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The compatibility of rechargeable magnesium batteries (RMBs) with

atmospheric components (except moisture) has not been studied. We

investigated the effects of atmospheric conditions on the electro-

chemical dissolution–deposition behavior of magnesium in non-

aqueous electrolytes. Oxygen, even in miniscule amounts in the

electrolyte was a fatal impurity for reversible magnesium

electrochemistry.
Lithium-ion battery (LIB) technology has revolutionized social
and industrial structures. To enhance our living environment
worldwide while maintaining symbiosis with nature, the
performance of energy storage technology must be improved.
Among several potential candidate technologies, rechargeable
batteries based on magnesium metal negative electrodes are
promising due to the geometrical, economical, physicochem-
ical, and electrochemical advantages of the metal. Theoretical
energy densities of rechargeable magnesium batteries (RMBs)
can reach values that are twice those of present LIBs by
combining two-electron electrochemistry at positive electrodes
and high volumetric/specic capacities and sufficiently low
electrode potential of magnesium at negative electrodes. To
realize such outperforming RMBs, research has been conducted
on fundamental battery components as well as technologies for
interfacial engineering, and a variety of promising materials
and techniques have been developed.1–4 Understanding the
fundamental characteristics of battery components is also
essential for large-scale battery production and manufacturing.
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Every battery component including electrode active mate-
rials and electrolytes should be handled under a dry-air atmo-
sphere during the mass production of batteries.
Commercialized LIBs are assembled in a dry room with a dew
point of −40 °C. From the industrial point of view, the same
system should be adoptable for the manufacturing of post-LIBs.
To determine their potentials for RMB fabrication, the intrinsic
electrochemical characteristics of electrodes and conductive
electrolytes under a dry-air atmosphere must be known.

Magnesium deposition/dissolution is the fundamental
electrochemical reaction of the negative electrode of RMBs. It is
well known in the RMB research eld that the reaction activity
of magnesium negative electrodes is sensitive to the water
content of ethereal solutions.5 Simple salt-solvent solutions of
magnesium bis(triuoromethanesulfonyl)amide (Mg[TFSA]2)
and magnesium tetrakis(hexauoroisopropoxyl)borate (Mg
[B(HFIP)4]2), which have a relatively high water content (>50
ppm), are reported not to support reversible magnesium
deposition/dissolution at negative electrodes, whereas it is
known that a small amount of water enhances the interfacial
and bulk kinetics at positive electrodes.6 Water impurities
facilitate magnesium passivation associated with [TFSA]−

decomposition,7 leading to an electrochemically retarded
magnesium negative electrode. Mg[Al(HFIP)4]2-based electro-
lytes are rather insensitive to water impurities because these
electrolytes allow reversible deposition/dissolution, even at high
concentrations of impurities (up to 1000 ppm).8 In contrast to
these extensive studies on the water impurities in RMB elec-
trolytes, the compatibility of RMB components with dry air,
especially O2 gas, remains unclear. This might be due to the
uncertain preconception and misunderstanding of the passiv-
ation characteristics of magnesium, namely, that a magnesium
metal can be easily oxidized to form insulative oxide on the
surface upon exposure to an ambient air atmosphere.9 To
understand the intrinsic electrochemistry of magnesium metal
negative electrodes, reversible magnesium deposition/
dissolution were analyzed under different atmospheric condi-
tions in this study. The results of combined electrochemical
J. Mater. Chem. A, 2023, 11, 9755–9761 | 9755
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and spectroscopic investigations reveal that O2 is a fatal impu-
rity in RMB (electro)chemistry. In addition, an effective surface
treatment to sustain sufficient electrochemical activities, even
under an O2 atmosphere, is provided.

The compatibility of RMB components, especially magne-
sium metal negative electrodes and electrolytes incorporating
representative air-stable weakly-coordinated anions [B(HFIP)4]

−

or [Al(HFIP)4]
− with dry air was investigated. The results of

a simple experimental survey demonstrated the sensitivity of
magnesium metals to O2, due to reversible magnesium
deposition/dissolution being possible when using magnesium
metals polished under dry air, where the dew point was
controlled at approximately −70 °C (Fig. S1†). The Mg 2p and O
1s spectra and depth proles of magnesium metals indicate the
presence of an oxide- and carbonate-based layer, the so-called
native solid electrolyte interface (SEI), on the outermost
surface, independent of the polishing environment (Fig. S2 and
S3†). This suggests that the native SEI does not necessarily
impede electrochemical magnesium deposition/dissolution
reactions. However, cells assembled under a dry-air atmo-
sphere show no features of electrochemical magnesium
deposition/dissolution (Fig. S1†).

To identify what factor has a signicant detrimental effect on
the electrochemical characteristics of magnesium metal nega-
tive electrodes and electrolytes, systematic cyclic voltammetry
(CV) and open-circuit potential (OCP) measurements were
conducted under certain atmospheric conditions with Ar, N2,
and O2 and an air-tight voltammetry cell equipped with gas-
inlet lines. Aer 30 min of steady ow of each gas at 10
mL min−1 in the voltammetry cell (volume of ∼30 mL)
Fig. 1 CV andOCP profiles of Pt andMg electrodes under steady flowof d
CV profiles using (a) Pt and (b) Mg working electrodes. Time profiles of
electrolyte solutions. The time profiles of O2 concentrations under N2 a

9756 | J. Mater. Chem. A, 2023, 11, 9755–9761
assembled in an Ar-lled glovebox, the Pt and Mg working
electrodes showed characteristic responses dependent on the
inlet gases (Fig. 1). Similar to Ar gas, N2 gas also has minor or
rather favorable effect on the electrochemical magnesium
deposition/dissolution activity. In contrast, O2 gas is detri-
mental to the electrochemical activities, independent of the
working electrodes. The time-prole of OCP during the steady
ow of different gases supports the change in the nature of the
magnesium electrodes, especially under an O2 atmosphere
(Fig. 1c). The electrode potential of magnesiummetal increased
by ∼200 mV aer 30 min of steady ow of O2, accompanied by
the continuous increase of the O2 concentration in the elec-
trolytes. CV measurements were conducted immediately aer 1
and 5 min of steady ow of an O2 gas at the same rate. The
results show that the introduction of O2 gas is fatal for revers-
ible magnesium deposition/dissolution (Fig. S4†), because O2 in
the electrolyte solution, even at 17 ppm, inactivates the
magnesium negative electrodes. Fig. S4b† shows that the inac-
tivation of the magnesium electrodes by O2 is a dynamic
process. The introduction of O2 in the electrolyte solution and
resulting insulative layer formation on magnesium electrodes
seem to be irreversible and catastrophic, because subsequent Ar
bubbling to deoxygenate the electrolytes did not recover the
electrochemical activities (Fig. S5†). The control measurements
using the deoxygenated electrolyte and fresh magnesium pieces
showed reversible magnesium deposition/dissolution activity
(Fig. S6†). It should be noted here that the introduction of O2

can affect the water content of the electrolytes, possibly owing to
our experimental setup. However, the detrimental effect of
water impurity seems negligible as the electrolytes containing
ifferent gases recorded in 0.3mol dm−3 Mg[B(HFIP)4]2/G2 electrolytes.
(c) OCV of Mg electrodes and (d) corresponding O2 concentration in
nd Ar were zero during measurements.

This journal is © The Royal Society of Chemistry 2023
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>100 ppm of water represent favorable magnesium electro-
chemistry (Fig. S7†). In contrast, the ionic conductivities and
Raman spectra of the electrolytes are invariable, even aer
30 min of O2 gas ow (Table S1 and Fig. S8†), implying that the
electrolytes are chemically stable against O2. These results
strongly suggest that soaking magnesium metal in an electro-
lyte with O2 impurities retards the electrochemical activity of
magnesium deposition/dissolution. Note that the potential
shi of the reference electrode (Ag+/Ag) is negligible because the
equilibrium potential for the magnesium dissolution process
remains unchanged, even aer exposure to dry air (see Fig. S4†).

The sensitivity of electrochemical magnesium deposition/
dissolution activities to O2 impurities seems to be electrolyte-
independent. Electrolyte solutions of Mg[TFSA]2 did not
support electrodeposition of magnesium under a dry-air
atmosphere, irrespective of the presence/absence of Cl-based
activation reagents (Fig. S9†), although the electrolyte compo-
nents themselves are chemically stable against air and
moisture.10

X-ray photoelectron spectroscopy (XPS) and electrochemical
impedance spectroscopy (EIS) provide further insights into the
surface chemical states of magnesium metals soaked in an
electrolyte with and without O2 impurities. Fig. 2 shows the Mg
2p, F 1s, and O 1s spectra of certainmagnesium strips. All theMg
Fig. 2 Surface Mg 2p, F 1s, and O 1s spectra of Mg strips soaked in elec
spectra of symmetric [Mg‖Mg] cells. Schematic illustrations of the sur
atmosphere.

This journal is © The Royal Society of Chemistry 2023
2p, F 1s and O 1s spectra of magnesium strips soaked in the
electrolyte under an Ar atmosphere have distinct peaks certainly
assignable to the products due to the adsorption and/or side
reaction of the electrolyte anion with magnesium metal, such as
MgCO3, MgF2, Mg(OH)2, CFn, and B–O compounds (Fig. 2a–c).
These results imply the strong reductive nature of magnesium
under an inert atmosphere. In contrast, the F 1s and O 1s spectra
of magnesium strips soaked in electrolytes with O2 impurities
exhibit small MgF2 and negligible B–O compound peaks, sug-
gesting the suppressed adsorption and subsequent decomposi-
tion of the anions on the surface. The Mg 2p and O 1s spectra
show rather distinct contributions of MgO and Mg(OH)2 on the
surface of strips soaked in electrolytes with O2. The EIS spectra of
symmetric [Mg‖Mg] cells also demonstrate the detrimental effect
of O2 impurity. The extremely large interfacial resistance was
observed for the cells assembled using the electrolytes with O2

impurity (Fig. 2g). The cells using the electrolyte deoxygenated by
Ar bubbling showed a substantially low resistance, again
emphasizing that the presence of O2 impurities in the electrolytes
signicantly affects the electrochemical magnesium deposition/
dissolution activity. The oxide- and hydroxide-based highly-
insulative layer generated at the magnesium–electrolyte–O2

three-phase boundary may represent a factor affecting the
reversible electrochemistry (Fig. 2h and i).
trolyte solutions under (a–c) Ar and (d–f) dry-air atmospheres. (g) EIS
face chemistry of magnesium electrodes under (h) Ar and (i) dry-air

J. Mater. Chem. A, 2023, 11, 9755–9761 | 9757
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The above-mentioned characteristics of magnesium metals
will limit the mass production of RMBs. Therefore, techniques
to overcome such a limitation must be developed. The magne-
sium electrochemistry under an O2 atmosphere has been
extensively studied in the magnesium–air battery eld. Similar
to conventional aqueous zinc–air batteries, reactions at the
magnesium negative electrode side in alkaline media could lead
to the corrosion of the magnesium metal and magnesium
hydroxide formation upon discharge.11 However, due to the
large overpotential, reverse reactions do not proceed. Thus,
most aqueous magnesium–air batteries are primary and not
secondary batteries. Non-aqueous magnesium–oxygen batteries
have also been reported, and reversible cycling has been ach-
ieved with a specic redox mediator, that is, an I2-DMSO
complex, in the Mg(ClO4)2-dimethylsulfoxide electrolyte.12 The
above-mentioned non-aqueous electrolyte does not support
magnesium electrodeposition. The charge–discharge proles of
magnesium–oxygen batteries indicate a poor reversibility,
presumably due to the electrochemical inactivity at the
magnesium negative electrode side.

The surface functionalization by an articial interface is an
effective approach to modify the chemical nature of the
Fig. 3 CV profiles of modifiedMg electrodes recorded in 0.3mol dm−3 M
electrodes were modified using ethereal solutions of (a) metal chlorides a
of zinc-modified Mg electrodes. (d) Zn 2p3/2 XPS spectrum of zinc-modifi
views of zinc-modified Mg electrodes after (e) preparation and (f) single d
assembled under a dry-air atmosphere using zinc-modified and untre
coulombic efficiency including the results using bismuth- and tin-modifi

9758 | J. Mater. Chem. A, 2023, 11, 9755–9761
substrate surface. Ex/in situ-fabricated articial magnesiophilic
interfaces can mitigate undesired side reactions between
magnesium negative electrodes and electrolytes and thus
enhance the interfacial magnesium deposition/dissolution
kinetics.4 Among various options, BiCl3-based surface func-
tionalization yields a signicant charge–discharge reversibility
of hybrid magnesium–lithium–oxygen batteries in non-aqueous
media.4 Although the detailed electrochemistry at the modied
negative electrodes in that system remains unclear, the results
of our study demonstrate reversible magnesium deposition/
dissolution on the BiCl3-treated magnesium metal under
a dry-air atmosphere (Fig. 3a). As bismuth can formmagnesium
alloys, that is, Mg3Bi2, certain hybrid metal–alloy interfaces may
function as a magnesium ion-conductive barrier layer,4d which
supports reversible electrochemistry, even in the presence of O2

impurities. To optimize the interfacial chemical composition,
screening surveys of alloying elements were conducted by
adopting a simple dipping treatment methodology (detailed
methods are described in the ESI†). As the chemical reduction
of alloying element ions by magnesium metal, known as
a galvanic replacement reaction, is a driving force of sponta-
neous alloying reactions, alloying elements that can be reduced
g[B(HFIP)4]2/G2 electrolytes measured under a dry-air atmosphere. Mg
nd (b) zinc-based non-chloride compounds. (c) Prolonged CV profiles
ed Mg. SEM images and corresponding EDX profiles of cross-sectional
issolution processes. (g) Galvanostatic cycling profiles of [Mg‖Cu] cells
ated Mg electrodes measured at 1 mA cm−2 and (h) corresponding
ed Mg electrodes.

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Discharge–charge profiles of (a) [Zn-modified Mg‖Mo6S8] and
(b) [Zn-modified Mg‖a-MnO2] cells assembled under a dry-air atmo-
sphere. The profiles using non-modified Mg negative electrodes are
included as reference profiles.
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by magnesium metal should be adoptable. Our results show
that magnesium electrodes treated with reductive lithium and
calcium-bearing solutions do not support electrochemical
magnesium deposition/dissolution reactions (Fig. S10†).

Based on the survey, chloride compounds of elements
capable of forming alloys with magnesium will lead to the
fabrication of favorable interfaces. Magnesium metals treated
with BiCl3, SnCl2, and ZnCl2 solutions facilitate reversible
magnesium dissolution/deposition under a dry-air atmosphere
(Fig. 3a). Except for zinc-based compounds, treatments using
neither compounds of non-alloying elements paired with
chloride (e.g., NiCl2) nor organometallic compounds of alloying
elements (e.g., Bi(phenyl)3 and Sn(CH3)4) resulted in inactive
interfaces (Fig. S11†). Chloride may solely impart effective
interfaces, because magnesium metals treated with a typical
Grignard reagent have slightly active CV proles (Fig. S12†).
These results indicate that hybrid interfaces consisting of
alloying elements and chlorides may be particularly favorable
for reversible magnesium dissolution/deposition under a dry-
air atmosphere. XPS and energy-dispersive X-ray spectroscopy
(EDX) spectra indicate the formation of such interfaces using
simple soaking treatments (Fig. S13 and S14†). Scanning elec-
tron microscopy (SEM) images of cycled magnesium electrodes
show that such articial interfaces facilitate electrochemical
magnesium dissolution/deposition, because preferential reac-
tion sites are located in the vicinity of alloying compounds
(Fig. S15†). Among the aforementioned alloying elements, zinc
can impart favorable interfaces despite the absence of chloride
species (Fig. 3b). As chloride species can lead to undesired cell
failure due to their highly corrosive nature,13 chloride-free
articial interfaces are preferred in practical battery applica-
tions.5b Specically, magnesium metals pretreated with the
Zn(C2H5)2 solution supported the remarkable electrochemical
magnesium dissolution/deposition activity. Zn(C2H5)2-modi-
ed magnesium retained its favorable electrochemical activity
for more than 5 h, even at an equilibrium O2 concentration
under standard atmospheric conditions (Fig. 3c). These
outstanding characteristics of zinc-modied interfaces might
be due to the O2 gas barrier properties of Zn/ZnO.14 Zn 2p3/2
spectra, SEM images, and corresponding EDX proles of the
cross-sectional view of pristine and cycled zinc-modied
magnesium electrodes indicate the formation of a magnesium
ion-conductive Zn/ZnO layer upon the chemical reduction of
zinc species in pretreatment solutions by magnesium, because
magnesium dissolution/deposition was evident thorough that
layer (Fig. 3e and f). Closed Swagelok-type cells fabricated under
a dry atmosphere facilitate reversible magnesium dissolution/
deposition cycling for sufficiently long periods at a current
density of 1 mA cm−2 (Fig. 3g). However, the reactivity gradually
diminishes, possibly due to the inactivation of progressively
generated, untreated magnesium surfaces upon the exposure to
O2 gas during CV measurements under open beaker-type cells.
The surface modication by zinc seems particularly effective,
because relatively stable cycling was achieved with zinc-
modied magnesium electrodes compared with bismuth- and
tin-modied counterparts (Fig. 3h and S16†). The smaller lattice
mismatch between both hcpmagnesium and zinc metals as well
This journal is © The Royal Society of Chemistry 2023
as good compatibility of MgO and ZnO4e,15 resulted in a well-
integrated interface, and are likely the reasons for the stable
magnesium dissolution/deposition cycling. Note that the
typical magnesium–zinc solid solution is electrochemically
inactive under a dry-air atmosphere (Fig. S17†). This infers the
specic function of the chemically generated zinc-based inter-
face. Full cells assembled under a dry-air atmosphere were
successfully cycled using Mo6S8 and a-MnO2 positive electrodes
and zinc-modied magnesium negative electrodes, as shown in
Fig. 4, while inferior cycling performances were observed for the
cells using non-modied magnesium. These results further
corroborate the favorable O2 barrier characteristics of the zinc-
based interface. Recently, a successful cycling of RMB full cells
fabricated under a dry-air atmosphere was reported.16 However,
the inferior battery performance of those cells, when compared
to the performance of the cells fabricated under an Ar atmo-
sphere, implies a severe detrimental effect of O2 impurity on
reversible magnesium electrochemistry.
Conclusions

The systematic study of magnesium negative electrodes under
different atmospheric conditions reveals that O2 in electrolyte
J. Mater. Chem. A, 2023, 11, 9755–9761 | 9759
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solutions is a fatal impurity for the reversible electrochemistry
of magnesium metal. The results of our analyses indicate the
insulating/barrier characteristics of the rm oxide- and
hydroxide-based interface with respect to magnesium ion
conduction, which might be induced by complex O2, magne-
sium, and electrolyte (solvent)-related interfacial processes.
Appropriate surface modication of magnesium negative elec-
trodes by zinc species can be used to prevent such an undesired
situation. Although the formation and magnesium ion trans-
port mechanisms must be further studied and insights into
zinc-based interfaces must be provided to maximize those
benets, our results provide guidance for the construction of
manufacturing systems for practical RMBs based on the diver-
sion of existing LIB systems.
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