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Abstract: Achieving the full potential of magnesium-ion batteries (MIBs) is still a challenge due
to the lack of adequate electrodes or electrolytes. Grignard-based electrolytes show excellent Mg
plating/stripping, but their incompatibility with oxide cathodes restricts their use. Conventional
electrolytes like bis(trifluoromethanesulfonyl)imide ((Mg(TFSI)2) solutions are incompatible with
Mg metal, which hinders their application in high-energy Mg batteries. In this regard, alloys can be
game changers. The insertion/extraction of Mg2+ in alloys is possible in conventional electrolytes,
suggesting the absence of a passivation layer or the formation of a conductive surface layer. Yet,
the role and influence of this layer on the alloys performance have been studied only scarcely. To
evaluate the reactivity of alloys, we studied InSb as a model material. Ex situ X-ray photoelectron
spectroscopy (XPS) and electrochemical impedance spectroscopy were used to investigate the surface
behavior of InSb in both Grignard and conventional Mg(TFSI)2/DME electrolytes. For the Grignard
electrolyte, we discovered an intrinsic instability of both solvent and salt against InSb. XPS showed
the formation of a thick surface layer consisting of hydrocarbon species and degradation products
from the solvent (THF) and salt (C2H5MgCl−(C2H5)2AlCl). On the contrary, this study highlighted
the stability of InSb in Mg(TFSI)2 electrolyte.

Keywords: Magnesium-ion batteries; surface chemistry; alloys; electrode surface film; electrolytes

1. Introduction

Nowadays, lithium-ion batteries (LIBs) are the main power source for portable appli-
cations due to their high energy and power density [1]. However, further development of
LIBs is still restricted by limited resources, high cost, and safety issues [2]. The high demand
of efficient, inexpensive, and safe electrical energy storage has accelerated the development
of new battery technologies. Alternative approaches based on positive ion shuttle such as
sodium-ion batteries (NIBs), magnesium-ion batteries (MIBs), and calcium-ion batteries
(CIBs) have been developed. Recently, aluminum-ion batteries (AIBs) and potassium-ion
batteries (KIBs) have also gained importance [3–11]. Among them, the electrochemical
storage technology based on magnesium ion transport emerged as a promising candidate
for post-lithium systems. Magnesium is an excellent alternative to lithium due to its high
specific capacity, low cost, abundance on Earth, and low reactivity. In terms of volumetric
capacity, Mg metal promises a relatively higher value (3833 mAh cm−3) than Li metal
(2047 mAh cm−3) [12]. More importantly, the natural abundance of Mg (29 000 ppm)
in the Earth’s crust is much higher compared to Li (17 ppm) [13]. Currently, the main
bottleneck for the development of Mg-based technologies is the lack of a suitable electrolyte
allowing both reversible Mg electrodeposition at the anode and reversible cation insertion
in cathode materials at high potential. In contrast to lithium metal, the reversibility of Mg
plating/stripping is limited in conventional electrolytes such as the Mg(TFSI)2 (magnesium
bis(trifluoromethane sulfonyl)imide) salt in a diglyme solvent. A blocking passivation
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layer forms that prevents Mg2+ ion migration [14,15]. To address this issue, several strate-
gies are being employed, most of them towards developing advanced electrolytes with
wide electrochemical stability window and high ionic conductivity [16–20]. However, an
adequate electrolyte compatible with both Mg anode and high-potential cathode is yet to
be found.

Employing alternative negative electrodes based on elements forming alloys with Mg
is another promising approach to enhance the viability of MIBs. The alloying/dealloying
reactions of several p-block elements such as Sn, Sb, In, Pb, and Bi with Mg occur at
a slightly higher potential (below 0.3 V vs. Mg/Mg2+) than the Mg plating/stripping,
and with promising theoretical capacities [21–26]. Preliminary reports suggested that
intermetallic anodes are compatible with a conventional electrolyte such as Mg(TFSI)2 in
acetonitrile solution, opening the way for the use of conventional electrolytes to fabricate
full MIB cells [5]. Using alloys seems thus a good strategy to avoid the surface passivation
problems in standard electrolytes, without yet a clear understanding of the mechanisms
at work [5,27]. Seminal questions still exist on the existence of a surface layer or on its
ionically conductive or passivating nature.

Several magnesium alloys such as Mg2Sn and Mg3Bi2 were first investigated as nega-
tive electrodes for magnesium storage in half-cell configuration using all phenyl complex
(APC) electrolytes [27,28]. Recently, Ikhe et al. demonstrated the feasibility of 3Mg/Mg2Sn
composite as an anode for high performance MIBs in a standard electrolyte solution [28],
while Blondeau et al. investigated In-based intermetallic alloys (InSb and InPb) as negative
electrodes using magnesium aluminum chloride complex (MACC) electrolyte solution:
EtMgCl−Et2AlCl in THF (Et = ethyl, THF = Tetrahydrofuran) [29,30]. In the case of InSb,
the synergy created between In and Sb unlocked the electrochemical reversibility of Sb
with Mg. The InSb anode, cycled in a half-cell, delivered a first magnesiation capacity of
around 500 mA h g−1, while a capacity of 300 mAh g−1 was obtained in the subsequent
cycles. The partial reversibility of Sb in InSb has still to be fully explained. It can be linked
to the electrode microstructure or correlate with the nature of the interface formed.

The solid electrolyte interphase (SEI), which is derived from the decomposition of
electrolyte at the electrode surface [31–33], plays a major role in cycling, power capability,
and cycle life of Li-ion batteries. The SEI formation for LIBs has proven to be quite beneficial,
as it allows cation diffusion while blocking electrons from the electrode, preventing further
electrolyte decomposition [34]. In contrast to the large amount of investigations on the SEI
formation in LIBs anodes, interfacial studies for MIB alloy electrodes are scarce [27].

The formation and evolution of the surface layer can influence strongly the batter-
ies performance and behaviors of alloy materials. It is thus crucial to understand the
mechanisms underlying its formation as well as its chemical properties to understand the
performance reported. In this work, we used InSb as a model alloy and we evaluated
the composition of the surface layer formed on the electrode upon reaction with Mg. The
surface chemistry of InSb electrodes cycled in MACC electrolyte was examined by elec-
trochemistry and X-ray photoelectron spectroscopy (XPS). For comparison, the chemical
composition of the InSb surface was also evaluated in a Mg(TFSI)2-based electrolyte.

2. Materials and Methods
2.1. Synthesis of Materials

In (99.9%), Sb (anhydrous, 99.5%), Mg (99.8%), and carbon (Csp, 99+%) were pur-
chased from Alfa Aesar (Thermo Fisher GmbH, Kandel, Germany). Ethylmagnesium
chloride [EtMgCl, 2.0 M in tetrahydrofuran (THF), diethylaluminium chloride (Et2AlCl,
97%), carboxymethyl cellulose (CMC), and Diethylene glycol dimethyl ether (DME) were
received from Sigma-Aldrich (Saint Quentin Fallavier, France). Mg(TFSI)2 (Solvionic,
99.5%), salt was used after drying at 150 ◦C in a vacuum oven. Mg plates (99.95%) and
Cu foils (12 µm) were acquired from Gallium Source and Oak Mitsui, respectively. The
InSb compound was produced according to a previous report [29]. For the synthesis of
InSb, a stoichiometric proportion of In and Sb was ball milled in a stainless-steel container



Molecules 2021, 26, 5721 3 of 14

(volume, 80 mL) containing 3 stainless steel balls (diameter, 10 mm) using a planetary-type
mill (Fritsch Pulverisette, Fritsch GmbH, Idar-Oberstein, France). The ball to powder ratio
was 70: 1 and milling was performed for 6 h at a speed of around 300 rpm (revolution per
minute) under inert atmosphere (Ar). MgIn and Mg3Sb2 compounds were synthesized by
mechanical milling in a similar fashion.

2.2. Electrode Preparation and Electrochemical Tests

The composite electrodes were formulated by dispersing simultaneously 80 wt% ac-
tive material (i.e., InSb), 10 wt% carbon, and 10 wt% CMC binder in deionized water using a
milling apparatus (MM400, Retsch, Eragny, France) for 20 min. Afterwards, the slurry was
casted on Cu foils by using a spiral film coater and then dried in air for 12 h. The electrode
film was punched into discs (14 mm in diameter) and then dried at 110 ◦C for 24 h under
vacuum prior to transfer into an argon filled glove box (JACOMEX, Dagneux, France).
The final mass loading of active material on the electrode was 0.65 ± 0.13 mg cm−2. The
electrochemical tests of the as-prepared electrodes were carried out against a Mg plate
as both counter and reference electrode using Swagelok-type cells (Swagelok, Villebon
sur Yvette, France). The electrolyte was formulated according to previous reports and the
final composition was 0.35 M EtMgCl–Et2AlCl in THF [29]. For comparison, an electrolyte
solution consisting of 0.5 M Mg(TFSI)2 in DME solvent was used. Whatman glass-fibers
(GF/A) (Dutscher, Bernolsheim, France) were used as separators and soaked with elec-
trolyte. All the tests were performed at room temperature using a multichannel VMP3
potentiostat (Biologic Science Instruments, Grenoble, France) under galvanostatic mode
(GCPL) between 0.005 to 0.8 V vs. Mg2+/Mg at a current rate of C/50. Electrochemical
Impedance Spectroscopy (EIS) analyses were carried out on InSb/Mg half-cells in the
frequency range of 1 MHz to 1 Hz and with a voltage amplitude of 5 mV.

2.3. XPS Analysis

The composition of the surface layer was examined by ex situ XPS on InSb electrodes
recovered immediately after cycling. The cells were first disassembled inside an Ar-
filled glove box, the electrodes were recovered and rinsed with THF, and finally dried
to guarantee that no trace of electrolyte was left. XPS measurements were carried out
with a Kratos Axis Ultra DLD spectrometer (Kratos Analytical Ltd., Manchester, UK)
using a monochromatic Al Kα excitation (1486.7 eV) at 150 W and a charge compensation
system. The high-resolution core peaks were recorded with a constant pass energy of
40 eV. Several precautionary steps were taken to avoid the contact of samples with air
and moisture. Hence, all the samples were handled under control Ar-atmosphere. A XPS
transfer vessel was employed to transfer the samples from the glove box to the spectrometer.
The binding energy scale was calibrated with the hydrocarbon contamination using C1s
peak at 284.8 eV. A nonlinear Shirley-type background was used, while the core peaks and
the corresponding areas were analyzed by a weighted least-squares fitting method using
Lorentzian line shapes [35].

3. Results and Discussion
3.1. Electrochemical Behavior of InSb Electrode in a Grignard-Based Electrolyte

Figure 1a shows the galvanostatic profile for an InSb electrode cycled vs. Mg metal at a
C/50 rate in a 0.35 M EtMgCl–Et2AlCl/THF electrolyte. A full electrochemical characteriza-
tion of InSb can be found in a previous work [29]. In the first magnesiation, two regions are
observed at 0.09 and 0.16 V, as expected from previous results [29]. These two regions corre-
spond respectively to the formation of Mg3Sb2 and MgIn during the magnesiation process.
In the first magnesiation, 1.8 Mg2+ are inserted, but only 0.5 Mg2+ are extracted in the first
demagnesiation, indicating a poor reversibility. Figure 1b depicts the cycling performance
of the InSb electrode vs. Mg at C/50. The InSb electrode exhibits a first magnesiation
capacity of around 400 mAh g−1. This is lower than the theoretical capacity of 566 mAh g−1

(assuming a five electrons transfer), which denotes an incomplete reaction at the negative
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electrode. The first demagnesiation capacity equals to 121 mAh g −1, corresponding to only
30% of the initial magnesiation capacity. In the subsequent cycles, both magnesiation and
demagnesiation capacities increase slightly, while a decay occurs around 25 cycles. The
earlier studies on alloy type electrode materials in MIBs [36–38] and LIBs [39,40] already
reported a low electrochemical activity in the initial cycle. This behavior could be related
to a limited use of active material in the early cycling, at the surface and near the surface
region. Upon cycling, the active material reactivity seems to gradually increase from
surface region to bulk through an activation process [41]. The partial reversibility of InSb
could also be related to volume changes in the electrode during the first magnesiation
and to the partial reversibility of the Sb/Mg3Sb2 reactions [29]. Usually, conversion type
electrodes experience severe volume changes upon cycling (estimated around 100% for the
InSb), leading to the disconnection of active material particles from electronic and ionic
additives, resulting in capacity decay [36–40]. On the other hand, the irreversible capacity
could be correlated to electrolyte degradation at the electrode/electrolyte interface [42].
The decomposition of electrolyte/solvent during electrochemical cycling may lead to the
formation of a passivation layer containing species with poor ionic conductivity, which
may impede Mg2+ ions migration across the layer [27].

Figure 1. (a) Galvanostatic profiles and (b) capacities upon cycling for InSb/Mg cells cycled at C/50 rate between 0.8 and
0.005 V in 0.35 M EtMgCl–Et2AlCl/THF.

Generally, electronic and ionic segregation of active material at the electrode sur-
face could lead to an increase of the cell resistance, and be responsible for the capacity
fading [43]. To get insights into the irreversibility mechanism of the InSb electrode, EIS
measurements were performed on InSb/Mg half-cells. Nyquist plots obtained before and
after cycling along with corresponding equivalent circuits used for fitting the data are given
in Figure 2a and 2b. The fitted values are given in Table 1. Before cycling, the cell spectrum
consists of a highly depressed semicircle at high frequency and a straight line at low fre-
quency, corresponding respectively to interface resistance and Warburg impedance [44].
After 30 cycles, the spectrum consists of two overlapped semicircles and a tilted straight
line. The additional semicircle is attributed to charge-transfer resistance. The total resis-
tance of the cell (R = R1 + R2 + R3) decreases after cycling (Table 1), suggesting that the
internal resistance of the cell is not responsible for the capacity fading. Before cycling,
the ohmic resistance (R1) is 98 Ω, and decreases to 24 Ω after cycling, due to the process
of adjusting the internal components: the infiltration of electrolyte inside the electrode,
the distribution of electrode materials, and the compact relation of transport processes
to electrode structures. However, the interfacial resistance (R2) seems to increase slightly
after the charge-discharge cycles, denoting the formation of a surface film by electrolyte
decomposition that gradually thickens by the accumulation of decomposition products
during cycling. After cycling, appearance of charge transfer resistance (R3) indicates that
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electrochemical activity occurred at the electrode surface. Charge transfer resistance (R3) is
linked to the process of electron transfer from one phase to another. Based on the overall
cell resistance, it becomes evident that the global cell resistance is not responsible for
the low reversible capacity. Some other factors such as the passivation layer formed by
decomposition of electrolyte and solvent and electronic and ionic segregation of active
material within the electrode could be the reason for poor reversible capacity, which possi-
bly came from volume changes of the electrode [45,46]. To understand better the effect of
the surface layer on the electrochemical behavior of InSb electrodes, XPS analyses were
performed to investigate the evolution of the surface layer composition in two different
electrolyte solutions.

Figure 2. Nyquist plots obtained (a) before and (b) after cycling of InSb/Mg cells. The corresponding equivalent circuit for
fitting the plots is depicted in each figure. The equivalent circuit parameters: R1, R2, R3, and W correspond to the ohmic
resistance, interface resistance, charge-transfer resistance, and Warburg (cation diffusion) resistance, respectively. CPE1 and
CPE2 represent constant phase elements associated with R2 and R3, respectively. The fitting factors (χ2/|Z|) obtained from
the EIS before and after cycling are 0.012 and 0.013, respectively.

Table 1. Fitting parameters of the Nyquist plots for InSb/Mg cells.

InSb/Mg Cell Before Cycling After Cycling

R1 (Ω) 98 24
R2 (Ω) 6 12
R3 (Ω) − 3

W (Ω s−1/2) 3300 100
CPE1 (F sa−1) 0.56 × 10−6 3.6 × 10−6

CPE2 (F sa−1) − 2 × 10−4

3.2. Chemical Composition and Evolution of the InSb Electrode Surface
3.2.1. Surface Layer Composition in Grignard-Based Electrolyte

The composition of the InSb electrode surface in a Grignard-based electrolyte was
investigated by ex situ XPS measurements. The C1s, O1s/Sb3d, In3d, Mg2p, Al2p, and
Cl2p spectra of pristine, discharged, and charged InSb electrodes are shown in Figures 3–5.
They correspond to electrodes cycled at different states of the first discharge and charge
and after a prolonged cycling of 30 cycles.
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Figure 3. (a) C1s and (b) O1s/Sb3d core peaks spectra of the InSb electrode cycled in EtMgCl–Et2AlCl/THF electrolyte vs.
Mg. 1

4 D1, 1
2 D1, D1, C1, and C30 denote the first one-quarter discharge, first half discharge, first discharge, first charge, and

30th charge, respectively. All spectra were calibrated by considering the adventitious carbon peak (C-C/C-H) at 284.8 eV.

Figure 4. (a) In3d and (b) Mg 2p core peaks spectra of the InSb electrode cycled in EtMgCl–Et2AlCl/THF electrolyte vs. Mg.
All spectra were calibrated by considering the adventitious carbon peak (C-C/C-H) at 284.8 eV.
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Figure 5. (a) Cl2p and (b) Al2p core peaks spectra of the InSb electrodes cycled in EtMgCl–Et2AlCl/THF electrolyte vs. Mg.

• C1s region

Figure 3a displays the XPS C1s core spectra obtained for pristine and cycled InSb
electrodes in the EtMgCl–Et2AlCl/THF electrolyte. For the pristine InSb composite elec-
trode, the C1s core spectrum shows three major components related to the carbon additive,
aliphatic chains (C-C/C-H), and the CMC binder [47,48]. A weak peak corresponding to
CO3 is observed at a high binding energy (290.0 eV) [49]. In the beginning of discharge
(one-quarter of discharge 1

4 D1), the peaks linked to the CMC binder are no longer detected,
suggesting the formation of a layer on the electrode surface whose thickness is exceeding
the penetration limit of XPS measurement (5–10 nm). Yet, the peak related to carbon addi-
tives is still observed, implying that the surface layer thickness is smaller than 5–10 nm,
allowing the detection of a part of the carbon additive. It can also be noticed that the
carbon peak is slightly shifted towards lower binding energy for the discharged samples, as
previously reported [50]. In addition, new carbonaceous species corresponding to C-O and
CO2 environments appear at the surface of cycled electrodes. After completing half of the
first discharge and the full first discharge ( 1

2 D1 and D1), a similar pattern with some relative
intensity fluctuations is observed, denoting a continuous thickening of the surface film. For
the first charge (C1), no changes are observed in the electrode surface composition, but that
trend changes after prolonged cycling. In the C30 spectrum, corresponding to an electrode
discharged and charged for 30 cycles, the carbon additive signal is no longer detected,
revealing the formation of a much thicker surface film. Two new important features appear
at the surface: MgCO3 (290.8 eV) and -(CH2)4C-O-)n (287.8 eV) species. The existence of
carbonate species in the XPS spectrum is obvious for the electrode recovered after a long
cycling, in agreement with earlier reports [41,51]. The signal of polyether -(CH2)4C-O-)n is
highly intense and corresponds to degradation products from the THF solvent. The relative
concentrations of all the components of the C1s spectra are gathered in Table S1.

• Sb3d/O1s region

The Sb3d/O1s core spectrum of the pristine InSb electrode (Figure 3b) presents three
sets of doublets corresponding to the active material InSb, Sb oxide, and unreacted metallic
Sb [52–55]. The minor Sb component is related to traces of unreacted Sb during the InSb
synthesis, likely to remain at the topmost surface. The prominent peak of the spectrum
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located at 533.4 eV is assigned to the O1s contribution of the CMC binder. At the 1
4 D1 stage,

the initial components observed on the pristine electrode slightly decrease in intensity,
suggesting the formation of a thin surface layer. In contrast to the pristine sample, here the
intensity of Sb2O3 is relatively lower than InSb, implying that some portion of oxidized Sb
participates in the magnesiation reaction, as already observed for surface tin oxides [37,41],
or reacts with the electrolyte. Surprisingly, a broad peak corresponding to In(OH)3 is
observed around 533.0 eV), which might arise from a parasitic and irreversible chemical
reaction between discharged InSb and the THF solvent [56,57]. On further discharge
( 1

2 D1 and D1), all the peaks related to pristine components vanish, while a new doublet
corresponding to the Mg3Sb2 (526.8, 536.2 eV) compound appears (reference spectra of
Mg3Sb2 are given in Figure S1). The presence of Mg3Sb2 illustrates the alloying reaction of
Mg with Sb, in agreement with previous electrochemical and XRD data [29]. Interestingly,
the Sb3d peaks corresponding to the InSb active material reappear in the charge spectrum
(C1), demonstrating the reversibility of the magnesiation reactions. The electrode surface
after one charge (C1) possesses the same composition as the discharged sample surface
layer in the O1s region, denoting the growth of the surface layer. After prolonged cycling
(C30), the O1s spectrum clearly evidences changes in the surface composition, where two
additional species are detected: MgCO3 and -(CH2)4C-O-)n, verifying the findings of the
C1s spectrum for the C30 sample. In this case, the surface species observed on the first
cycle are hardly detected due to the formation of a relatively much thicker surface film. A
continuous increase in the content of oxide species is observed upon cycling (Table S1),
especially the C-O associated component, which increased to 12% (from 4.7%) after the first
discharge (D1), evidencing the steady degradation of the solvent and electrolyte molecules.

• In3d region

Figure 4a illustrates the XPS In3d core peak spectra for the InSb electrode at the
different stages of (de)magnesiation. Two sets of doublets corresponding to InSb and
In2O3 components are observed for the pristine electrode [54,58,59]. At the beginning
of discharge ( 1

4 D1), a new feature like In(OH)3 is observed (along with In2O3 and InSb),
revealing again the chemical reactivity between the electrode and the electrolyte/solvent.
After the first discharge, the decrease of the In2O3 peak intensity suggests its involvement
in the magnesiation process or its reaction with the electrolyte. In the 1

2 D1 spectrum, a new
set of peaks fitting with In metal is detected (reference spectra of In in Figure S1), which
arises from the extrusion of In from the InSb alloy, as already seen in the magnesiation
and lithiation of InSb [29,60]. Unlike the electrochemical profile, MgIn is not identified
in the In3d spectrum, as confirmed by the Mg2p spectrum (Figure 4b). This could be
related to the overlapping of MgIn and In peaks as both show similar binding energies
(Figure S1). On further magnesiation (D1), the intensity of the metallic In peaks increases,
while the peaks vanish upon charging (C1). This may underline the reversibility of the
demagnesiation process to form back the InSb compound as seen in the Sb3d spectra, or
a reaction of metallic In with the electrolyte solvent to form In(OH)3. In any case, the
large amount of In(OH)3 detected suggests that this species might be a byproduct of a
chemical reaction between the active material and the solvent, revealing the instability
of InSb in Grignard type electrolytes. To support this hypothesis, deeper study about
interfacial chemistry of the InSb is required. After prolonged cycling (C30 sample), InCl3 is
observed as a new specie in the surface layer [61,62]. Its formation may be the consequence
of EtMgCl decomposition, that may further react with InSb or In metal via Cl− transfer, as
suggested in earlier reports on alloys [63,64].

• Mg2p region

The XPS Mg2p core spectra (Figure 4b) for all discharged ( 1
4 D1, 1

2 D1, and D1) and
charged samples (C1) are characterized mainly by two components: EtMgCl and MgO [37,64].
The EtMgCl corresponds to the electrolyte salt traces remaining at the surface despite the
rinsing of the electrode with THF solvent. MgO appears as the main component of the
Mg-based species. Its presence might originate from the electrolyte decomposition. For 1

2 D1
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and D1 samples, a minor peak at 49.8 eV is assigned to Mg2Sb3 (reference spectra of Mg3Sb2
in Figure S1), as already featured in the discharge O1s/Sb3d spectrum (Figure 3b). In the
C30 spectrum, after prolonged cycling, magnesium carbonate MgCO3 is detected at 52.1 eV,
in agreement with the O1s and C1s spectra (Figure 3). The presence of MgCO3 is mainly
due to electrolyte decomposition. Finally, another peak appears at a high binding energy of
53.5 eV, but was not identified. It might be related to other Mg-based degradation products.

• Cl2p and Al2p regions

Finally, Cl and Al-based species were detected on the electrode surface as shown in the
Cl2p and Al2p XPS spectra in Figure 5a and b. All the samples (except C30) show similar
species in various concentrations (Figure 5a). Two sets of doublets corresponding to EtMgCl
and AlCl3 (as confirmed by Al2p spectrum) are observed on the Cl2p spectra. Both species
can be attributed to residual Cl-based species from the as-synthesized electrolyte. The
concentration of AlCl3 seems to be relatively higher in comparison to EtMgCl in all the cases,
indicating the constant decomposition of the electrolyte. In the deconvoluted spectrum of
the C30 sample, a new component attributed to InCl3 is observed, as already verified from
the In3d spectrum (Figure 4a). In the D1 sample, traces of metallic Al are detected, which
arise most likely from the reduction of Al anions to Al0 during discharge [65]. During the
first charge, the intensity of the AlCl3 compound decreases significantly, highlighting a
partial dissolution of the species. For the C30 sample, an Al signal is detected at 74.1 eV
and is probably assigned to Al2O3, which can result from the oxidation of some Al species
during prolonged cycling [65].

3.2.2. Surface Layer Composition in a Mg(TFSI)2-Based Electrolyte

To compare the reactivity of the alloy compound in the Grignard electrolyte with
a conventional electrolyte, we investigated the surface layer formed on a InSb electrode
cycled in a Mg(TFSI)2-based electrolyte. Figure 6a–d shows the C1s, O1s/Sb3d, In3d,
F1s, and Mg2p spectra for a InSb electrode cycled in 0.5 M Mg(TFSI)2/DME electrolyte
and slightly discharged (Figure S2). The Mg metal counter electrode in this system is
quickly passivated in the Mg(TFSI)2/DME electrolyte, leading to a limited stripping of Mg
metal, and thus explaining the limited number of Mg2+ that reacts with the InSb material.
Therefore, the cycling mainly denotes the reactivity of InSb with the electrolyte and the
formation of the surface layer.

Figure 6. (a) C1s, (b) O1s/Sb3d, (c) In3d, (d) F1s, and (e) Mg2p core peaks spectra of slightly demagnesiated InSb in 0.5 M
Mg(TFSI)2/DME electrolyte.
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The C1s spectrum of the discharged electrode in Figure 6a consists of five carbonaceous
species corresponding to carbon additive, adventitious hydrocarbon, CMC binder, DME,
and CF3 (electrolyte) [66]. The presence of CF3 is related to the Mg(TFSI)2 salt residue
remaining at the surface, as confirmed by the Mg 2p and F1s spectra (Figure 6d–e) [27]. The
appearance of CMC and carbon additive signal with decreased intensity suggests that a thin
surface layer is formed on the discharged electrode. The O1s spectrum verifies the existence
of CMC and C-O containing species (DME and adventitious carbon) at the electrode surface.
The deconvoluted Sb3d and In3d spectra (Figure 6b–c) show the presence of the active
material InSb and respective metal oxides (Sb and In). A significant decrease in the amount
of surface oxidized metal species compared to the pristine electrode (Figure 3b, bottom
layer) reveals their involvement in the magnesiation process, in consistence with what
has been observed for the electrode discharged ( 1

4 D1) in the Grignard-based electrolyte.
Unlike the EtMgCl–Et2AlCl case, magnesiated products like Mg3Sb2 and metallic In are
not observed here, probably due to the limited magnesiation of the electrode.

Interestingly, the nature of the chemical species formed on the electrode surface in
Mg(TFSI)2 electrolyte is completely different as compared to the EtMgCl–Et2AlCl case. No
compounds such as In(OH)3 are observed on the surface, in contrast to what was revealed
on the surface formed in the Grignard electrolyte at the early stage of discharge. This
suggests a better stability of the InSb material in the conventional electrolyte. Overall,
the spectra evidenced the limited degradation of the DME (C6H14O3) solvent as well as
the TFSI− (C2FNO4S2) anion during the cycling of the InSb, which contrasts with the
observation for the corrosive electrolyte, where decomposition of both salt and solvent
was observed. This suggests that the electrolyte and solvent degradation is minimal in this
case and the surface layer is very thin, revealing a significant stability of the InSb electrode
in the conventional electrolyte. This study seems to confirm the better stability of InSb
in the conventional electrolyte, predicting its applicability as an anode material in full
high-voltage MIB cells.

3.2.3. Discussion

The XPS results presented herein denote the evolution of the chemical compositions
formed at the InSb surface cycled in two different solutions: the corrosive EtMgCl-Et2AlCl/THF
electrolyte and the conventional Mg(TFSI)2/DME electrolyte. After (de)magnesiation, a typi-
cal composition consisting of hydrocarbon species, carbonates, and degradation products
of solvents and salts is detected on the electrode surface in the Grignard electrolyte. Several
carbonaceous species such as aliphatic chains, adventitious carbon oxides (C-O and CO2),
and carbonate are observed. During initial cycling, a thin surface layer is formed on the
electrode, which eventually allows the detection of some part of the active material elec-
trode underneath the surface layer. The electrochemical mechanism of InSb (de)alloying is
also evidenced by the XPS spectra. The magnesiation of InSb forms Mg2Sb3 and In, and
demagnesiation of Mg2Sb3 and In transfers back to InSb, indicating a reversible electro-
chemical process. Unfortunately, the magnesiation product MgIn was not clearly evidenced
as its characteristic binding energies are very close to metallic In. A prolonged cycling in
the Grignard electrolyte leads to the formation of a thicker surface layer (≥5 nm), revealing
a continuous growth of the surface layer and an extended electrolyte degradation upon
cycling. This extended decomposition might arise from the repeated volume changes upon
(de)magnesiation that create fresh surfaces for electrolyte interfacial reactions. The presence
of species such as In(OH)3, MgO, EtMgCl, and AlCl3 at the electrode/electrolyte interface
indicates that the EtMgCl-Et2AlCl electrolyte decomposes through chemical reactions. Af-
ter long cycling, more decomposition products like carbonates, polyether, and In chloride
are detected, representing a steady decomposition of the electrolyte upon cycling. As a
comparison, the interfacial behavior of InSb in the early stage of cycling was revealed in
a conventional electrolyte. The nature of the surface layer on InSb in a Mg(TFSI)2-based
electrolyte is completely changed and the reactivity of the DME solvent seems marginal
with a very thin surface layer deposited on the electrode surface. In contrast to Grignard
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electrolyte, the XPS analysis suggests fortunately a limited reactivity in this electrolyte
concerning the InSb material, predicting its applicability as anode in high-voltage Mg
batteries. This stresses out the importance of the electrolyte’s nature in the interfacial
reactivity of alloys materials.

4. Conclusions

In the present study, we investigated with ex situ XPS the surface reactivity of the InSb
material at different stages of cycling in two different electrolytes for Mg batteries. The
surface chemistry of the InSb alloy in a Grignard-type electrolyte evidenced the continuous
growth of a surface layer upon cycling. The surface layer is constituted mostly of organic
and inorganic compounds from both the electrolyte salt and solvent degradation such
as carbon-oxygen species, MgO, AlCl3, and indium hydroxides. In contrast, after 30
cycles the surface composition changes drastically with the building of a thicker layer
mainly composed of MgCO3, polyether chains derived from the solvent, and In chloride,
highlighting the high reactivity of the InSb alloy compound in the Grignard electrolyte.

While the cycling of the InSb intermetallic compound shows the formation of a thick
decomposition layer in Grignard electrolyte, the reactivity seems limited in a conventional
electrolyte based on the Mg(TFSI)2 salt. This discrepancy in the reactivity with electrolytes
may affect the global performance of the alloy. The high reactivity of the alloys in the
Grignard-based electrolyte may consume electrons and ions and cause irreversibility. For
sake of simplicity, most studies on alloys for Mg batteries evaluate the performance of
alloys in half-cell using a Grignard electrolyte to allow the use of metallic Mg as counter
and reference electrodes. However, we showed herein that this can be misleading. This
may lead scientists to conclude wrongly that the alloy performance is low, while increased
performance can be obtained in a more suitable electrolyte. This study highlights how
crucial the choice of electrolyte is in the performance’s evaluation of alloy compounds for
Mg batteries and calls for caution in the anode/electrolyte selection to obtain the more
accurate view of the electrochemical and chemical processes in these promising materials.

Supplementary Materials: The following are available online. Table S1: XPS atomic percentages of
the chemical species formed on the InSb electrode in the Grignard electrolyte. Figure S1: (a) The
C1s, (b) O1s/Sb3d, (c) In, and (d) Mg 2p core peaks spectra of pure In, MgIn, and Mg3Sb2 powders.
Figure S2: Galvanostatic profile for a InSb/Mg cell cycled at C/100 rate in 0.5 M Mg(TFSI)2/DME.
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