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Due to its high theoretical energy density and relative abundancy of
active materials, the magnesium-sulfur battery has attracted
research attention in recent years. A closely related system, the
lithium-sulfur battery, can suffer from serious self-discharge behavior.
Until now, the self-discharge of Mg—S has been rarely addressed.
Herein, we demonstrate for a wide variety of Mg—S electrolytes and
conditions that Mg—S batteries also suffer from serious self-discharge.
For a common Mg-S electrolyte, we identify a multi-step self-
discharge pathway. Covalent Sg diffuses to the metal Mg anode and
is converted to ionic Mg polysulfide in a non-faradaic reaction. Mg
polysulfides in solution are found to be meta-stable, continuing to
react and precipitate as solid magnesium polysulfide species during
both storage and active use. Mg-S electrolytes from the early, middle,
and state-of-the-art stages of the Mg-S literature are all found to
enable the self-discharge. The self-discharge behavior is found to
decrease first cycle discharge capacity by at least 32%, and in some
cases up to 96%, indicating this is a phenomenon of the Mg-S
chemistry that deserves focused attention.

Introduction

Since its initial demonstration, the magnesium-sulfur (Mg-S)
battery has received intense research interest due to what it
promises: high theoretical energy capacity (3459 mA h cm ™)
and widespread material availability (Mg is 2.1 wt% of the
Earth’s crust)."”” Compared to lithium-sulfur batteries, where
Li makes up only 0.002 wt% in the Earth’s crust, the Mg-S
battery is an attractive technology for large-scale energy storage.
As another advantage, early research suggested that Mg cells
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Broader context

To avoid the most catastrophic effects of climate change, transportation
must become fully electrified, thereby breaking a significant pillar of our
dependence on fossil fuels. To make this transition more economically
feasible and therefore more likely to take place, a wide variety of next
generation rechargeable battery chemistries are being explored. These
new chemistries should be safe, energy dense, and consist of sustainable
and abundant materials. One example of promising next generation
chemistries is the magnesium-sulfur battery. Since the first demonstra-
tion of the Mg-S battery, progress in improving this technology has been
inspired by the lithium-sulfur system, which has received significantly
more attention. A well-known challenge for Li-S is the tendency to self-
discharge. From a practical standpoint, the importance of battery shelf-
life cannot be overstated. In this work, we demonstrate that unfortunately
the Mg-S system also suffers from severe self-discharge. In screening a
wide variety of Mg-S battery conditions and formulations, and finding
that all were susceptible to self-discharge, we hope to bring attention to
this serious problem facing Mg-S batteries.

were resistant to the formation of dendrites during metal deposi-
tion, thereby avoiding a serious failure mechanism plaguing Li
metal cells.* In recent years however, it has been found that
certain cell conditions and electrolyte formulations do in fact
enable dendritic Mg deposition.>” Uncovering and pursuing
solutions to such roadblocks is necessary for the technology to
advance.

Similarly, the work presented here identifies another challenge
that has been so-far largely overlooked for Mg-S. This challenge is
the issue of self-discharge, wherein the active material in the cell
reacts when the cell is under static conditions, leading to a loss in
capacity. For real-world use, cells should ideally retain capacity at
any depth of charge/discharge. The challenge of self-discharge in
metal-sulfur batteries is intrinsically related to the polysulfide-
shuttle phenomenon. The shuttle process is well described in the
literature for both Mg-S and Li-S, and is one of the major
challenges to be overcome for practical use of these technologies,
as it contributes to short life-cycle and fast capacity fade in metal-
»8719 Unwanted migration of sulfur species is
responsible for self-discharge under static conditions and for

sulfur batteries.
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inefficient charging under dynamic conditions. Some key differ-
ences are that under the static condition, the sulfur transport is
governed only by concentration gradient driven diffusion and the
species in the electrolyte are not electrochemically generated.
Under dynamic conditions there is the additional impact of
electromigration on polysulfide transport, and the polysulfide
speciation is governed by electrochemical and chemical processes.
These differences aside, it is expected that approaches for dis-
rupting the static condition self-discharge problem can be useful
for overcoming the dynamic-condition challenge, and vice versa, in
addition to improving shelf-life.

Systematic investigations of the self-discharge process in
Li-S batteries are numerous, and reveal that self-discharge can
exceed 70% of the cell capacity if left unchecked.***® Unfortu-
nately, many of the methods by which the self-discharge is
disrupted in Li-S cells, such as the use of LiNO; to form a
protective solid electrolyte interface (SEI) on the anode, are not
applicable to Mg-S cells. In other words, solutions for disrupting
the metal-sulfur battery self-discharge must be tailored to each
unique chemistry to be effective, underscoring the importance of
investigating the self-discharge of Mg-S. Remarkably, reports in
the literature of the Mg-S static self-discharge are scarce, especially
considering how much self-discharge has been studied in Li-S
systems.

With the use of Raman spectroscopy, Vinayan and colleagues
identified the formation of ionic Sg>~ under static conditions in Mg-S
cells that employed a magnesium tetrakis(hexafluoroisopropyloxy)
borate (Mg[B(hfip),];) in 1,2-dimethoxyethane (DME) electrolyte.
When the cells were assembled and held at their open circuit
potential (OCP), the potential decreased over time and the anode
impedance increased dramatically. The increase in impedance was
attributed in part to the reaction between the anode and Sg*~, which
resulted in the formation of a passivation layer."® The authors
suggested that Sg was being converted to Sg>~ due to an interaction
between Sg and the ions in the electrolyte.

During an extensive electrochemical impedance spectroscopy
(EIS) investigation on Mg-S cells using the same electrolyte,
Hicker and colleagues also discovered a large increase in the
charge transfer resistance associated with the Mg anode when a
full cell was assembled and held under static conditions for 50 h.
The increase in resistance was attributed in part to the diffusion
of solubilized Sg to the Mg anode where it underwent
reduction.”® Further, at elevated temperatures it was observed
that the non-faradaic reduction of Sg under static conditions was
enhanced. This result is attributed to the increased solubility of
Sg and ionic polysulfides in the electrolyte at elevated tempera-
tures, indicating that solubilized Sg reacts directly with Mg metal
to initiate self-discharge.

Very recently, the work by Hicker et al. on Mg-S self-discharge
was expanded with computational methods, concluding that the
self-discharge in Mg-S is faster than in Li-S, further indicating
this is a serious challenge the Mg-S chemistry faces.**

To the best of our knowledge, these reports are the only
investigations that deal in any capacity with the self-discharge
of Mg-S batteries. In an effort to assess a road-block that has
been largely ignored, we directly investigate the self-discharge
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tendency of Mg-S batteries using a diverse set of electrolytes,
and our findings are a wake-up call: every electrolyte investi-
gated allows for self-discharge.

When Mg-S cells are held at OCP, whether they are partially
discharged or fully charged, covalent Sg is spontaneously converted
to polysulfides through a non-faradaic reaction process. In some
cases, the self-discharge is quite severe. What's more, unlike
lithium polysulfides, magnesium polysulfides are found to be
inherently unstable in solution, leading to the precipitation of
active material. The precipitation effect is not limited to the static
condition, as it is also found to be relevant at the timescales of
active cell discharge. Uncontrolled precipitation of active material
can result in permanent capacity loss if the material is inaccessible
electronically or ionically, further contributing to the quick capacity
fading woes of the Mg-S chemistry. Finally, the seriousness of the
self-discharge is evaluated. Cells that self-discharge at OCP for
168 h see at least a 32% reduction in 1st cycle deliverable capacity.
In some cases, depending on the electrolyte, the capacity reduction
as a result of self-discharge exceeds 90%.

Given the wide variety of electrolyte chemistries explored
and that self-discharge is observed in every case, it is clear that
this is a phenomenon of Mg-S cells that should be addressed
directly. As a first step in overcoming this problem, we have
identified the initial reaction in the self-discharge pathway. The
self-discharge begins when covalent Sg dissolves in the electrolyte,
diffuses to the metal Mg anode, and becomes reduced. For Mg-S
compatible electrolytes, the spontaneous conversion of Sg to an
ionic form due to interaction with the electrolyte alone appears
negligible; the presence of magnesium metal is required. Strate-
gies that prevent contact of all sulfur species, Sg and polysulfides,
with the magnesium anode should be explored to help prevent
self-discharge initiation. Stabilization of intermediate polysulfide
species should be pursued to prevent active material loss via
uncontrolled precipitation.

Results and discussion

Probing the self-discharge of a 0.25 M MgTFSI, + 0.5 M MgCl, +
DME electrolyte

Since the first demonstration of reversible sulfur redox chemistry
obtained with magnesium bis(trifluoromethanesulfonimide)
(MgTFSI,) + magnesium chloride (MgCl,) based electrolytes,
numerous works have made use of this chemistry for Mg-S
investigations.®**>” Owing to the commercial availability and
relative ease of preparation of this electrolyte, it has seen wide-
spread use in various forms, i.e. in different ethereal solvents,
salt concentrations, salt molar ratios, etc. The particular formu-
lation of 0.25 M MgTFSI, + 0.5 M MgCl, in 1,2-dimethoxyethane
(DME) originally reported by Gao and colleagues was selected as
the initial electrolyte to be studied for self-discharge.** With this
electrolyte, the cell configuration used in this study, and a rate of
0.1C with respect to sulfur, the average 1st discharge capacity of
Mg-S cells was found to be 396 + 27 mA h g~ " based on 13 cells
discharged from OCP to 0.5 V (Fig. S17, ESIT). The SOC values
throughout the rest of manuscript are in reference to this value.
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Due to well-known issues with reversibility, which in addition vary
greatly for different Mg-S electrolytes, this study is concerned with
the self-discharge impact on pristine cells. By this approach, the
effects of self-discharge are highlighted and not conflated with
other challenges facing the Mg-S chemistry.

A series of cells were assembled using the 0.25 M MgTFSI, +
0.5 M MgCl, in DME electrolyte and were discharged to roughly
half the average 1st discharge capacity, 200 mA h g . After
discharging to 200 mA h g™, the cells were allowed to age for
different periods of time. Analogously, identical cells were
assembled and held at OCP for the same amount of total time
as the aged discharged cells. After the appropriate amount of
time, the cells were opened, the components were extracted
with tetrahydrofuran (THF), and the resulting solutions were
analyzed via ultraviolet-visible spectroscopy (UV/VIS) to detect
the presence of polysulfides. Additional experimental details
are in the supplementary information. The THF extraction
procedure was used so there would be a large enough sample
volume to analyze, and because both Sg; and many ionic
polysulfide species have sufficient solubility in THF. Solutions
of Sg in THF are clear and colorless with absorbance in the UV
region, whereas polysulfides of many flavors have absorbance
signatures in the UV and near UV regions, making the detection
of both neutral and ionic sulfur with UV/VIS spectroscopy
straightforward.>*?%73

Fig. 1 shows the background subtracted absorbance spectra
for the 200 mA h g~ " discharged cells and the cells held at OCP.
The background subtraction (described in detail in the ESIT) is
such that any absorbance from solvent and salts is removed;
only newly formed species in the electrolyte remain in the
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spectra after subtraction. The 200 mA h g~ ' discharged sample
analyzed immediately after discharging shows absorbance
bands consistent with magnesium polysulfides. The spectrum
bears qualitative resemblance to UV spectra collected on a similar
system.*® From the literature, the peak around 380 cm ™' is likely
S4°~.>>* While there remains some discrepancy in the literature
about describing the characteristic absorbance wavelengths of
other polysulfide species, attempts to identify the speciation in
this case are moot anyways. The polysulfide speciation observed is
likely not representative of the speciation within the cell, as the
change in solvent environment and concentration occurring
during sample preparation causes a change in polysulfide
speciation.>"3

The important point to consider is not the polysulfide
speciation, but the total absorbance, as the area under the
curve is assumed to be related to the polysulfide concentration.
From the inset in Fig. 1 it is clear that as a 200 mA h g~*
discharged cell ages, the concentration of polysulfide in the cell
changes. The concentration increases, peaks, and then
decreases. The increase in concentration is indicative of con-
tinued non-faradaic discharge, where Sg that has not been
electrochemically reacted is being converted to UV/VIS active
polysulfides, i.e. self-discharge. The eventual decline in total
absorbance hints at the instability of the formed polysulfides
and continued chemical reaction.

Remarkably, an undischarged cell held at OCP for the same
total time as the 24 h aged 200 mA h g~ discharged cell shows
almost the same total absorbance and a nearly identical
absorption spectrum as the electrochemically discharged cell.
Under a static condition, a severe non-faradaic self-discharge
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Fig. 1 Background subtracted UV/VIS absorbance spectra for extracted solutions from Mg-S cells using the 0.25 M MgTFSI; + 0.5 M MgCl, DME
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process is apparently active for this electrolyte, wherein a
substantial amount of covalent sulfur is converted into UV/VIS
active polysulfide species. The cells held at OCP follow a similar
trend as those that are partially discharged, in that after a
certain amount of time spent aging the polysulfide concen-
tration starts to decrease.

These results demonstrate a severe static condition self-
discharge problem for cells at various SOC. Further, the process
appears to be multi-staged. During the early stages, covalent
sulfur is converted to UV/VIS active polysulfides, increasing the
polysulfide concentration. These polysulfide intermediates
appear meta-stable, converting further to other species that
are not active in UV/VIS (or perhaps insoluble in solution),
indicated by the decrease in total absorbance over time. At later
stages, this process results in the polysulfide concentration in
solution decreasing.

In the process of opening the coin cells for the UV/VIS
sample preparation, yellow-orange deposits visible to the naked
eye were noticed on the separators and cathodes of the longer
aged cells. These deposits are not soluble in pure THF or DME.
The deposits were analyzed with a battery of techniques to
understand their chemical composition, and are identified as
solid magnesium polysulfides (Mg,S,).

Fig. 2A shows a photo of a separator recovered from a
cell that was discharged to 200 mA h ¢~ * and aged for 168 h.
Fig. 2B shows accompanying scanning electron microscopy
with energy-dispersive X-ray spectroscopy (SEM-EDX) results
of the large deposit for selected elements. The deposits found
on the separator and on the cathode (Fig. 2 and Fig. S3-S5,
ESIT) are chemically distinct from deposits of the electrolyte
salts (Fig. S6, ESIT) in that the electrolyte deposits contain large
amounts of Cl, F, and N, whereas the deposit in Fig. 2 and
Fig. S3-S5 (ESIt) do not. Consisting predominantly of magne-
sium, sulfur, and oxygen (samples are briefly exposed to air
when transferred into the SEM), the deposits are believed to be
solid magnesium (poly)sulfides (Mg,S,).

It has been shown that in addition to the solid discharge
products of MgS and MgS,, Mg-S cells can produce other solid
products (chemically and electrochemically) such as Mg;Sg.>*
Using the same technique that was used previously to observe
Mg;Sg, synchrotron X-ray absorption spectroscopy (XAS), the S
K-edge of the deposits shown in Fig. 2A as well as that of
covalent Sg is interrogated, with the spectra shown in Fig. 2C.
The deposit contains a pre-edge feature at 2469.9 eV, which is
generally observed for ionic polysulfides.*** The feature is a
result of the localization of the negative charge of the polysulfide
anion on the terminal S atoms in the polysulfide chain. The
presence of this feature indicates this sample is a solid magne-
sium polysulfide, as there are only Mg cations in this system.
Unlike the literature spectra for Mg;Ss, the main edge feature of
the Mg,S, deposit in this study is at 2471.8 eV, indicating the
environment of sulfur atoms in this sample is closer to MgSg
than Mg;Ss.>! Analysis of the extended X-ray absorption fine
structure (EXAFS) for the Mg,S, solid (Fig. S12, ESI{) shows a
peak at 1.62 A, which is less than that of Sg (1.72 A), less than MgSg
within an N-methyl imidazolium coordination shell (1.67 A), but
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Fig. 2 (A) Photo of separator recovered from 200 mA h g~ discharged
cell, 168 h aged. (B) SEM image of highlighted deposit with accompanying
EDX. All scale bars are 300 um. (C) S K-edge XAS spectra for =—— Mg,S,
solid and for === elemental sulfur.

greater than that of Mg,Ss (1.30 A).>* As the sulfur atoms are more
tightly coordinated than MgSs and looser than Mg;Sg, but the main
K-edge feature is still at 2471.8 eV, the Mg,S, solid has a likely
chemical composition of MgSe_s.

In addition to SEM-EDX and XAS, this solid precipitate is
probed with a host of other analytical techniques including an
ultra performance liquid chromatography-mass spectroscopy
(UPLC-MS) method, which is discussed in detail in the following
section, powder X-ray diffraction (PXRD), and nuclear magnetic
resonance (NMR) spectroscopy. The details of these results are
discussed in the supporting information under the ‘“Further
Mg,S, Solid Analysis” section with Fig. $14-S16 (ESIf). The
combination of these techniques allows for the definitive
identification of this material as a solid magnesium polysulfide
of likely formula MgSe ¢ that is amorphous in nature and
contained within a DME solvent shell.

Regardless of the exact chemistry, the presence of solid
precipitates that contain large amounts of Mg and S that are
chemically distinct from the electrolyte salts is further evidence
of the proposed multi-stage self-discharge pathway. Magne-
sium polysulfides formed via both electrochemical and non-
faradaic processes spontaneously precipitate from solution all
across the cell. These deposits are formed in every single cell of
this composition that is aged, being observed in dozens of cells,
meaning this is a very reproducible and serious problem.

Energy Environ. Sci., 2021, 14, 890—-899 | 893
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Spatially uncontrolled precipitation of active material has serious
ramifications for Mg-S reversibility, and so this precipitation
process was studied with an additional technique.

A UPLC-MS analysis capable of quantifying total ionic sulfur
was applied to the Mg-S system.’® This technique uses a
derivatizing agent, 4-(dimethylamino)benzoyl chloride, to func-
tionalize magnesium (poly)sulfides and yield a stable and
quantifiable compound. According to Scheme S1, ionic magne-
sium (poly)sulfides are converted to difunctionalized neutral
organic sulfides, D-S,~D, where D represents the derivatizing
agent. The resulting compounds are easily separable by molecular
weight using UPLC and facilely ionized with the addition of a
proton to one of the dimethylamino groups for MS detection and
quantification.

Similar to the UV/VIS experiment, Mg-S cells were discharged
to different SOC and rested for different amounts of time. The
cathodes and separators from the cells were harvested and
rinsed with DME to remove soluble polysulfides, leaving behind
only the insoluble (poly)sulfide solids for derivatization and
quantification. In the supplementary information (Fig. S33,
ESIt), we demonstrate that the derivatizing agent easily reacts
with insoluble ionic (poly)sulfide solids, allowing for accurate
quantification of solid ionic sulfur. Further, the derivatizing
agent has a negligible reaction with covalent sulfur, meaning
any unreacted Sg does not appear in the total sulfur count
(Fig. S34, ESIY).

Fig. 3 shows the quantified solid sulfur observed for cells
discharged to 200mAh g *,300mAhg ", and 0.5V (396 mAhg ™"
average). The immediately analyzed 200 mA h g~ discharged
cells show a small amount of sulfur (near the technique detec-
tion limit), indicating that by 200 mA h ¢~ " only a small amount
of the active material has been reduced to a solid form,
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Fig. 3 Total solid ionic sulfur in separator and cathode detected by UPLC-
mass spectroscopy method for cells discharged to various SOC and aged
for various lengths of time prior to derivatization reaction.
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electrochemically or chemically. Due to the proximity to detec-
tion limit, there were more data points taken for this set of
samples. Cells that are discharged to 200 mA h ¢~ " and aged for
24 h contain more solid ionic sulfur species than their immedi-
ately analyzed counterparts, by almost an order of magnitude.
After 168 h of aging, even more sulfur is detected. The increase in
detected ionic sulfur can only take place if additional solid
(poly)sulfide species are present on the cathode and separator.
In as little as 24 h, evidently a significant amount of solubilized
polysulfides precipitate from solution.

The 300 mA h g~' and fully discharged (to 0.5 V, average
396 mA h g~ cells do not show a meaningful change in solid
ionic sulfur content with aging, implying that by 300 mA h g~ *
of discharge the meta-stable species that chemically precipitate
upon aging have been precipitated as ionic (poly)sulfides.
Additionally, there must be little Sg remaining in the cell,
otherwise the initial stage of self-discharge would produce the
meta-stable species that eventually precipitate. An experiment
where the separator material is varied (Fig. S26 and S27, ESI{)
reveals that the precipitation observed as the cell is discharged
from 200 mA h g™' to 300 mA h g~' is a mixture of electro-
chemically and chemically driven precipitation, but mostly
chemical precipitation. Even at the timescales of active dis-
charge, the chemical precipitation of polysulfides, resulting in
a permanent loss of active material, is highly relevant and poses
a significant challenge to capacity retention.

From 300 mA h g to fully discharged, no change in the
amount of solid ionic (poly)sulfides is observed. This result is
explained by understanding the last stages of the Mg-S
reduction are solid state reactions, and that this mass spectro-
metry technique cannot distinguish between different ionic
(poly)sulfide species. It is possible that by 300 mA h g~* the
electrochemically accessible active material is mostly in the
Mg;,S; state (in agreement with Xu et al.)** and this is being
converted to species such as MgS, and MgS as the cell
approaches fully discharged. As far as this mass spectrometry
technique is concerned, Mg;Ss and 8MgS will give the same
quantitative result for total ionic sulfur.

In summary, the 0.25 M MgTFSI, + 0.5 M MgCl, in DME
electrolyte suffers a severe self-discharge problem. The self-
discharge occurs when the cell is at a full state of charge, or is
partially discharged, and is evidenced by the non-faradaic
production of polysulfides. The self-discharge appears to be a
multistep process. First, covalent Sg dissolves in the electrolyte,
diffuses to the Mg anode, and then reacts to form magnesium
polysulfides. The spontaneous production of polysulfides
under static conditions is observed with the use of UV/VIS
spectroscopy and additionally confirmed using the UPLC-MS
protocol (Fig. S35, ESIT). The decrease in polysulfide concen-
tration in the UV/VIS with aging, the formation of visible MgSe_g
deposits in the cell, and increased solid ionic sulfur content with
aging as detected with mass spectrometry all point to a second
stage in the self-discharge process: continued reaction of meta-
stable polysulfides resulting in their eventual precipitation. The
large-scale precipitation of active material occurs during active
discharge in addition to static storage. The degree to which
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active material is lost due to uncontrolled precipitation appears
high, which could make for low sulfur utilization in subsequent
cycles. In brief, the shelf-life of an Mg-S battery employing this
electrolyte would be impractically short.

Self-discharge tendency with other Mg-S electrolytes

To evaluate how widespread the self-discharge problem is, a
series of other Mg-S relevant electrolytes are evaluated and
shown in Fig. 4. Three other electrolytes compatible with Mg-S
chemistry as well as solutions of chemically synthesized mag-
nesium polysulfides are analyzed using the established UV/VIS
approach. The magnesium polysulfides are synthesized according
to the literature from magnesium powder and sulfur powder in a
solution of 0.25 M MgTFSIL, + 0.5 M MgCl, in DME, with full
details in the experimental section.?” The fact that this synthesis is
possible is further direct confirmation of Sg conversion to ionic
polysulfides through a direct chemical reaction with Mg metal.
Note, generally methods that are used to synthesize lithium
polysulfides are not successful for the synthesis of magnesium
polysulfides, especially in ethers. The magnesium polysulfide
synthesis used here requires the presence of magnesium salts to
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be successful, indicating the importance of ionic species and a
complicated reaction pathway involving the Mg metal surface,
magnesium salts, and sulfur. Formation of ionic polysulfides via
this synthetic method was validated with the MS technique (Fig.
S36, ESIY).

The other electrolytes studied are a concentrated form of the
MgTFSI, + MgCl, in DME electrolyte (1 M MgTFSI,, 2 M MgCl,),
an electrolyte based on magnesium bis(hexamethyldisilazide)
(MgHMDS,) and aluminum chloride (AICl;) in THF (0.35 M
total Mg, 1:2 MgHMDS,:AICl;), and an electrolyte consisting of
0.5 M magnesium fluorinated pinacolatoborate (MgFPB) in
diglyme (DEG) that was first reported by Liu and colleagues in
2019.>**7%® The salt and solvent structures, cyclic voltammetry
induced Mg deposition/dissolution, and representative full cell
discharges of each electrolyte are shown in the ESI,} in Fig. S1,
S2, and S20, respectively.

The more concentrated form of the MgTFSI,/MgCl, electrolyte
is chosen because it has the same salts as the electrolyte investi-
gated in the first part of this study, but has a decreased sulfur and
polysulfide solubility owing to the high concentration of the
magnesium salts.”> The MgHMDS,/AICI; electrolyte is chosen as
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MgHMDS,:AlCls. (D) 0.5 M MgFPB in DEG. Insets are photos of selected solutions analyzed by UV/VIS; black material in the photos are the extracted
cathodes. Inset (A) top left = 0.05 M solution as prepared. Top right = 0.05 M solution 72 h aged. Bottom left = 0.2 M solution as prepared. Bottom right =
0.2 M solution 72 h aged. Inset (B/C) top left = 200 mA h g~* discharged immediate analysis. Top right = undischarged 24 h aged. Bottom = reference
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undischarged 24 h aged. Middle right = undischarged 72 h aged. Bottom = reference solution for background subtraction.
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it is one of the earliest Mg-S compatible electrolytes, with THF
selected as the solvent owing to its enhanced Mg deposition/
dissolution reversibility relative to other ethers.*”** The MgFPB
electrolyte represents a current generation chloride-free and high
coulombic efficiency electrolyte, which owing to its chemical simi-
larity to the Mg[B(hfip),], based electrolyte and non-nucleophilic
nature, is expected to be compatible with sulfur.'*?%?®

Samples from each electrolyte are prepared with a similar
procedure to the previously discussed UV/VIS experiment. An
aliquot from the synthesized magnesium polysulfide solutions,
of which there are two varying concentrations, is extracted and
likewise analyzed by UV/VIS. Fig. 4A-D contains the results for
each respective solution/electrolyte, with the inset photographs
showing the analyzed solution (black material is cathode
undergoing extraction). Compared to Fig. 4B, C, and D,
Fig. 4A has a different general absorbance pattern due to the
background solution used for that set of samples. Fig. 4A shows
covalent Sg in the spectrum in addition to the polysulfides. See
Fig. S23 (ESIt) for further discussion and Fig. S24 and S25
(ESIt) for UV/VIS spectra of magnesium polysulfides chemically
synthesized in the MgHMDS,/AICl; and MgFPB electrolytes.

Although the detailed trends for each electrolyte are different,
two major trends are observed in every case. Firstly, all electrolytes
show spontaneous formation of polysulfides and therefore suffer
from self-discharge. The cells held at OCP all produce UV active
species that resemble the absorbance spectra of the immediately
analyzed, electrochemically discharged cells. The self-discharge
process is strong enough that a visible color change to characteristic
polysulfide yellow is observable with the naked eye in many cases.
Secondly, the polysulfides in each solution are metastable,
changing in concentration and specific absorbance pattern
depending on the age of the cell. This suggests the second
portion of the self-discharge process, continued reaction of
meta-stable polysulfides, is also active in these electrolytes to
varying extents. Regarding Fig. 4A, the decrease in absorbance
accompanied by formation of precipitate in the synthesized
polysulfide solution suggests the instability of the polysulfides
is in part inherent, and not totally reliant on the presence of
magnesium metal for continued reaction.

Of all the responses, perhaps the most interesting is
observed in Fig. 4D with the MgFPB electrolyte, where initially
the formation of polysulfides is quite suppressed in both the
discharged cells and those held at OCP. At some point between
24 and 72 h of aging, a dramatic increase in polysulfide
concentration occurs. The absorbance patterns and total
concentration of the 72 h aged MgFPB samples are very similar
to that of the 120 h aged, 200 mA h g~ ' discharged 0.25 M
MgTFSI, + 0.5 M MgCl, electrolyte in Fig. 1. Between 72 h and
168 h, the polysulfide concentration drops again in the MgFPB
electrolyte, implying continued loss of active material for this
system as well. This non-linear and dramatic change in the
MgFPB solution holds particular importance for cycling this
electrolyte, as the evolving cell chemistry would undoubtedly
affect the cycling behavior. Depending on the conditions
(i.e. cycling rate) the impacts of the changing solution chemistry
could be varied and potentially misattributed to other processes
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in the cell. The non-linear effect of aging on cells using this
electrolyte deserves further attention to be fully understood.

The results of Fig. 4 suggest that the two stages in the self-
discharge process (conversion of covalent sulfur to ionic poly-
sulfides, precipitation of ionic sulfur) have different apparent
kinetics, which may be controlled by the nature of the electrolyte.
The solubility and diffusivity of covalent sulfur control the rate
by which ionic polysulfides can be produced, ie in a low
solubility/low diffusivity case, the production of polysulfides
becomes mass-transport limited with respect to getting covalent
sulfur to the Mg electrode. The solubility limit and stability of the
polysulfides produced are dependent on the chemical environ-
ment, influenced by factors such as the salt concentration, solvent
donor number, and the electrolyte salts, which is why the detailed
trends vary across electrolytes,>>*%41

In an effort to better understand the behavior observed in
Fig. 4, the solubility of Sg in each solvent and electrolyte was
estimated (Table S3, ESIf), and EIS measurements as well as
SEM/EDX analysis of the anodes and separators for each electrolyte
in Fig. 4 were performed (Fig. S8-S11 and S22, ESI}). The results
shown in Table S3 (ESIY) reiterate that Sg solubility is only part of
the picture in regards to self-discharge. For instance, the 0.25 M
MgTFSI, + 0.5 M MgCl,, in DME and the MgFPB in DEG electrolytes
have similar Sg solubility, but the former electrolyte develops
polysulfides due to self-discharge much faster than the latter
(24 h vs. 72 h). Additionally, even though the MgHMDS, + AlCl;
in THF electrolyte has a high Sg solubility, the total polysulfide
concentration at its maximum is lower than that of the MgFPB in
DEG and 0.25 M MgTFSI, + 0.5 M MgCl, in DME electrolytes, both
of which have lower Sg solubility. Clearly, the self-discharge is
influenced heavily by reaction kinetics in addition to Sg and
polysulfide mass transport. This conclusion was recently repro-
duced independently of this work.>*

SEM/EDX analysis of the separator and anode after cell
aging provides crucial insight to the process governing the
precipitation of active material. If the electrolyte has high
polysulfide solubility, the active material precipitates across
the entire cell, predominately where the electrolyte volume is
stored (i.e. in the separator). If the polysulfide solubility is low,
the active material precipitates on the surface of the Mg anode.
Take for instance the result of Fig. 2. The 0.25 Mg TFSI, + 0.5 M
MgCl, in DME electrolyte used to make that cell has a relatively
high polysulfide solubility, and widespread precipitation of
active material in the separator is observed.>” This precipitation
is driven by the instability of the solubilized polysulfides. EDX
analysis of the Mg anode in that case finds very little S on the
surface that is not associated with S in the TFSI salt (Fig. S7,
ESIt). Similarly, the THF based MgHMDS, + AlCl; electrolyte
shows no S containing deposits on the Mg surface, but S rich
deposits on the separator (Fig. S10 and S11, ESIT). In contrast,
the low polysulfide solubility electrolytes like the 1 M MgTFSI, +
2 M MgCl, in DME** and the early stage MgFPB in DEG show
numerous large scale sulfur rich deposits on the Mg anode (Fig.
S8 and S9, ESIt). These deposits are distinct from the electrolyte
deposits, indicating they are from a reaction of the Mg anode
with sulfur/polysulfides.
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In cells with high polysulfide solubility limits, the self-
discharge process results in Sg converting to ionic polysulfides
on the Mg anode surface. The newly formed magnesium
polysulfide remains dissolved in the electrolyte, diffuses away
from the anode, and any instability driven precipitation happens
throughout the cell. In the case of low solubility electrolytes, the
saturation limit for magnesium polysulfides in the electrolyte is
quickly reached during self-discharge. After the saturation limit
is reached, continued reaction of Sg to ionic polysulfides that
happens on the Mg surface results in immediate precipitation of
the formed species on the Mg metal in large clusters.

Self-discharge impact on cell capacity

Having identified self-discharge behavior in a diverse set of
electrolytes, the impact of self-discharge on the electrochemical
performance of Mg-S cells is examined next and is found to be
severe. Fully charged Mg-S cells using two different electrolytes
are allowed to age at OCP for 168 h, during which the potential
across the cell decreases from the initial OCP (Fig. S21, ESIT).
As can be seen in Fig. 5, after aging the capacity delivered on
the first cycle discharge is decreased significantly compared to
pristine cells. After aging, the cells with either electrolyte
require a period of activation wherein a massive overpotential
for initiating the discharge redox chemistry must first be over-
come. As observed in the literature and here via EIS (Fig. S22,
ESIY), this high overpotential is likely due to increased impe-
dance on the Mg anode as a result of the formation of passiva-
tion and/or absorption layers.'®?%>*3* Evidently, these layers
become breached or displaced after a period of time and the
potential stabilizes.

Even though they have similar levels of self-discharge
according to the UV/VIS data, the massive capacity fade and
decrease of discharge potential of the MgTFSI, + MgCl, electrolyte
compared to the MgFPB hints at what may make for a better
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Fig. 5 1st cycle discharge potential/capacity traces for Mg-S cells at
current rate of 0.1C. 0 h aged 0.5 M MgFPB in DEG. 168 h
aged 0.5 M MgFPB in DEG. === 0 h aged 0.25 M MgTFSI, + 0.5 M MgCl,
in DME. 168 h aged 0.25 M MgTFSI, + 0.5 M MgCl, in DME. Inset
shows the 168 h aged MgTFSI,/MgCl, potential curve, enlarged for clarity.
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electrolyte. Being a complex electrolyte, perhaps the presence of
polysulfides in the MgTFSI, + MgCl, solution shifts the complex
equilibria, resulting in fewer electrochemically active magnesium
species. Additionally, the continued breakdown of chemically
unstable MgTFSI' resulting in depletion of electrolyte salts over
the aging period may be partly to blame for the poor performance.*

Even though the MgFPB electrolyte loses capacity and suf-
fers a high initial overpotential as a result of self-discharge,
after activation the 168 h aged MgFPB discharge profile resem-
bles that of the 0 h aged cell. These results suggest that the
shelf-life of Mg-S can be enhanced by using simple magnesium
salts that are not susceptible to changes in chemical equilibria,
that have good stability on the electrode surface, and that
stabilize polysulfide intermediates.

Conclusions

Self-discharge of Mg-S cells was observed in every instance for a
set of diverse electrolytes. Further, this process decreased cell
capacity by 32% and 96% for Mg-FPB and MgTFSI, + MgCl,
based electrolytes, respectively, after a 168 h OCP hold period.
It is proposed that Sg in the cell undergoes non-faradaic
reduction to ionic polysulfides at the Mg electrode surface,
which then continue to chemically react and precipitate from
solution. The location where the active material precipitates is
dictated by the solution chemistry; high sulfur/polysulfide
solubility leads to active material precipitating everywhere in
the cell, whereas low solubility results in precipitation of active
material on the Mg anode. The precipitation effect occurs at
timescales relevant even to active discharge, making it a serious
challenge to address. The apparent lack of any Mg-S electrolyte
that prevents self-discharge is a clear call to researchers to
continue electrolyte development and begin examining Mg-S
self-discharge. With the work presented herein, we hope to
offer the tools with which future electrolytes can be screened
for self-discharge. Additionally, we believe our results prompt
continued investigation in the following areas to address the
self-discharge problem:

1. Electrolyte development. Electrolytes that limit (or eliminate)
sulfur and polysulfide solubility should be investigated, thereby
preventing contact of sulfur species with the anode. Sparingly
soluble and solid-state electrolytes have been shown for Li-S
systems to alter the redox pathways of the sulfur intermediates,
in some cases avoiding reactive intermediates.’>**** In cases
where polysulfide solubility is eliminated and the sulfur redox
chemistry is restrained to solid-state reactions, Mg>" transport and
overall reaction kinetics will need to be addressed and improved.
If polysulfide solubility cannot be eliminated, the polysulfides
should be stabilized by electrolyte or cathode additives/compo-
nents to prevent active material precipitation and loss.

2. Engineered mass transport control. Preventing contact of
Sg with the metal anode will prevent the first step of self-
discharge. This may be accomplished with molecule selective
membranes, an artificial Mg SEI, advanced cathode architec-
tures, etc.
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3. Complete mechanistic, kinetic, and chemical description
of the self-discharge process, especially understanding and
disrupting the non-faradaic Sg-to-polysulfide reaction pathway.
The importance of Mg surface species (MgCl,, MgF,), various
ions such as the role of chloride, solvent, etc. must be under-
stood. Fundamental results from this thrust will influence the
direction of points 1 and 2.
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