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ABSTRACT

In this work, experimental and computational methods based on density functional theory (DFT) were used to
study the spontaneous degradation (i.e. in the absence of any external electromotive force) of pure metallic
magnesium (Mg) and magnesium stannide (Mg,Sn) in all-phenyl complex (APC) electrolyte, a commonly used
Mg-ion battery electrolyte. Our results reveal that Mg atoms can be stripped from metallic Mg and from Mg,Sn
through galvanic replacement reactions involving anions present in APC such as PhyAl, Ph,AlCl,, PhAICI; and
AlCl,, resulting in Mg dissolution and metallic aluminum deposition. Such a spontaneous degradation phe-
nomenon is susceptible to impact the performance of Mg-ion battery cells in which metallic Mg or magnesium
alloys are used as anodes. In particular, we have found that Mg-ion battery half-cells assembled using Mg»Sn and
metallic Mg as the working and counter electrodes, respectively, and APC as the electrolyte, exhibit Coulombic
efficiencies higher than 100% at low C-rates. Such an unusual Coulombic efficiency is attributed to unbalance
charge associated with the difference in Mg atoms dissolution rate between the Mg,Sn working electrode and the

Mg metal counter electrode, when these electrodes undergo spontaneous degradation in APC.

1. Introduction

Recently Mg-ion batteries (MIBs) have received renewed interest as
promising alternative to Li-ion batteries (LIBs), owing to the high
availability of raw Mg resources, the divalent nature of Mg2*, which
can transfer twice as much electrons as monovalent Li ", a reduced risk
of physical hazards when metallic Mg is exposed to air, and the non-
dendritic nature of Mg metal [1-4]. Despite these remarkable features,
the development of practical MIBs has been hindered by the lack of
suitable electrolytes that are compatible with Mg metal [5-8]. Speci-
fically, conventional salts and organic solvent combinations similar to
those successfully used in LIBs commonly form a Mg-ion-blocking
passivating film onto Mg metal anodes [9-12]. As a consequence, only a
few classes of electrolytes are compatible with Mg metal as negative
electrode [3,13,22,14-21], among which all-phenyl complex (APC), a
second generation organohaloaluminate electrolyte developed by Aur-
bach et al. [15,23-25]. The APC electrolyte derived from in situ reaction
between 2 equivalents of Lewis base phenylmagnesium chloride
(PhMgCl) and 1 equivalent of Lewis acid aluminum trichloride (AICl3)

in tetrahydrofuran (THF) solvent was designed to improve the oxidative
stability beyond “2.2V vs. Mg/Mg2" by replacing the Grignard alkyl
ligand with phenyl group, which excludes the 3-H elimination source
[23,24]. Thus, APC is considered to be a suitable MIB electrolyte in the
voltage window below “2.2 V vs. Mg/Mg?>*, beyond which it becomes
corrosive [25-29]. While previous studies on the corrosive nature of
APC have focused on the corrosion of current collectors and stainless
steel coin cell cases by chloride ion (Cl™) at polarization voltages be-
yond 2.2V vs. Mg/Mg*" [1,25,28,30,31], the corrosion of Mg metal
and its alloys have rarely been studied despite the fact that metallic Mg
is more vulnerable to corrosion than the stainless steel coin cell parts
previously investigated. It is anticipated that APC-induced degradation
of Mg metal and Mg alloys used as anodes in MIBs will negatively
impact the cell performance. In the present work, we investigate the
spontaneous corrosion (i.e. in the absence of externally applied po-
tential) of Mg metal and Mg alloys in APC electrolyte. We show that
anions present in APC such as PhyAl’, Ph,AlCl, , PhAICl; and AICl, can
extract electrons from metallic Mg and Mg alloys, resulting in Mg dis-
solution and Al metal deposition, a process known as galvanic
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replacement [32]. In the first part of the Results and Discussion section,
we use density functional theory (DFT) to demonstrate that the above-
mentioned anions are indeed susceptible to extract elemental Mg from
Mg metal and Mg alloys (e.g. Mg,Sn) through galvanic replacement
reaction. In the second part of the Results and Discussion section, we
verify experimentally that elemental Mg can spontaneously dissolve
from Mg alloy (namely Mg,Sn) kept in APC. In the third part of the
Results and Discussion section, we investigate the impact of APC-induced
Mg dissolution on the electrochemical performance of MIBs by com-
paring the Coulombic efficiencies of MIB half-cells cycled in APC at
various C-rates.

2. Experimental section
2.1. Chemicals and materials preparation

Mg,Sn alloy was fabricated by melting Mg chips (99.98% Sigma-
Aldrich) and Sn shot (Sigma-Aldrich, 99.8%). The corresponding alloy
ingot was mechanically grinded into powder in an argon-filled glove
box, followed by 6 h ball-milling (Spex 8000 mixer/mill machine) to
further reduce the particle size as in our previous work [33]. APC
electrolyte was made using phenylmagnesium chloride (PhMgCl, 2 M in
THF, Sigma-Aldrich), aluminum chloride (AICl3;, anhydrous, 99.99%,
Sigma-Aldrich) and tetrahydrofuran (THF, > 99.9% anhydrous, Sigma-
Aldrich) [33].

2.2. Material characterizations

X-ray diffraction (XRD) patterns of the pristine Mg>Sn and Mg>Sn
samples kept for corrosion in APC electrolyte for 15 and 30 days were
acquired using a Rigaku GeigerFlex X-ray diffractometer equipped with
a graphite monochromator, and using the Kal line of a Cu X-ray tube.
All patterns were collected on a Bragg angle range of 30-95° with the
steps of 0.05° and a scan rate of 2° min~'. Energy dispersive X-ray
spectroscopy (EDX) was carried out using an Oxford Instruments EDX
Li-Si drift detector. X-ray photoelectron spectroscopy (XPS) was con-
ducted using a PHI Versaprobe 5000 scanning X-ray photoelectron
spectrometer.

2.3. Electrochemical characterization

Mg-ion battery working electrodes were prepared using the ball-
milled Mg,Sn powder. Typically, 50 wt. % of Mg,Sn powder was mixed
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Fig. 1. Optimized geometries of (a) PhyAl~, (b) Ph3AICI ™, (c) Ph,AlCl, ™, (d) PhAICl; ™~ and (e) AICl, ™.
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with 30 wt. % of conductive carbon additives (10 wt. % carbon nano-
fiber, 10 wt. % graphene nanosheets and 10 wt. % carbon black), and
20wt. % of binder (polyvinylidene fluoride/N-Methyl-2-pyrrolidone
-PVDF/NMP) to make a homogeneous slurry, which was then cast onto
a copper current collector in an argon-filled glove box. As-cast Mg,Sn
slurry was dried under vacuum for overnight followed by heating in the
argon glove box at 200°C for 1h for further drying. After drying,
working electrode samples with active material (Mg,Sn) loading of
1.0-2.0 mg cm ~ 2 were punch-cut and assembled into 2032 type coin
cells with Mg foil as the counter and reference electrode, binder-free
glass microfiber as the separator, and 0.4M APC electrolyte. (De)
magnesiation tests were performed using a Bio-Logic VMP-300 po-
tentiostat.

2.4. Computational methods

Structural optimization of APC anions, metallic Mg and Mg,Sn were
performed using DFT with the hybrid B3LYP exchange-correlation
functional as implemented in GAMESS suite of packages [34]. A 6-
311+ +G (d,p) Gaussian basis set was employed for all the optimiza-
tion and electronic property calculations. An implicit solvent method
was used: Polarizable Continuum Model (PCM) using the integral
equation formalism variant (IEFPCM) [35], where THF is considered as
solvent as indicated by this experiment and previous theoretical studies
[32].

3. Results and discussion

3.1. Spontaneous dissolution of Mg in APC studied by density functional
theory

Density functional calculations were performed to study the effect of
APC electrolyte on metallic Mg and Mg alloy (Mg,Sn). All the possible
anions (Ph,AlCl,,) (n = 0-4) in the APC electrolyte were modeled as
depicted in Fig. 1. To model the materials (Mg and Mg,Sn), we con-
sidered bulk 3D structures of Mg and Mg,Sn. As GAMESS considers
molecular systems, we took a 48 atoms bulk supercell without the
periodic boundary condition as a cluster to mimic bulk materials (it
should not be confused with metallic cluster purely, as we have pre-
served the bulk Mg/Mg,Sn optimized geometry throughout the calcu-
lation). The ionization energies of the two materials were calculated by
taking out an electron from them to model the reaction between APC
and bulk materials in uncharged state. Our calculation shows the
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Table 1
HOMO (H) — LUMO (L) energies and AGyeq values for the anions in the APC
electrolyte.

System H (eV) L (eV) AGeq (€V)
Ph,Al™ —5.63 -0.07 0.24
Ph3AICL ™ —5.87 -0.11 0.344
Ph,AICL, ~ —6.02 -0.15 0.55
PhAICl; ™ —6.43 -0.25 0.64
AlCl,~ —7.46 —-0.67 0.994

presence of net Mulliken charges of zero and +0.13 e on Mg atoms
from metallic Mg and Mg,Sn samples, respectively. Although Mg,Sn is
formed by a stannide anion and a Mg cation, due to the covalent nature
of the compound it does not show full positive charge on Mg atoms.
This confirms the electron donating probability of Mg atoms in both
systems. When we consider a +1 charged state of the systems, we find
that the energy needed to donate an electron by these systems is 1.81 eV
for Mg and 2.53 eV for Mg,Sn, suggesting an easier electron transfer
process from metallic Mg to APC anions. Also, the Mg*!/Mg° electrode
potential with respect to standard hydrogen electrode (SHE) is found to
be -2.63 V vs SHE, which compares well with -2.7 V vs SHE in reported
literature data [36].

Next, we considered the APC electrolyte and calculate the HOMO
and LUMO energies as well as changes in Gibbs Free Energy of solvation
associated with the reduction of the APC electrolyte molecules (AGyeq)-
The LUMO energy determines the ease of electron acceptance in the
system. The values are summarized in Table 1. We found that the
HOMO and LUMO energies compare well with literature data [29]. We
also calculated for Mg metal the Mggh!/Mgyux and Mggh?/Mgpui po-
tentials and found them to be -0.13 and -0.32 eV, respectively. The
HOMO (H) — LUMO (L) energies and AG,.q values of the APC elec-
trolyte suggest that all the APC anions can donate electrons to Mg
electrode if it is involved in a stepwise one-electron transfer process,
and all the APC anions except PhAl, can donate electrons in a two-
electron transfer pathway. For Mg>Sn, we also calculated the Mg;gll/
Mgwmgasn and Mg;;lz/MgMgZSn potentials and found them to be -0.15 and
-0.43 eV, respectively, making two-electron transfer not possible for
both Ph,Al and PhsAICl. Thus, the reaction in APC electrolyte can
involve one- or two-electron transfer pathway. Moreover, our results
suggest that the formation of Mg®* ions and Al metal in the reaction
medium may occur easier for Mg metal than for Mg,Sn. The stabiliza-
tion energies of the reacting systems are included in Table S1.

3.2. Spontaneous dissolution of Mg from Mg,Sn in APC

The ball-milled Mg,Sn powder was kept in 0.4 M APC in an argon-
filled glove box for several days in order to investigate the corrosive
effect of APC. The crystal structure and chemical composition of Mg,Sn
was investigated after 15 and 30 days corrosion in APC (Mg»Sn-15 and
Mg,Sn-30 for abbreviations, respectively), and compared with the
crystal structure of pristine Mg,Sn that has not been exposed to APC.
Fig. 2 shows the XRD patterns of pristine Mg,Sn, Mg,Sn-15 and Mg,Sn-
30. The blue pattern labeled (i) in Fig. 2 corresponds to the XRD pattern
of the pristine material; prior to exposure to APC the starting Mg,Sn is
composed of cubic Mg>Sn (PDF#86-2265). The XRD data of Mg,Sn-15
alloy exhibits both cubic Mg,Sn diffraction peaks (PDF#86-2265) and
B-Sn diffraction peaks (PDF#86-2264) as shown by the red XRD pattern
labeled (ii) in Fig. 2a and b. The emergence of the 3-Sn peaks indicates
that elemental Mg has been removed from Mg,Sn under the influence of
APC, resulting in the exposure of metallic Sn. The black XRD pattern
labeled (iii) corresponds to the Mg,Sn-30 sample, which also reveals 3-
Sn peaks.

The chemical compositions of the pristine Mg,Sn, Mg»,Sn-15 and
Mg,Sn-30 samples were qualitatively and quantitatively investigated by
energy dispersive X-ray spectroscopy (EDX). Results are shown in
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Fig. 2. XRD patterns of pristine Mg,Sn (blue), Mg,Sn-15 (red) and Mg,Sn-30
(black) samples. (a) Full spectra; (b) Selected spectra to illustrate the appear-
ance of B-Sn diffraction peaks after exposure to APC (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article).

Fig. 3a, b and c for the pristine Mg>Sn, Mg,Sn-15 and Mg»Sn-30 sam-
ples, respectively; and in Table 2. Qualitatively, the most noticeable
difference between the three samples is the appearance of Al signal on
the EDX spectra of the Mg,Sn-15 and Mg,Sn-30. Quantitatively, the
EDX results show a gradual decrease in the Mg content relative to Sn
from a Mg-to-Sn atomic ratio of “60:40 in the pristine sample down to
"52:45 in the Mg,Sn-15 sample and "47:49 in the Mg,Sn-30 sample.
These data clearly suggest that a significant fraction of Mg atoms has
been removed from the starting Mg,Sn, in agreement with computa-
tional prediction in the previous section. Our DFT results also predict
that elemental Mg can dissolve spontaneously from metallic Mg in APC.
Note that in the present experimental section, we have only verified the
dissolution of elemental Mg from Mg,Sn (not from pure Mg) in APC
because it is more practical to track the relative amount of Mg dissolved
in APC (in our case the ratio between Mg and Sn), instead of tracking
the absolute amount of Mg removed in the case of pure metallic Mg.
Based on our DFT data, Mg removal from Mg,Sn occurred through
galvanic replacement reaction between Al-based anions present in APC
and elemental Mg from Mg,Sn. Such a galvanic replacement process
results in the deposition of metallic Al, which may explain the ap-
pearance of Al signal from the EDX spectra of the Mg,Sn-15 and Mg,Sn-
30 samples.

Since the APC electrolyte is made from AlCl;, even though APC-
corroded Mg,Sn samples have been thoroughly rinsed in pure THF prior
to EDX characterization, it can be argued that Al signals from our EDX
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Fig. 3. EDX spectra of the (a) pristine Mg,Sn, (b) Mg,Sn-15 (c) Mg,Sn-30
samples.

Table 2
Chemical compositions of (a) pristine Mg,Sn alloy, (b) Mg,Sn-15 and (c)
Mg.Sn-30 samples.

Element Pristine Mg,Sn Mg,Sn-15 Mg,Sn-30
Mg ~ 60 ~52 " 47

Al 0 -3 "4

Sn ~40 ~45 " 49

spectra come from residual APC electrolyte on these samples.
Therefore, the APC-corroded samples were further investigated by X-
ray photoelectron spectroscopy (XPS) to determine the oxidation state
of Al. The XPS survey spectra of the samples are shown in Fig. S1. The
deconvoluted Al 2p core level spectra from the pristine Mg>Sn and
Mg,Sn-30 are shown in Fig. 4a and b, respectively. While no trace of
metallic Al was observed from the pristine Mg,Sn (Fig. 4a), metallic Al,
as well as Al from Al,03 and Al from Al-Cl were detected in the Mg,Sn-
30 sample (Fig. 4b) [37-39]. While the presence of Al from Al-Cl can be
attributed to residual Al-based species from the APC electrolyte, the
presence of metallic Al and Al,O3 cannot be associated with residual
APC electrolyte [32]. Instead, metallic Al most likely comes from the
reduction of Al-containing anions to Al°. In addition, the presence of Al
from Al,O5 can be attributed to the oxidation of some AI° during sample
exposure in air for material characterization. Fig. 4c and d depict the
deconvoluted O 1s core level XPS spectrum in the pristine Mg,Sn and
the 30-day exposed Mg>Sn, respectively. For the pristine Mg,Sn
(Fig. 4c), O in MgO, SnO and SnO, have been detected [40-42]. The
simultaneous presence of Sn*>* and Sn** has been observed by other
groups [40,43]. After 30 days of corrosion, the peak of O in Al,O3
appeared, matching well with the peak of Al in Al,Os, as shown in
Fig. 4d [44]. This further confirms that Al was formed during corrosion.
The experimental results above confirm that Mg dissolves from Mg,Sn
in APC by galvanic replacement as schematized in Fig. 5, in agreement
with our DFT calculations. Previous studies on the corrosion behavior
of APC have mainly focused on chloride cation as potential corroding
agent at relatively high polarization potentials (> 2.2V vs Mg), as
mentioned earlier in our introduction [25,26,31]. APC is an in-situ
generated inorganic electrolyte containing THF-coordinated Mg
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complex including (Mg,(u-Cl)36THF)* cations, and Al-containing in-
organic species such as (AICI2~Ph,) (n = 0-4) anions [2,15,25,45].
The present work shows these anions can corrode metallic Mg and Mg
alloys in the absence of any external polarization potential. The pre-
sence of these species in APC electrolyte has been confirmed by Pour
et al. [32] who suggested the following reaction during the preparation
of APC from 2 equivalents of PhMgCl Lewis base and 1 equivalent of
AICl; Lewis acid in THF solvent:

PhMgCl + 4.5 AlCl; — PhyAl + 2 PhyAICl, + PhAICl; + 0.5 AICl,
+ 4.5 Mg,Cl;*+ (€8]

Our DFT calculation results predict favorable reactions between
these Al-based anions and Mg from Mg metal and Mg alloys (Mg»Sn), in
agreement with our experimental results on the spontaneous dissolu-
tion of elemental Mg from Mg,Sn in APC. The dissolution of elemental
Mg by Al-based anions has also been reported in the case of AICl,
through the following galvanic replacement reaction during which Al
metal is deposited [46,47]:

AlCl, + 6 Mg + 6 THF — 4 Al + 3[Mg,(u-C)s6THF]™ + 7 Cl (2)

Al deposition as in Eq. (2) is consistent with our EDX and XPS results
for the Mg,Sn-15 and Mg,Sn-30 samples. An interesting question cor-
responds to the impact of APC-induced corrosion on the performance of
MIB cells using Mg metal as negative or as counter electrode. This point
is addressed in the next section.

3.3. Impact of APC-induced Mg dissolution on the performance of MIB cells

MIB half-cells using APC as the electrolyte were investigated in coin
cell configurations with Mg,Sn as the working electrode and Mg metal
as the counter and reference electrodes [33]. XRD and electron mi-
croscopy data demonstrating the reversible (de)magnesiation of Mg,Sn
in this half-cell configuration was recently reported in our previous
work [33]. Typical electrochemical data obtained during (de)magne-
siation of Mg,Sn at various C-rates are shown in Fig. 6. The first (de)
magnesiation cycle of Mg,Sn at the rates of 1 C (red), C/2 (blue), C/5
(green), C/10 (light blue) and C/50 (grey) are shown in Fig. 6a. At
each of these C-rates, the demagnesiation capacity is clearly higher than
the magnesiation capacity. This implies that the Coulombic efficiency
(defined here as “100 x magnesiation capacity over demagnesiation
capacity”) is less than 100% during the all the 1° cycles, as illustrated
by the black makers in Fig. 6¢. These Coulombic efficiencies below
100% (black markers in Fig. 6¢) are normal since fundamentally, far-
adaic charge transfer processes are quasi-reversible or irreversible,
meaning that Coulombic efficiencies should be less than 100%. Besides
the charge transfer irreversibility, pulverization of the active materials
during the first demagnesiation step results in dead materials (i.e. active
materials that are no longer electrically connected to the current col-
lector, and hence become electrochemically inactive) in the electrode
[33]. Dead materials formed during the first demagnesiation step
hinder a full charge recovery during subsequent magnesiation steps.
Hence, Coulombic efficiencies less than 100% should be expected at all
C-rates during cycling. Interestingly, on the contrary of the 1° cycles
where Coulombic efficiencies are less than 100% irrespective of the C-
rate, during the 2" and 3™ cycles, the demagnesiation and re-magne-
siation capacities are comparable at high C-rates (1 C and C/2), but at
low C-rates (C/5, C/10 and C/50) the demagnesiation capacity is
clearly lower than the re-magnesiation capacity as shown in Fig. 6b.
Consequently, at these low C-rates, Coulombic efficiencies are higher
than 100% during the 2" (red markers in Fig. 6¢) and 3" (blue markers
in Fig. 6¢) cycles. For example, at C/10, the first magnesiation capacity
is "310mAh g~! compared to "400mAh g~ ! for the first demagne-
siation capacity (see light blue curve in Fig. 6a). However, during cy-
cling at C/10, this magnesiation capacity increases from "310mAh g !
in the 1% cycle to “380mAh g~ ! in the 3™ cycle, while the
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Fig. 5. Mechanism of Mg dissolution from Mg,Sn by galvanic replacement re-
action in APC.

demagnesiation capacity decreases from “400mAh g~ ! in the first

cycle to 320 mA h g~ ! in the 3™ cycle (see light blue curve in Fig. 6b).
The decrease in the magnesiation capacity from “400mAh g~! (1%
cycle) to "320mAh g~ ! (3™ cycle) is expected and can be rationalized
by materials failure as mentioned above. Since the demagnesiation
capacity decreases in subsequent cycles (i.e. after the 1% cycle), one also
expects the re-magnesiation capacity to decrease. However, this is not
the case because the re-magnesiation capacity increases during sub-
sequent cycles as stated above. The increase in the re-magnesiation
capacity from “310mAh g~ (1* cycle) to “380mAh g~ (3™ cycle) is
unexpected and gives rise to Coulombic efficiencies higher than 100%

at low C-rates after the first cycle. This seems to violate thermo-
dynamics rules since Coulombic efficiencies higher than 100% will
mean that more Mg is electrochemically stripped from the Mg metal
counter electrode and store in the Mg,Sn working electrode (i.e. mag-
nesiation of the working electrode) than the amount of Mg electro-
chemically removed from the Mg,Sn working electrode and plated onto
the Mg metal counter electrode (demagnesiation of the working elec-
trode). The most likely explanation of Coulombic efficiencies beyond
100% is the “spontaneous” dissolution of Mg from the Mg metal counter
electrode and from the Mg,Sn working electrode by galvanic replace-
ment reaction, in addition to Mg dissolution through electrochemical
stripping during (de)magnesiation. Based on the above experimental
results on Mg,Sn exposure to APC, the spontaneous dissolution of Mg
from Mg,Sn is a relatively slow process. Similarly, the spontaneous
dissolution of pure Mg metal in APC is expected to be relatively slow,
which suggests that the longer Mg metal and Mg,Sn are exposed to
APC, the more they will dissolve. Interestingly, in the case of our MIB
half-cells, at lower C-rates during which the Mg metal counter electrode
and the Mg,Sn working electrode are exposed for longer times to APC,
the Coulombic efficiencies are clearly higher than 100%, while at high
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Fig. 6. Electrochemical performance of Mg,Sn working electrode. Demagnesiation and magnesiation capacities at various C-rates for the (a) 1st cycle, the (b) 2nd
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C-rates during which the Mg and Mg,Sn exposure to APC is limited, the
Coulombic efficiencies only approach 100%. This suggests that the cell
performance is affected by the spontaneous corrosion of the Mg and
Mg,Sn electrodes in APC. The process can be rationalized as follows
(see Fig. 7): during subsequent demagnesiation cycles (29, 3, etc...), a
positive current is used to remove Mg from the Mg»Sn working elec-
trode and deposit it onto the Mg metal counter electrode, resulting in
the red galvanostatic curve in Fig. 7 (see also the corresponding gra-
phical electrodes reactions as given by the dashed red arrow). Since the
sign of current (positive) is such that the reduction of Mg?* takes place
on the counter electrode (i.e. Mg is plated onto the Mg metal counter
electrode), this step does not favor the spontaneous oxidation of the Mg
metal counter electrode (i.e. the spontaneous dissolution of Mg from the
Mg metal counter electrode is not favorable). In the meantime, during
this demagnesiation step, Mg will be removed from the Mg,Sn working
electrode electrochemically (i.e. applied positive current) and also
spontaneously through galvanic replacement as reported above. The
counter reaction for this spontaneous reaction is Al deposition on the
Mg,Sn working electrode as illustrated graphically in Fig. 5.

Also, during subsequent (2", 3™, etc) re-magnesiation cycles, a
negative current is now used to remove Mg from the Mg metal counter
electrode and store it into the Mg,Sn working electrode, resulting in the
blue galvanostatic curve in Fig. 7 (see also the corresponding graphical
electrodes reactions as given by the dashed blue arrow). Since the sign
of current (negative) is such that Mg is introduced in the Mg,Sn
working electrode, the reduction of Mg®* takes place on the working
electrode. This step does not favor the spontaneous dissolution of
Mg,Sn working electrode. In the meantime, during this re-magnesiation
step, Mg is stripped from the Mg metal counter electrode electro-
chemically (applied negative current) and also spontaneously through
galvanic replacement. The counter reaction for this spontaneous reac-
tion is Al deposition on the Mg metal counter electrode as illustrated
graphically in Fig. 5 in the case of Mg,Sn. Thus, both the Mg,Sn
working electrode and the Mg metal counter electrode undergo spon-
taneous dissolution by galvanic replacement. Based on our DFT results,
the spontaneous dissolution of Mg from Mg metal is more favorable
than from Mg,Sn. Hence, during a full cycle (i.e demagnesiation and re-
magnesiation), there is net unbalance charge associated with Mg metal
dissolution. This may justify why after the 1% cycle the Coulombic ef-
ficiencies are higher than 100% at low C-rates.

4. Conclusion

In summary, APC-induced spontaneous degradation of metallic Mg
and Mg»>Sn was studied using DFT calculations in combination with ex
situ XRD, EDX and XPS characterizations. It was found that anions
present in APC including (Ph,AICL,) (n = 0-4) can extract electrons
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from metal Mg and Mg,Sn, resulting in the dissolution of elemental Mg
from these materials and deposition of metallic aluminum, a process
known as galvanic replacement reaction. The electrochemical perfor-
mance of Mg-ion battery half-cells using APC as the electrolyte, Mg>Sn
as the working electrode and metallic Mg as the counter and reference
electrodes was scrutinized in terms of Coulombic efficiency and unusual
Coulombic efficiencies higher than 100% were observed at low C-rates.
Such Coulombic efficiencies were rationalized by unbalanced charge
associated with the difference in APC-induced Mg dissolution rate be-
tween the Mg,Sn working electrode and Mg counter electrode. These
results suggest that the spontaneous degradation of Mg-ion battery
electrodes in APC impacts the performance of Mg-ion battery cells when
Mg or magnesium alloys are used as the anode.
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