge takes

places, which can be divided into three stages: (I) S8 is
dissoluted in the electrolyte and reduced at the anode to S6

2−

and S4
2−, (II) the electrolyte becomes S8-saturated, and the

S6
2−/S4

2− concentration steadily increases, and (III) the S8/
S6

2−/S4
2− concentration in the electrolyte reaches an

equilibrium. Neither disproportionation nor precipitation was
observed, and the cell was cyclable afterwardalbeit with
reduced capacity gain. To mitigate self-discharge while not
impairing redox kinetics, the most promising approach is the
prevention of sulfur reduction at the anode by an artificial SEI.

■ EXPERIMENTAL METHODS
For the cathode preparation, sulfur (99.5%, Alfa Aesar) and
Ketjenblack EC 600-JD (Akzo Nobel) were ball-milled in 5/4
mass ratio, subsequently mixed with aqueous CMC (Walocel
CRT 2000 PA, Dow Wolff) and SBR solution (JSR TRD
102A, JSR Micro), and coated on carbon-coated aluminum foil
to result in a 50/40/10 wt % S/KB/CMC-SBR (1/2 CMC/
SBR) cathode composition. In the case of utilizing additives,
10 wt % Super C45 (Imerys Graphite & Carbon) or TiN
(97%, Chempur) were included in the slurry and a
composition of 44.4/35.6/10/10 wt % S/KB/additive/CMC-
SBR results. All cathodes exhibit a sulfur loading of
approximately 1.0 mg/cm2. Ring-shaped pellets of magnesium
powder (99.8%, 325 mesh, Alfa Aesar)pressed and handled
under argon atmospherewere utilized as anodes.36 0.2 M
Mg[B(hfip)4]2 in tetraethylene glycol dimethyl ether (G4,
tetraglyme, 99%, <10 ppm of H2O, Acros Organics) was
applied as electrolyte.18

Operando measurements during galvanostatic cycling at C/
20 with initial 1 and 48 h rest at OCV were performed in ECC-
Opto-Std cells (EL-CELL) using a 6 mm sulfur cathode, 14/8
mm Mg pellet ring, two glass fiber separators (Whatman GF/
C), and 65 μL of electrolyte. The cell assembly was carried out
in an argon-filled glovebox (O2 and H2O < 1 ppm) with the
cell components being thoroughly dried beforehand. Oper-
ando reflection UV/vis spectra and separator images were
collected using a Maya2000Pro spectrometer (Ocean Insight)
and an USB camera module (USB 2.0 UVC PC), respectively.
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