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Abstract. The development of rechargeable Mg/S battery is driven by the design of reliable
electrolytes. So far, they seem not suitable for industrial transfer as they are either corrosive or
necessitate a complex formulation. The innovative strategy reported here which replaces
magnesium by Mg alloys at the negative electrode enables employing facile electrolyte
formulations as well as proposing an easier shaping process of the electrode. As proof-of-concept,
Mg;Bi/S cells were evaluated with simple Mg(TFSI)»/DME electrolyte. Electrochemical
mechanisms including Mg3;Bi, de-alloying and sulfur magnesiation was probed by XRD and XPS,
respectively. On top of that, very promising cycling performance at elevated current density is
obtained. This preliminary findings pave the way for further improvements towards further

practical applications.
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A smart and more efficient energy management is required for drawing a better world. This
encompasses greener ways to produce energy, and more coherent and eco-friendly systems to store
and transport it. A revolutionary innovation has been the incorporation of electrochemical energy
storage in the form of batteries into our energy life cycle. Among the different storage systems,
the lithium-ion technology has revolutionized portable electronics and is making long-range
electric vehicles a reality. However, after continuous improvements over the last decades, Li-ion
batteries are approaching their limits in terms of energy density and cost. Moreover, the ever-
increasing need of batteries might face limited resources (for lithium and more likely cobalt or
nickel), generating cost rise and geopolitical tensions. It is therefore important to look at alternative
systems combining sustainability and satisfactory storage performance. In this context, Mg
batteries have received a considerable attention in the past two decades since the first rechargeable
prototype reported by Aurbach.! Indeed, the use of Mg theoretically offers high volumetric
capacity (3.8 Ah/cm?® compare to 2.1 Ah/cm® for Li) and the combination with its relatively low
standard reduction potential (2.4 V vs. NHE) enables considering high volumetric energy density
systems. However, the sluggish diffusion of Mg>" ions into typical electrode hosts such as layered
or polyanionic compounds is a major hurdle toward the development of practical and high
performance Mg batteries.>> Shifting from insertion to conversion electrochemical process, using
sulfur-based electrodes is now a widely established way to access high capacities at the positive
side as well.® In theory, a Mg/S cell could deliver high specific gravimetric and volumetric energy
densities of 1300-1700 Wh/kg and 2500-3200 Wh/L, respectively. Moreover, combining
magnesium and sulfur in the same rechargeable batteries seems very attractive nowadays, when

sustainability becomes as important as performance.

The design of the electrolyte is driven and constrained by the peculiar chemical and
electrochemical features of magnesium and sulfur. The electrolyte needs to be non-nucleophilic
and must prevent the passivation of the Mg surface, which could hinder any electrochemical
plating/stripping process. In 2011, the research group of Toyota reported the first example of
rechargeable Mg/S battery using an electrolyte containing an electrochemical active complex
created in situ from HMDSMgCl and AICI; salts.” After that, the use of bisamides salt
Mg(HMDS), has been generalized by Fichtner and Zhao-Karger,® !> while working with
Mg(TFSI), salt has been more and more considered (Table S1). However, in both cases the

mandatory presence of chloride additives (AICl3;, MgCl,) increases the corrosive nature of the
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electrolyte and compel the use of noble metal current collectors that are not suitable for practical
large-scale production. When chloride-free formulations are evaluated, a preliminary conditioning
treatment based on successive voltammetry sweeps appears necessary but barely suitable for
practical applications.'>!* Indeed, the electrochemically cleaned volume is limited, and the ready-
to-use electrolyte should be transferred from the electrochemical cell to the Mg/S cell. In 2017,
Zhao-Karger et al. reported a new class of non-corrosive and efficient electrolytes using
fluorinated alkoxyborate magnesium salt Mg[B(HFIP)4],;'>!¢ however the synthesis of the latter

is complex and still far from industrial transfer.

The novel concept introduced with this Letter is the replacement of the Mg anode by an alloy
containing magnesium allowing the use of simple, non-corrosive electrolytes with a preparation
that is suitable for future practical application. The concept lies on the ability of some p-block
elements (e.g., In, Sn, Sb, Pb and Bi) to reversibly electrochemically alloy with magnesium. 72
The electrochemical formation of Mgln, Mg>Sn, Mg;Sb,, Mg:Bi» and Mg,Pb occurs during a
relatively flat biphasic plateau at low voltage and corresponds to high capacities (Table S2). The
significant volume changes induced by successive alloying/de-alloying processes has been thought
for long time as an important drawback. However, thanks to an appropriate electrode formulation,
long-time cycling with high capacity retention could be achieved.?'*> Considering that these alloys
are more compatible with conventional electrolyte formulations than Mg metal, they represent top-
ranking negative electrode materials for rechargeable Mg-ion batteries. The direct use of alloys
enables one to investigate Mg-free positive electrode materials. Very recently Mg,Sn and Mg;Bi»
were implemented in full cells to evaluate vanadium oxide, Chevrel phase and Prussian blue
analogs with easy-made and non-corrosive electrolytes based on Mg(TFSI), dissolved in diglyme

or acetonitrile.?>**

Believing that sulfur-based positive electrodes are the most promising choice
to access high energy density Mg batteries, here we prepared a Mg;Bi»/C composite and evaluated

it for the first time in a Mg-ion/S battery with a very simple electrolyte formulation.

Figure 1 compares the first cycles of both Mg/S and Mg;Bi»/S batteries with 1 M Mg(TFSI),/ DME
electrolyte, importantly without any added chloride additive and without any prior electrochemical
conditioning, evaluated at C/10 (~160 mA/g of sulfur — gs). The Mg:Bi,/C composite was prepared
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in few hours by high energy ball-milling and simply blended with conducting carbon and binder
to get a sufficiently thick negative electrode. Sulfur-impregnated activated carbon cloth (ACC/S)

served as positive electrode (details in supporting information).
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Figure 1: Comparison between first cycles obtained at C/10 for Mg/S cell (a) and Mg3Bi,/S cell
(b) with Mg(TF'SI) ,/DME electrolyte. The grey band represents the theoretical working voltage of
each cell and highlights the very high over-potential when Mg anode is used.

A very large overpotential is observed for the Mg/S cell, with a rapid potential drop down below
0.5 V in discharge. The corresponding capacity is consequently very limited below 400 mAh/gs.
A very high over-potential is also observed in charge, and the shape of the subsequent cycles
questions the electrochemical mechanisms that really occur. According to the literature, this
over-potential should come from the chemical passivation of the Mg surface occurring as soon as
the latter comes in contact with the electrolyte, but could also have an electrochemical origin with
the reduction of magnesium polysulfide on the surface.?>* The electrochemical signature strongly
differs from that of the Mg:;Bi»/S battery. The first discharge starts with a short slope followed by
a relatively flat plateau around 1.3 V. A second slope down to 0 V enables reaching a very high

capacity exceeding 800 mAh/gs. A similar curve profile is obtained during charge, with a very low
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polarization around 0.3 V. The subsequent cycles demonstrate a quite reversible electrochemical
process. The theoretical operation voltage for a Mg/S battery cell (1.7 V) should be decreased by
about 0.2 — 0.3 V when substituting Mg by Mg3Bi, according to the de-alloying process of the
alloy.”” The experimental working potentials observed here agree with the theory (1.3 and 1.5V
in discharge and charge, respectively) and underline a very low polarization in spite of the
relatively high current density. As similar cathode material and electrolyte formulation were used,
the change of cycling profile logically comes from a different behavior at the anode-electrolyte
interface. The latter has been further investigated using 3-electrode setup. Comparison between
the galvanostatic profiles of Mg:Bi/S and Mg/S cells (Figure S5) highlights the very high
polarization of the Mg anode (~ 2 V), whereas the potential gap observed at the Mg;Bi, anode is
very low (170 mV). Polarization test of a Mg;Bi»/Mg cell confirms the strong passivation that
occurs on a Mg electrode (Figure S6). Lastly, EIS has been performed on both Mgz:Bi»/S and Mg/S
cells at OCV and after the 15 and the 3™ cycle (Figure S7). The impedance of the Mg;Bi, anode is
maintained below 50 Ohm cm?, whereas for the Mg anode the already-high OCV impedance
increases becoming impossible to measure upon cycling, indicating an extremely strong

passivation process. (Fig S7)

Focusing now on the Mg;Bi»/S battery, our early-stage characterizations by operando X-ray
diffraction (XRD) confirm the de-alloying process from Mg;Bi» to Bi at the negative side
(Figures 2a and S3). Indeed, the formation of Bi is clearly evidenced through the growing peak at
32 °, in agreement with the biphasic electrochemical process reported by Murgia et al.?’ Regarding
MgsBi, peaks, the intensity decreases only slightly because of the large excess of Mg:Bi, in the
negative electrode with respect to the nominal amount of sulfur on the positive side of the cell.
Such a low sulfur loading makes all possible crystalline sulfur species practically invisible by
XRD. Conversely, X-ray photoelectron spectroscopy (XPS), allows tracking the evolution of the
sulfur species in metal/sulfur battery even at such low loadings. Here, XPS spectra collected ex
situ at different battery states shows the conversion of elemental sulfur into polysulfides MgSy
with a characteristic S 2ps at 162 eV (Figure 2b).!3!416 The formation of bridging sulfur is also
evidenced during the subsequent charge. However, the detection of sulfur species is biased by the

presence of the contributions of Bi 4f7, ad Bi 4fs5, peaks at 158.6 and 163.9 eV attributed to a
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slight unexpected Bi dissolution. It seems reasonable to assume that the Bi particles generated
through the electrochemical de-magnesiation of Mg;Bi, have a highly reactive freshly exposed
surface, which possibly reacts with sulfur or polysulfide species from the electrolyte, creating
bismuth sulfides species which shuttle back to the positive electrode side. Further investigations
are actually in progress to confirm or complete this early-stage hypothesis and will be the object
of a forthcoming article. Bearing in mind the very simple negative electrode formulation, there is
no doubt that a smarter electrode engineering will help circumventing this effect. The sulfite peak
(S2p3/2 at 167.3 eV) highlights the degradation of the TFSI anion, as often observed in
metal/sulfur batteries.

3
(100)_(002)(101) 557 &
— : 5
Mg,Bi, Bi &
24 26 28 30 32 34
26 (°) Ka Co

b)

T I T I T I T I T
S2p

sulfate
(surface
oxidation)

start

discharge

Mgs,
(terminal
sulfur)

TFSIK ;

1 cycle

L LI L BN BN BN B B |
174 172 170 168 166 164 162 160 158
Binding energy (eV)

Page 7



Figure 2: (a) operando XRD monitoring of the negative electrode showing Bi formation during
the Mg;Bi»/S battery discharge. The peaks shift in the figure is not real but comes from the
waterfall plotting format. (b) ex situ S 2p XPS showing the change of sulfur species at the surface,

but also the unexpected presence of Bi species.

The discharge-charge profiles exhibit three distinct regions (slope — plateau— slope), as previously
observed with similar ACC/S electrodes and ascribed to the successive formation of MgSs, MgS»
and lastly solid MgS.!"* Nevertheless, other profiles have been reported in the literature, with
alternative scenarios and different intermediate polysulfide species involved.!®?%? The weak shift
of the galvanostatic profiles between each cycle (Fig. S4) certainly accounts for polysulfide
species dissolution as commonly reported in all metal/sulfur batteries. Unraveling the detailed
mechanism of the electrochemical magnesiation of sulfur in such systems is under investigation

but is out of the scope of this Letter.

The promising behavior of Mg:Bi»/S cell obtained at C/10 is substantiated also by its cycling
performance at higher current density. Figure 3 shows the combined evolution of the discharge
capacity and the Coulombic efficiency obtained at the high rate of C/2 (~840 mAh/gs). The first
cycle capacity is considered high as it exceeds 700 mAh/gs, while its regular decay upon cycling
is not surprising if compared to previous works on Mg/S battery, and might be ascribed to
polysulfide dissolution causing loss of active matter and/or the typical shuttle effect. However, the
loss is quite moderate as a capacity of 400 mAh/gs is reached after 30 cycles. In order to better
evaluate this performance, it was decided to compare it with other pioneering works dealing with
similar ACC/S cathodes. Zhao-Karger and coworkers observed similar performance ina Mg/S cell
using a Mg[B(HFIP)4],-based electrolyte. However, the cycling rate was limited to C/10 (167
mAh/gs).!® The group of Wang reported a very stable capacity around 600 mAh/g at 100 mAh/gs
for more than 100 cycles.” However, the cell containing a concentrated 1M
Mg(TFSI)2/MgCl,/DME electrolyte which needed to be first conditioned by cyclic voltammetry,
and Mo or W current collectors had to be employed to avoid corrosion. There is no doubt that the

very low over-potential observed with alloy-type anode participates in these extremely high
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cycling performance. Further investigations are ongoing to evaluate the influence of the simple

electrolyte formulation through a systematic benchmarking of other alloy electrodes.

1000

—-.m !
o | 1. > +100
= L LT LM LTI o
£ 8002 o - ooR
S '0,9.; 80 o
- A
5 6001 %BQE%AAA.?AAMAAAAAAA a0 460 '5
8 Duuunaﬂﬂgg..!. ﬂCEJ
8 4001 eeeeel o o
L40 ©
8) e
o =
@ 9OQ{ O Ref 16(167mAg) i o
§ A Ref. 13 (100mA/g,) 20 g
3 0 @ this work (840mA/g,) 0 @)

0O 5 10 15 20 25 30
Cycle number

Figure 3: Cycling performance of MgsBi»/S coin-cell with Mg(TFSI),/DME electrolyte at C/2

current rate and comparison with literature using similar ACC/S cathode material.'>'®

At such an early-stage of the investigation, the cycling performance described above focuses only
on the reversible capacity of the sulfur cathode. However, it is important to remind again the
average high working potential and the very low polarization increasing the overall energy density
of the system. In this regard, it is interesting to simply compare ideal Mg/S and Mg-ion/S batteries
only using electrode capacities and working potential. Although the effect of the casing is
neglected, such calculation still enables one to point out the electrode materials (anode and
cathode) that are promising to combine. As shown in Figure 4, replacing Mg by an alloy involves
lower energy densities, because of (i) the alloying/de-alloying process that reduces the working
potential and (ii) the lower capacities of alloys with respect to Mg. However this comparison needs
to be mitigated considering the nominal volume excess of Mg that must be added in a practical
system. The theoretical gap between Mg-ion/S and Mg/S reference cells should be significantly

decreased, consequently strengthening the interest of using alloy-type anode.
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various Mg.M/S cells. Values are normalized by those for Mg/S cell. The down-pointing blue
arrow questions the practical decrease that could result from an initial excess of Mg metal at the

anode side.

Summarizing, a first proof-of-concept rechargeable Mg-ion/S battery is shown here. The most
important point of this concept is the possible use of a simple Mg(TFSI).-based electrolyte made
possible by the replacement of Mg by Mgs;Bi,. The absence of corrosive chloride species and the
unnecessary preliminary conditioning treatment pave the way to a possible industrial transfer.
Staying on practical considerations, a good electrode material should also be easily integrated in a
suitable electrode formulation. Lamination technology seems adapted to design Mg thin film but
required specific manufacturing conditions. On the contrary, high energy ball milling could easily
produce alloy/carbon composite slurries that could then efficiently shaped in electrode by common
tape casting. On top of that, the relatively low air-sensitivity of Mg alloys allows one to work in

the absence of a controlled atmosphere.

Such early-stage results will be followed by an in-depth investigation of the chemical and

electrochemical mechanisms occurring during cycling, with a special effort on probing the anode-
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electrolyte interface to evaluate the chemical reactions between metallic particles and sulfides

species and to propose possible strategies to mitigate them.

The very promising cycling performance obtained even at elevated current density might be
possibly improved by implementing alternative strategies, for instance by targeting other alloys.
Indeed, Mg;Bi, was selected in this first work as a model alloy-type negative electrode owing to
the particularly good behavior of bismuth in Mg-batteries, but higher theoretical energy densities
could be expected using Mg,Sn or Mg,Pb anodes (Figure 4). Significant progress can be expected
also by playing with the cathode formulation, and especially by targeting higher sulfur loadings.
Lastly, such a very simple electrolyte formulation offers room to further optimizations, in
particular to tackle the polysulfide shuttle effect and propose battery prototypes with high energy

densities and long cycle lives.

Supporting Information
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DOI: xxx.
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