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Nonaqueous metal/oxygen batteries exhibit high theoretical
specific energy densities.1 Chemistries based on alkali

metals, such as Li/O2, Na/O2, and K/O2, have become popular
research topics because they also hold promise for recharge-
ability.2−6 Multivalent battery systems involving alkaline earth
metals, such as the Mg/O2 chemistry, can achieve higher
theoretical energy densities than some of their alkali-metal
analogues but have received little research emphasis.7,8 Although
aqueous primary Mg/O2 batteries have been demonstrated, their
cell potentials are limited by the presence of water; moreover,
corrosion of the Mg electrode likely precludes rechargeabil-
ity.9−12 Nonaqueous electrolytes could enable a reversible Mg/
O2 cell, however.
The secondary Mg/O2 battery is particularly attractive among

multivalent options. In a Mg/O2 cell, the half-reactions

+ + ⇌+ − +Mg O 2e MgO (2.91 V vs Mg )2
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might be anticipated at the gas electrode. Both involve Mg2+ ions
and dissolved O2 from the liquid electrolyte, and both promise
moderately high cell potentials of ∼2.9 V. A Mg/O2 cell with a
MgO discharge product formed by half-reaction 2 would exhibit
theoretical maximum volumetric and gravimetric energy
densities of approximately 14 kWh L−1 and 3.9 kWh kg−1,
respectively, surpassing Li/O2 cells that discharge to Li2O2 (8.0
kWh L−1 and 3.4 kWh kg−1).1

Despite the possible benefits relative to alkali-metal chem-
istries, many details critical to Mg/O2 cell performance remain
poorly understood, including the composition of the discharge
product and the factors that facilitate recharge.7,8,13 In any metal/
O2 system, the properties of the discharge product (typically a
metal oxide, peroxide, or superoxide) can strongly influence cell
performance. The discharge phase’s composition and structure
impact overall energy density, whereas its transport proper-
ties14−18 and chemistry with the electrolyte19 may also control
effective capacity and cycle life.20,21 The Na/O2 system provides
a stark example of how product stoichiometry can impact energy
efficiency: Na/O2 cells that discharge to Na2O2 exhibit high

overpotentials during charging; those that discharge to NaO2 do
not.3,22−24

Shiga et al. reported a nonaqueous Mg/O2 cell involving an
iodine−dimethyl sulfoxide (I2-DMSO) redox shuttle that
operates at elevated temperature (60 °C).7 The shuttle facilitated
recharging, and operation at elevated temperatures enabled
reversible plating and stripping of metallic Mg. The discharge
product was assumed to be MgO because charging capacity
increased for a positive electrode preloaded with MgO. A
discharge voltage of ∼1.25 V was observed (at 0.78 mA cm−2

superficial).
For the present report, Mg/O2 cycling experiments were

performed using cells specifically designed for metal/O2 testing,
depicted in the Supporting Information (SI) Figure S1. Cell
fabrication and disassembly, as well as transfer procedures for
characterization, closely followed the procedures described
earlier by Griffith et al.25 Mg/O2 cells (EL-CELL Gmbh,
Germany) were constructed by sandwiching a glass-fiber
separator (0.5 mm thick, EL-CELL Gmbh, Germany) between
a planar metallic-Mg negative electrode (99.9%, Goodfellow,
USA) and a porous-carbon positive electrode (SIGRACETGDL
24 BC, Ion Power, Inc., USA). A stainless-steel plate with 1.5 mm
diameter perforations (EL-CELL Gmbh, Germany) acted as a
positive current collector, and was coated with evaporatively
deposited Pt to prevent corrosion during cell testing. The
perforations in the plate allowed contact between the carbon and
stagnant O2 (99.993%, Cryogenic Gases, USA; 2 bar absolute).
The separator and carbon were saturated with an electrolyte
comprising a 4:1 mol ratio of phenylmagnesium chloride:alumi-
num phenoxide in tetrahydrofuran (THF), which was produced
using the precursor materials and following the synthesis
procedure described by Nelson et al.26 The (PhMgCl)4−
Al(OPh)3/THF electrolyte allows Mg plating and stripping at
room temperature with high Coulombic efficiency, and its
apparent oxidative stability is higher than 4 V vs Mg2+/0 against
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both Pt and C (SI, Figures S2 and S3).26 Charge/discharge
experiments were performed at room temperature using a series
4000 battery tester (Maccor, USA). Additional experimental
details are provided in the SI.
Each Mg/O2 cell was held at open circuit under O2 until the

measured voltage equilibrated, typically yielding an open-circuit
potential (OCP) of 2.0 ± 0.1 V (see SI, Figure S4). This OCP is
low compared to the theoretical potentials expected from half-
reactions 1 or 2.
Figure 1 compares the half-reaction potentials for the Mg/O2

system with the accepted half-reaction potentials of various

alkali-metal/O2 chemistries. In all cases, cells based on alkali
metals exhibit OCPs close to the theoretical potentials expected
for positive-electrode half-reactions involving the direct electro-
chemical formation of MxOy compounds from metal cations and
O2.

3,4,27 As Figure 1 shows, however, the potential associated
with superoxide formation (O2 + e

− ⇌O2
−, −0.33 V vs SHE) in

the alkali chemistries also closely matches the potentials for
direct electrochemical MxOy formation from Li, Na, and K,
making identification of the reaction pathway more challenging.
In contrast, for Mg/O2, superoxide forms from O2 far (∼0.9 V)
below the potential for direct electrochemical MgO or MgO2
formation.
In light of the thermodynamic data summarized in Figure 1,

the OCP in the Mg/O2 system suggests a reaction pathway
where oxygen reduction (i.e., O2

− formation) occurs as an initial
electrochemical step: superoxide formation precedes a chemical
reaction with Mg2+ that forms MgO2 and liberates molecular O2,
after which MgO2 disproportionation occurs:

+ ⇌− − +O e O (2.04 V vs Mg )2 2
2 /0

(3a)

+ ⇌ +− +2O Mg MgO O2
2

2 2 (3b)

⇌ +2MgO 2MgO O2 2 (3c)

This hypothesized pathway is an ECC (“electrochemical-
chemical-chemical”) mechanism similar to those proposed for
Li/O2 and other alkali-metal-based systems.28−31 Below, the
results of several characterization techniques confirm that the
discharge-product composition is also consistent with this ECC
mechanism.

Unlike alkali-metal/O2 systems, superoxide formation in Mg/
O2 cells occurs at a low enough potential to distinguish step 3a
from direct electrochemical formation of MgOx (reactions 1 and
2). The subsequent chemical steps that formMgO2 andMgO do
not contribute to the electrical work delivered by the cell.
Materials that select against the superoxide pathway and support
direct electrochemical formation of MgOx will be needed to
realize the promise that the Mg/O2 chemistry holds for higher
energy density.
Figure 2 shows discharge/recharge cycles for a typical Mg/O2

cell. During discharge, the voltage decreases monotonically until

reaching the 0.6 V cutoff. At the end of discharge the cell is
allowed to equilibrate for 30 min before recharging. Once a
charging current is applied, the voltage quickly jumps to 2.5 V,
and then rises monotonically until the discharge capacity is
recovered. The energy efficiency for the first cycle is 42%low
compared to the energy efficiencies reported for nonaqueous Li/
O2, K/O2 and Na/O2 chemistries, but comparable to those for
elevated-temperature Mg/O2 cells.3,4,7,32 Still, the average
overpotentials during the discharge and recharge processes are
similar, suggesting that the electrochemical steps involved in the
forward and reverse cell reactions have similar activation
energies. Upon cycling, the capacity fade compares with other
reported nonaqueous Mg/O2 systems.

7,8 The cell capacity is low,
probably owing to the low solubility and diffusivity of O2 in the
electrolyte.33 The solubility of O2 in THF is about 5 times lower
than in dimethoxyethane, a common metal/O2 battery
solvent.34,35 The measured conductivity of the present electro-
lyte was reported by Nelson et al. to be 1.24 mS cm−1,26 which is
comparable to other Mg electrolytes36−39 but almost 1 order of
magnitude smaller than typical lithium-battery electrolytes.40,41

Development of an electrolyte with higher O2 solubility and ionic
conductivity could facilitate improvements in both the capacity
and rate capability of the Mg/O2 chemistry.
The total discharge-product volume can be estimated by

extrapolating the particle coverage in Figure S7 across the whole
electrode. This volume of MgO corresponds to a charge capacity
of the same order as the measured capacity. Of course, a capacity
estimate based on discharge-product dimensions is at best
qualitative; such an estimate is presented only to demonstrate
consistency with the more accurate capacities determined by
discharge experiments.
To probe possible side reactions, discharge was attempted in

an Ar atmosphere (i.e., in a cell containing no O2). In this case,

Figure 1. Cell potentials and half-reaction potentials for several metal/
O2 battery chemistries. The dashed red line corresponds to the potential
at which O2 reduces to superoxide.

Figure 2.Discharge/recharge cycles for a room-temperatureMg/O2 cell
at 5 μA cm−2 (superficial). Curves are labeled with the corresponding
cycle numbers.
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the measured OCP was roughly half that of the O2-containing
cell, 1.0 ± 0.1 V (Figure S4). Upon discharge, the voltage
monotonically decreased (Figure S5), suggesting that there is a
side-reaction below 1 V that may arise from solvent degradation.
Side reactions at low voltages are also observed in the Li/O2
system.42

In preparation for imaging by scanning electron microscopy
(SEM), the positive electrodes were rinsed with THF in an Ar-
atmosphere glovebox to remove residual electrolyte and placed
in the airtight sample holder described by Griffith et al.25 Figure
3a,b shows SEM images of the oxygen-electrode surface after

discharge. Discharge product is concentrated within areas of the
electrode that were in direct contact with O2 through the
perforations in the current collector. The product comprises
large, faceted, transparent particles, which have characteristic

dimensions of 100−200 μm. These particles were only observed
on the side of the positive electrode exposed to O2. Absence of
the discharge product in areas further from the O2 supply
indicates that O2 permeation through the liquid electrolyte limits
capacity. A control image [Figure 3b inset] was generated by
holding a similar cell at open circuit under O2 for the same
duration as the discharge experiment (a larger area is shown in
Figure S8). No particles were observed on the control electrode.
Figure 3c,d shows that a majority of the particles have
decomposed at the end of first recharge. The incomplete
disappearance of the discharge product suggests the presence of
side reactions, which may rationalize both the low energy
efficiency and the capacity fade upon cycling.
In addition to SEM, the composition of the discharge product

was characterized using energy dispersive X-ray spectroscopy
(EDS), Auger electron spectroscopy (AES), X-ray diffractometry
(XRD), and Raman spectroscopy (RS). Results of AES, XRD,
and RS are shown in Figure 4; EDS data is presented in the SI,
Figure S10.
EDS suggested the presence of Mg, O, and Cl in the discharge

product. In agreement with the EDS results, AES also showed
signals for only Mg, O, and Cl (Figure S12). The Mg peak is
located at 1181.5 eV, in agreement with the Mg KL2,3L3,3 Auger
energy of Mg in MgO.43 In contrast to the EDS measurement,
samples analyzed by AES were briefly exposed to air during
sample transfer. Therefore, AES was performed in conjunction
with Ar sputtering to remove the exterior surface of the discharge
product. Figure 4a shows the atomic-composition percentages
with respect to the distance from the surface yielded by an AES
depth profile. The results suggest a MgOx stoichiometry with x >
1. Furthermore, AES reveals that the quantity of Cl in the
discharge product is small (average ∼3.1 at. %); this trace Cl
presumably owes to a reaction with the electrolyte. It is
noteworthy that the proportions of Mg, O, and Cl remain
relatively constant with respect to depth. The excess of O can be
explained by the presence of domains of MgO2 within the
predominantly MgO material. The Mg−O phase diagram
indicates that MgO is a line compound, and is the only stable
Mg−O compound at ambient conditions.44 On the basis of the
theoretical potentials from eqs 1 and 2,MgO2 has a less exergonic
formation energy than MgO (by ∼0.08 eV/formula unit); it is
therefore weakly metastable and does not appear in the
equilibrium phase diagram. Thus, the presence of MgO2 in the
discharge product likely owes to a kinetic effect. If the discharge

Figure 3. SEM images of the positive-electrode surface on the side
closest to the O2 gas inlet. The dashed circles represent boundaries of
the regions that were directly exposed to O2 through perforations in the
Pt-coated current collector. (a) An electrode after first discharge. (b)
Higher magnification of the first-discharge product, with an inset image
of a control electrode exposed to O2 in a cell held at open circuit. (c) An
electrode at the end of first recharge. (d) Higher magnification of the
residual product after first recharge.

Figure 4. (a) AES depth profile of the discharge product;Mg (Blue), O (red) andCl (green) atomic concentrations are plotted as functions of sputtering
depth. (b) XRD pattern of control (red), discharged (black) and recharged (blue) carbon electrodes. (c) Raman spectra collected from control (red),
discharged (black), and recharged (blue) carbon electrodes.
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product is assumed to be a physical mixture of MgO and MgO2,
the AES data indicates that ∼30% of the product by volume is
MgO2 (SI, Section 6). In contrast to the oxygen-rich composition
of the discharge product, particles remaining on the positive
electrode after recharge exhibit a 1:1 Mg:O ratio in AES (Figure
S12). This suggests that MgO2 decomposes preferentially during
charging. Note that some MgO also must be consumed during
the recharge process, because Figure 3c shows that significantly
more than 30% of the discharge-product volume is consumed.
Figure 4b shows X-ray diffraction patterns collected from

discharged, recharged, and control electrodes. Patterns were
collected without exposure to air using an airtight sample holder.
The MgO(200) peak appears in the XRD patterns of the
discharged and recharged electrodes, but this peak is absent from
the control-electrode XRD pattern, confirming that no discharge
product forms when the cell is held at open circuit. In the
recharged positive electrode, the peak attributed to crystalline
MgO is significantly diminished, suggesting substantial, but not
complete, dissolution of MgO during charging. No peaks
corresponding to crystalline MgO2 were observed in any
electrode.
Absence from the XRD patterns does not preclude the

presence of amorphous MgO2, however. Figure 4c shows Raman
spectra collected from the discharge product, the product
remaining after recharge, and the control electrode. The oxygen
electrodes were placed in an airtight RS sample holder with
quartz windows. Several spectra were collected from reference
samples to identify the peaks in the discharge-product spectrum
(Figure S13). The sharp peaks between 870 and 1100 cm−1 all
can be assigned to residual electrolyte with THF solvent.45 The
peak around 200 cm−1 can be attributed to Mg−Cl stretching
(Figure S13). In particular, the peak near 860 cm−1 was
confirmed to correspond toO−O stretching inMgO2 by density-
functional-theory calculations (Figure S14), and has been
attributed to O−O stretching in other peroxide compounds.46

(MgO does not yield a first-order Raman signal and therefore
cannot not be detected by RS.47) The observation of a MgO2
peak in the Raman spectrum confirms the presence of
amorphous MgO2 in the discharge product and is consistent
with the excess oxygen observed by AES. In the recharged
positive electrode the peak attributed to O−O stretching is not
observed, supporting the notion that MgO2 decomposes
preferentially during recharge, and in agreement with the 1:1
Mg:O stoichiometry measured by AES (Figure S12).
In summary, the present study has probed the reaction

pathway and characterized the discharge product in a reversible
Mg/O2 cell. Importantly, several aspects of Mg/O2 electro-
chemistry appear to differ fundamentally from alkali-metal/O2
systems. The cell produces a mixed-phase product that comprises
crystalline MgOwith domains of amorphous MgO2; this product
forms after electrochemical superoxide formation from O2,
through chemical precipitation and disproportionation steps. A
discharge product comprising large, faceted particles was
observed, but was seen only in areas of the electrode that were
in close proximity to gas, suggesting that O2 transport limits cell
capacity. Several techniques probed the discharge-product
composition, revealing that the product comprises roughly
70%MgO and 30% amorphous MgO2 on a volumetric basis. The
recharged positive electrode contained a small amount of
residual MgO, suggesting that MgO2 decomposes first during
charging, followed by more limited MgO decomposition.
The combination of a multivalent metal with an air-breathing

positive electrode portends a secondary battery system with

extremely high energy density. The superoxide-controlled
discharge voltage, low capacity, and limited cycle life observed
for the Mg/O2 cell presented here suggest that additional
development is needed to realize these advantages. Further
electrolyte development could increase both capacity and rate
performance. In addition, circumventing the multistep discharge
mechanism in favor of direct electrochemical MgOx formation
would lead to cells with far higher energy density.
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