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Abstract

The electrochemical behavior of micrometric Bi powder as active electrode material for Mg
batteries is revisited in half-cell with Mg metal as counter electrode and organohaloaluminate-
based complex electrolyte. A complete biphasic domain is evidenced from Bi to its Mg-
alloyed counterpart Mg:Bi,. Operando X-ray diffraction underlines a simple mechanism that
does not imply any intermediate phases or amorphization process. The high performances of
Bi-based electrodes are confirmed using an optimized electrode formulation, with specific
capacity nearing the theoretical value of 385 mAh/g at low rates. The capacity fading appears
limited when moving to high current densities.

In parallel, micrometric Mg;Bi, intermetallic compound obtained by high-energy ball-milling
exhibits the similar electrochemical behavior. As a proof-of-concept as-prepared Mg;Bi, is
directly associated with Chevrel-type positive electrode and successfully tested as complete
Mg-ion battery. Despite the high molar mass, the couple Bi/Mg;Bi, can be considered as

reliable negative electrode candidate and a reference system for testing the next generation of

Mg-ion batteries electrolytes.
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Introduction

Since the early 90s the development and the continuous improvement of Lithium-ion batteries
(LiBs) allowed a fast and unceasing diffusion of electronic portable devices.[1] Furthermore,
LiBs start to be employed as stand-alone or tandem power sources for electric vehicle (EVs)
and plug-in hybrid vehicles (PHVs), with the consequence of a near-term rising Li demand.
However Li is a relatively rare and non-uniformly spread element on the earth crust and its
possibility to be set as the ubiquitous component of energy storage devices is largely
questioned.[2] Moreover, for application in the field of automotive transport, LiB technology
has to face several not negligible safety issues, such as overheating and explosions.[3] In
addition, despite years of huge improvements, LiB technology seems to near its limits in
terms of energy density.[4] For all these reasons, exploring cheaper, safer and more
performant alternative solutions to LiB systems is essential. Among them, a particular
attention has been recently given to magnesium-based batteries (MBs).[5, 6, 7, 8, 9] Mg is the
fifth most abundant element and is evenly spread element on the earth crust. It is not toxic,
with a melting point of 650°C and is far less air-sensitive than Li, resulting more
economically attractive and safer. Furthermore, Mg has a bivalent cation, is denser than Li
and consequently capable to provide high volumetric energy density (3837 mAh-cm™), which
is approximately twice as high as Li metal and five times higher than graphite in LiBs.

In spite of these interesting features, the realization of a Mg-based battery is not a trivial task:
preliminary studies about the deposition/stripping of Mg metal from usual electrolytes (Mg
salt(s) dissolved in organic solvents) demonstrate an irreversible formation of a passivation
layer on the electrode surface. This layer prevents the electrochemical deposition/stripping of
Mg and consequently hinders any Mg-battery cycling investigations.[10, 11] Nevertheless,
this issue was overcome by using ethereal solutions of Grignard reagents.[12, 13] These

studies led to the pioneering work of Aurbach and coworkers that shows the feasibility of
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rechargeable MBs, using Mg-organohaloaluminate complex electrolyte and proposing
Chevrel-type molybdenum sulfide (Mo3Sy4) as the positive electrode.[14] Their tests reveal a
high reversible formation of the Mg-intercalated phase MgsMo3S4, reaching a maximal charge
capacity of 122 mA h g at constant current density of 0.3 mA cm™. This work is still paving
the way for the research of more efficient MBs; however, such electrolytes are very air-
sensitive, corrosive with current collectors and suffers from anodic stability.[15, 16, 17] This
latter represents a crucial drawback that hurdles the investigation on high-voltage positive
electrode materials.[5, 9, 18] To date, there is no standard electrolyte that fills all the
requirements for practical applications, preventing at present the development of commercial

Mg-based systems.

In parallel with the development of better electrolytes,[19, 20, 21, 22] an alternative strategy
is the replacement of Mg metal as the negative electrode in order to come back to
conventional electrolytes.[6, 7, 8] In this direction, it was recently shown that some p-block
elements are able to form reversible alloys with Mg at low potential.[23, 24, 25, 26] In
particular, Bi forming the intermetallic compound Mg;Bi,, potentially delivers a specific
theoretical capacity overcoming graphite in LiBs (385 vs. 372 mA h g™'). The electrochemical
activity of Bi vs. Li has been already briefly reported in literature.[27, 28] Its use as negative
electrode for MiBs was firstly proposed by Arthur ef al. on electrodeposited electrodes.[23] Bi
showed reversible electrochemical alloying/de-alloying to Mg metal even at relatively fast C-
rates but with a noticeable loss of capacity. The compatibility of Bi anodes with conventional
Mg-ion electrolytes was also evidenced. In order to improve the performance of Bi-based
anodes, Shao et al. proposed the use of Bi nanotubes (Bi-NT). [29] The nanometric size and
the specific morphology of Bi-NT improve the kinetics of Mg ions diffusion into the

electrode, and were suggested to prevent large expansion/shrinkage phenomena. Therefore,
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such nanostructured electrodes exhibit performances in terms of specific capacity and
coulombic efficiency. A complete Mg-ion battery was reported by associating an
electrochemically pre-magnesiated Bi electrode with Mo3S, as positive electrode. Despite
these very interesting results, the techniques employed for the formulation of the Bi electrode
are complicate and their industrial scale-up seems rather improbable. Moreover, although the
proof of concept of reversible Mg alloying/de-alloying was given, to date there are no studies
supporting the full explanation of the mechanism of the electrochemical reversible formation

of the magnesiated phase Mg;Bi,.

In this work, the complete mechanism of the reversible alloying of Mg with Bi was revisited
using various electrochemical techniques coupled to operando X-ray diffraction (XRD).
Discarding nanostructuration strategies, simple electrode formulations were tested with
micrometric Bi or Mg;Bi, powders as active materials. As a preliminary study, the electrodes
were analyzed as positive materials in half-cell battery with Mg metal as counter and
reference electrode, with an Mg-organohaloaluminate complex-based electrolyte as
electrolyte. A perfect biphasic domain was evidenced; either starting from Bi or Mg;Bi,, with
especially no amorphization process and no intermediate phases in agreement with the phase
diagram. The extremely high thermodynamical reversibility of the Bi/Mg3;Bi, system was also
highlighted. Micrometric Bi-based electrodes were also tested under various current densities.
A limited capacity fading was observed, and the performances reached the high values
previously obtained with nanostructured materials. [29] Finally, ball-milled as-prepared
Mg;Bi, was directly implemented in a proof-of-concept Mg-ion battery vs. Chevrel phase
MosS4 and successfully tested using a conventional electrolyte. These results confirm the

interest of Bi or Mg;Bi, as references systems for negative electrodes for Mg-based systems.
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Experimental section

Electrochemical active materials were Bi or Mg;Bi, micrometric powders. Commercial Bi
chunks (99.999%, Fluka) were mechanically pulverized in Ar atmosphere for 10 minutes
using a 3D-rotation Spex Mix/Miller 8000. The intermetallic compound Mg;Bi, was prepared
by mixing Mg (98%, Sigma-Aldrich, reagent, grade, 20-230 mesh) and as-milled Bi powder
in the 3.3:2 molar ratio. The ball/powder mass ratio was 12:1. Mechanochemical synthesis
was carried out with a total active milling time of 300 minutes. A 10% Mg in weight excess is
needed to balance the Mg deposition during the ball-milling process.[30] Indeed, without this

nominal excess, Bi residue peaks are still visible by XRD analysis.

For electrode formulation, both Bi and Mg;Bi, powders were mixed with 25 wt.% of carbon
black (CB, Saft, Y50A) and 5 wt.% of poly-tetrafluoroethylene (PTFE, DuPont, 6N) in an
agate mortar and spread on a flat surface to form a single auto-supported film. Disks were cut
out of the film and stored in an argon-filled glove box in order to avoid any moisture
contamination. The final mass of the active material is around 20-25 mg cm™ (from one pellet
to another). This formulation will be hereafter referred to as “self-supported electrode” and
mainly used for the preliminary/low-current density tests and operando XRD analysis. Indeed
such high loadings enable better resolution during XRD measurements. For rate-capability
tests and cycling at high current density, optimized formulations were also prepared by
mixing micrometric Bi with 9 wt.% of CB, 9 wt.% of vapor ground carbon fibers (VGCF,
Showa Denko K.K., VGCF-H), 12 wt.% of polyvinilidenedifluorure (PVdF, Solvay, Solef
5130) and using N-methyl-2-pirrolydone (NMP, 99%, Sigma-Aldrich) as solvent. The so-
obtained slurry was stirred in a planetary ball-mill for 1 hour, and subsequently casted onto a
100 pm Cu foil (99.9 %, Goodfellow), then dried at room temperature for 24 hours and finally

2 hours more in a vacuum flask at 80 °C. Disks of this film were cut out and stored in a glove
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box. The final mass of the active material was precisely measured in glove box and found in
the range 1-2 mg cm™ (depending on the casted film). This formulation will be hereafter
referenced as “Cu-foil supported electrode” and mainly used for the evaluation of the
electrochemical performances. The morphology of both Bi and Mg;Bi, raw powders, as well
as films electrodes, was characterized by Scanning Electron Microscopy (SEM) using a
Hitachi S-4800 microscope equipped with a field emission gun. Bi and Mg;Bi, powders were
stick upon a C-based conductive tape. Each sample was metallized for 15 seconds with a Pt

source before the SEM analysis.

At this point, it is important to emphasize that the current study mainly focuses on
investigating the electrochemical mechanism lying between Bi and Mg;Bi,. Therefore
electrochemical tests were far from optimized rechargeable Mg-ion battery. Indeed both Bi
and Mg;Bi,-based electrodes were electrochemically tested in a 2-electrode configuration
Swagelok-type cell in which they were used as the positive working electrode, with a Mg disc
(99.9%, Goodfellow) as both the reference and the negative counter electrode. Electrodes
were electronically separated by 2 Whatman GF/A borosilicate glass fiber sheets. The choice
of electrolyte was difficult. Keeping Mg metal as reference electrode involves the use of
organohaloaluminate-based complex in ethereal solutions. Inspiring by the work of Singh et
al. on electrodeposited Sn electrodes[24] a 1:1 mixture of EtMgCl (2.0M in THF, Sigma-
Aldrich) and Et,AICI (97%, Sigma-Aldrich) was solubilized in anhydrous tetrahydrofuran
(THF, >99.9% Sigma Aldrich).The final concentration of the EtMg -Et,AlCl,” complex
formed in situ was estimated to be ~0.35 mol-L™. It is known that this electrolyte slightly
suffers from limited performances (such as oxidation stability and coulombic efficiency) and
more Mg-organohaloaluminate complex optimized formulations can be found in

literature.[11, 31, 32, 33] However it is perfectly suitable for this current study mainly
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focused on investigating the electrochemical mechanism. The complete Mg-ion battery was
prepared in combining the as-prepared Mg;Bi, with Mo3Ss Chevrel phase as positive
electrode. The latter was synthetized following the recent protocol of Choi et al. [34] and
briefly detailed in the supplementary information. A “conventional” electrolyte was prepared
by solubilizing dry magnesium bis(trifluoromethanesulfonyl)imide (Mg(TFSI),, Solvionic,
99.5%) in diglyme (Sigma-Aldrich, 99.5%) in 0.5mol/L concentration.[35] All the necessary
operations of cell assembly were carried out in glove-box. Electrochemical tests such as
galvanostatic cycling with potential limitations (GCPL), cyclic voltammetry (CV) and
galvanostatic intermittent titration technique (GITT) were performed using research-grade
battery testers (BioLogic). Following the previous works devoted to the investigation of
negative electrode materials using Mg-organohaloaluminate complex electrolytes [23, 24, 25,
26, 29], potential limitations were set to 0 and 0.8 V vs. Mg*/Mg. This electrochemical
window enables one to avoid electrolyte decomposition [33] and perfectly suits the redox
potential region of alloying and de-alloying plateaus of Bi. All these tests were performed at
room temperature and repeated at least twice in order to verify the reproducibility of the
results. C/n rate means that 1 mole of Mg reacts with 1 mole of active material in # hours. For
structural characterization of both pristine and electrochemically formed phases, ex situ and
operando analyses were performed with an Empyrean 2theta/omega diffractometer
(PANalytical), equipped with the Cu Ka radiation. For ex sifu measurements, the Swagelok-
type cells were disassembled in the glove box, and the disk was washed with THF to remove
any trace of electrolyte. In order to avoid oxidation reaction, all these measurements were
performed protecting the samples with a Kapton tape. Operando measurements needed a
specifically developed electrochemical cell, equipped with a Be window, described
elsewhere.[36] In such a typical analysis, XRD pattern were collected every hour in the 20°-

45° 20 range, where most diffraction peaks of PTFE and Be are excluded. In this range,



Journal of Materials Chemistry A Page 8 of 25

however, there are enough peaks to clearly identify both Bi and Mg;Bi, and to follow their

evolution upon electrochemical cycling.

Results and discussion
1. u-Bivs. Mg

Figure 1 gathers the first 1.5 galvanostatic cycle obtained with a self-supported Bi electrode
obtained from micrometric powder after chunks pulverization (Fig. S1), as well as an ex situ
XRD collected at the end of discharge. During the first discharge, a single plateau occurs at
0.23 V, corresponding to the insertion of 1.53 mole of Mg into the Bi electrode likely through

the alloying between Mg and Bi, according to the reaction'®:
.3 1 :
BL+§Mg + 3e —>§Mg3BLZ

This reaction is highly reversible: Mg de-insertion reaction occurs at 0.32 V during charge
and the system shows a very limited polarization of about 90 mV. At the very beginning of
the first discharge, the cell voltage drops rapidly down to ~0.11 V, but then rises again in a
nonlinear fashion to finally reach the alloying plateau at 0.23 V. This feature was already
observed in different systems [23, 24, 25, 26, 29] and illustrates the kinetic balance between
the nucleation of Mg;Bi, particles in the electrode and their subsequent growth. It is worth to
note that Mg-Bi electrochemical alloying potential is extremely stable until achieving the
theoretical capacity of 385 mA h g”'. High capacity retention is shown after the first charge in

which 95 % of first discharge capacity is observed (1.46 Mg is deinserted).

The ex situ XRD pattern of the electrode collected at the end of the first discharge confirms

the quasi-complete magnesiation of the pristine electrode (Fig. 1.b). Indeed a highly
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crystallized Mg;Bi, phase is evidenced with refined cell parameters in complete agreement
with the literature. [37] The second discharge shows almost the same behavior of the first one,
with the exception of two remarkable differences. First, the plateau corresponding to Mg
insertion is slightly higher in potential (0.26 V), and then this potential is reached more
rapidly than in the first discharge, almost without the characteristic initial potential drop
described above. Both effects can be explained by an unexplored electrolyte evolution or
more likely assuming a morphology modification of the active material grains after the first
discharge (known as the electrochemical grinding). Indeed, the electrochemical alloying
reaction of Bi with Mg during the first discharge involves a size reduction (milling) of the
micrometric Bi particles which requires high energy. In subsequent cycles the particles
reactivity is therefore improved and less needed energy and leads to lower polarization for
both alloying and de-alloying process. This effect is clearly underlined by cyclovoltammetry
analysis where a potential shift is observable between the first and the second reduction (see
inset of Fig. 1a). A weak potential variation is observed during the first charge around x = 0.5.
This variation could be explained by assuming different electrochemical pathways for the two
distinct Mg sites of Mg;Bi, (the structure of Mg;Bi, evidences two distinct Mg
crystallographic sites with different coordination). However, this hypothesis seems unlikely
based on the in situ XRD investigation presented below, and it is more consistently
attributable to differences in grain size of the Mg;Bi, particles formed during the first charge.
Indeed the weak variation is not observed any more in the subsequent charge sequences.

In parallel with continuous galvanostatic tests, a GITT analysis was performed in order to
better understand the mechanism of Mg insertion/de-insertion in Bi (Fig 2). In this
chronoamperometric technique, a constant current flux is applied to the cell in order to
insert/de-insert Mg ions for a determined period of time, followed by an open-circuit voltage

(OCV) period, in which the battery relaxes and reaches a steady-state potential. This process
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was repeated until the complete magnesiation/de-magnesiation was achieved. Following the
close-circuit voltage (CCV) points, it is possible to find again the same trend shown in the
GCPL in both discharge and charge. Nevertheless, looking to the OCV points, during the
discharge an extremely stable thermodynamic potential is achieved at ~0.27 V and an almost
identical value can be found on the subsequent charge, showing the very high reversibility of
the Mg/Bi alloying reaction. Moreover, it is possible to confirm that the characteristic
potential drop during the very first moments of the discharge should be ascribed to a kinetic
effect because the OCV profile decreases directly down to the thermodynamic value without
any oscillation (see inset in Fig. 2). It is also interesting to note that the difference between
CCV and OCV in the plateau region is very small, and that the OCV potential is reached after
an extremely fast relaxation (Fig. S2), evidencing a quasi-absence of kinetic limitation during

the alloying reaction.

To verify this hypothesis and thoroughly investigate the structural changes involved in Mg/Bi
alloying/de-alloying, an operando XRD study was performed upon an autosupported
electrode cycled at C/20 (12.8 mA g) over 1.5 cycles (Fig. 3). As soon as the first discharge
progresses, the Bi diffraction peaks intensity decreases, while the Mg;Bi, diffraction peaks
simultaneously grow. This is also proved by the evolution curves of the integrated areas of the
Bi (102) and Mg;Bi, (102) selected diffraction peaks showing a perfect match between the
maximum and minimum of each curve (Fig. 4). It is noticeable that no delay occurs in the
observation of the biphasic process as usually reported in LiB due to the SEI formation. The
reversible phenomenon is also observed during the following charge. Interestingly this
biphasic transition happens without any amorphization process, as it was previously observed
for other alloy-type negative electrode materials vs. Li and/or Na.[38] Profile matching

refinements performed on all collected XRD patterns reveal that both Bi and Mg;Bi, cell

10
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parameters remain constant during the whole electrochemical cycling. This confirms that even
at very low Mg insertion values, there is no Mg-solubility in the Bi matrix, in total agreement
with the Bi-Mg phase diagram.[39] All the diffraction peaks of Mg;Bi, evolve in the same
trend either during discharge or charge process. This cannot allow differentiating two distinct

electrochemical pathways for the two Mg sites.

2. ,u-Mg3Bi2 vs. Mg

For MiB configuration a source of Mg ions is necessary either in the positive or in the
negative electrode material. Bi-based electrodes should be therefore associated with Mg-
containing positive electrode materials such as silicates (MgMSiO, [40, 41, 42]) or
polyanionic compounds (MgMPO4F [43, 44]). It is also very important to investigate Mg-
containing negative electrode materials in order to anticipate a possible next generation of
Mg-free positive electrode materials. [45] For these reasons, the electrochemical behavior of
as-prepared Mg;Bi, was also investigated in this study. Micrometric Mg;Bi, powder can be
easily obtained in only 5 hours of milling, as evidenced by XRD (Fig. S3). The two first
galvanostatic and CV cycling with Mg;Bi,-based electrodes are presented in Figure S4.
Almost complete electrochemical Mg de-alloying reaction is obtained, with a highly
reversible capacity (95% retention in the subsequent discharge). During the first charge, the
de-alloying process occurs around 0.5 V. This polarization, once compared to the value
observed on charge when starting from micrometric Bi electrodes, can be attributed to the
higher energy needed for de-alloying micrometric particles of Mg;Bi,. In fact, after this
electrochemical grinding, subsequent discharge and charge plateaus occur at the same
potential than these observed for the micro-Bi based electrodes (Fig. 1). The charge/discharge

process was also followed by operando XRD analysis. The biphasic mechanism is clearly
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evidenced by the disappearance/appearance of the diffraction peaks of both Mg;Bi, and Bi, as

well as by their constant cell parameters (Fig. S5 and S6).

3. Performances evaluation

Besides exploring the electrochemical mechanism it is worth trying to compare the
performances of electrodes based on micrometric powders as active materials with the
observations of the literature. Indeed easily scale-up formulations would be preferred if
further applications are considered. Cu-foil supported electrodes were tested at different
current densities from C/100 to 2C (for consistency only cycling collected at 2C is presented).
The initial potential local minimum observed at low rates is more pronounced with higher
current density. Consequently, the cut-off value of 0 V vs. Mg”" /Mg is sometimes directly
reached and several short activation cycles are therefore necessary to overcome this potential
drop and reach the alloying plateau. Figure 5 shows galvanostatic cycles at 2C (subsequent to
a few activation sweeps) on a Cu-foil supported electrode, as well as a SEM picture
illustrating the intimate mixing between active material (micrometric Bi) and additives
(carbon and polymer binder). Here also the alloying and de-alloying process is clearly
highlighted by the flat potential plateau. The battery exhibits a mean reversible capacity of
about 300 mA h g', only 22% lower than the theoretical one, with a slight but steady
decrease, and a coulombic efficiency stabilized around 98.5% after 50 cycles. The alternating
strong volume changes (~100%) during the alloying and de-alloying process might also
contribute to the capacity fading with a progressive loss of electric contact between the active
material grains and conductive additive. A continuous growing of SEI might be a possible
explanation. In Mg battery, the SEI formation on negative electrode materials based on p-

block elements remains a still completely unexplored domain. Surface characterization
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techniques are in progress to better understand the electrode-electrolyte interface evolution in
such systems.

The electrochemical performances of the micrometric Bi-based electrode were also evaluated
through rate capability tests from C/20 to 5C (Fig. 6). Here again, a steady decrease of the
capacity with increasing current density is observed. The performances are in line with those
obtained with Bi-NT electrodes.[29] In addition, it is interesting to note that high capacities
are obtained and remain constant for each C/20 cycling following a few cycles at high rates.
In fact, the electrochemical grinding which progressively divides the pristine micrometric
powder acts as an in situ self-nanostructuration. This process is responsible of the excellent
electrochemical cycling properties of Bi vs. Mg, and questions the needs of starting from

previously nanostructured electrode materials in the particular case of Bi.

4. Full Mg-ion cell: Mo3S4 vs. Mg;Bi,

In their previous work Shao et al. associated a pre-magnesiated Bi-NT with Chevrel phase
MosS, postive material for the first proof-of-concept of rechargeable Mg-ion battery with Bi-
based electrode. [29]. At C/10, a reversible capacity of 60mAh/g was measured. However
whithout any further details on the equilibration between the electrodes, it is rather difficult to
analyse such results. In this present work, it was decided to intentionnaly set Mg;Bi, as the
limiting electrode (details in supporting information). The first cycling are presented in
Figure 7. In a 2-electrode configuration the recorded potential directly reflects both electrodes
evolution. In discharge the average value of 0.6 V matches with the Chevrel phase
magnesiation potential (~1.1-1.2V vs. Mg* /Mg, ¢f Fig. S7) substracted by the first
demagnesiation Mg;Bi, plateau (0.5V vs. Mg> /Mg, cf. Fig. S4). The process seems
reversible and ex situ XRD validates the formation of Bi and MgyMo3S4. The slight potential
oscillations at the end of discharge might express some intermittent contact losses. The global

13
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shape of the discharge and charge greatly matches with what was previously observed on
Mos;S4/Mg;Bi;, and Mo3S4/MgSn full  cells.[24, 29] Unfortunately, a complete
demagnesiation of Mg3;Bi, is not yet achieved. The relatively viscosity of diglyme compared
to the Mg-organohaloaluminate electrolyte might hinder the electrochemical process and
therefore limits the demagnesiation yield. This preliminary result is still encouraging and
validates the strategy of investigating micrometric ball-milled Mg;Bi, as viable Mg-
containing negative electrode. However, challenges remain to optimize the full cell design

and reach better overall performances.

Conclusions

The specific electrochemical behavior of Bi vs. Mg was briefly reported in the recent
literature. In this paper, the complete mechanism was investigated using various
electrochemical techniques coupled to operando X-ray diffraction. The biphasic process,
between Bi and Mg;Bi, occurs in the whole reaction range. This result is in agreement with
the thermodynamic Bi-Mg phase diagram showing no Mg solubility in Bi and no additional
compounds other than Mg;Bi,. While intermediate amorphization is usually observed in other
alloy-type electrodes, in the special case of Bi and Mg;Bi,, both phases remain highly
crystallized during both the charge and the discharge. Mechanochemically prepared Mg;Bi,
also exhibits interesting behavior vs. Mg and has been successfully tested in prototype
complete Mg-ion cell with conventional electrolyte. This study confirms the interest of p-

block elements in the design of next-generation of magnesium-based storage systems.
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Figure captions

Figure 1: Galvanostatic curve of Bi/Mg battery obtained at C/100 with self-supported film
from micrometric Bi powder. The alloying/de-alloying reaction is clearly evidenced by the
potential plateau and the cyclovoltammetric curve (inset). The potential shift between the 1%
and 2™ discharges due the electrochemical powder milling is highlighted by the red arrow.
The vertical black arrow points out the slight potential rising during oxidation. The XRD
pattern collected ex situ at the end of the discharge (bottom) shows the electrochemical
formation of Mg3Bi, (observed, calculated and difference profile respectively on black dots,
red and blue lines; Bragg position on green vertical bars). The peak (*) corresponds to the

most intense diffraction peak of PTFE.

Figure 2: GITT curve obtained from Bi/Mg battery, with 1 hour of reduction/oxidation at
C/50, followed by 2 hours of relaxation at OCV.

Figure 3: Operando XRD characterization of the first discharge, charge and second discharge
of Bi/Mg battery. The biphasic transition from Bi to Mg;Bi, is shown here, without any
amorphization process. Profile matching refinements performed on all XRD patterns evidence
no cell parameters changes for both Bi and Mg3;Bi,. Similar results are observed starting from

Mgs;Bi,-based electrode (see Supplementary Information, Figure S1)

Figure 4: Evolution of integrated areas of Bi (102) and Mg;Bi, (102) diffraction peaks

collected during the operando XRD characterization.

Figure 5: Top, SEM picture Cu-foil supported electrode showing the micrometric Bi particles
embedded by carbon additives. Bottom, the galvanostatic curve obtained with such
formulation at 2C (after initial activation sweeps). In inset, evolution of discharge and charge

capacities as well as the coulombic efficiency.

Figure 6: rate-capability test from C/20 to 5C recorded with Cu-foil supported electrode from
micrometric Bi powder. The performances are also compared with results obtained from Bi-

NT. [29]

Figure 7: First cycling of Mg-ion cell prototype with both Mo3S, as positive and as-prepared

ball-milled Mg;Bi, as negative electrodes. Electrolyte is Mg(TFSI), in diglyme at 0.5mol/L.
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