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Magnesium-air battery is a promising energy storage device because of its high theoretical voltage, high
speciﬁc energy, low cost, and greater safety. Due to the passivation of Mg surface with Mg(OH)2 in alkaline electrolyte (pH 411) prevents further reaction of the anode, Mg-air battery typically works in pHneutral aqueous electrolyte. However, developing electrocatalysts for pH-neutral oxygen reduction with
high activity at low cost remains a signiﬁcant challenge. Here, we report a mixed-phase mullite
(SmMn2O5) electrocatalyst as an efﬁcient substitute for Pt/C in pH-neutral oxygen reduction reaction
(ORR). The mixed-phase mullite exhibits similar catalytic activity but superior stability to Pt/C in 1 M
NaCl solutions. Density functional theory simulations reveal that the catalytic activity is correlated to the
strength of p-d hybridization between octahedral Mn and lattice O in the mullite structure, which results
in a moderate bond strength between adsorbed O atoms and square-pyramidal Mn dimer sites. The
presence of CeO2 phase also facilitates the adsorption and diffusion of oxygen atoms on mullite surface.
Finally, the feasibility of utilizing mixed-phase mullite catalyst is demonstrated by fabricating Mg-air
batteries to power a red light-emitting diode.
Published by Elsevier Ltd.
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1. Introduction
Driven by the ever-increasing demand of energy storage for
renewable energy storage, metal-air batteries have attracted extensive attention due to the high theoretical energy density and
environmental benignity [1–5]. Among many types of metal-air
batteries, Li-air and Zn-air batteries have attracted the most attention [3,6–10], while magnesium-air batteries have been much
less explored. Mg-air batteries could become a viable energy storage technology due to the low toxicity, high safety, and earth
abundance of Mg. In fact, Mg-air batteries have been used commercially in reserve batteries, marine lifejacket lights, buoys, and
undersea power supplies, etc. [11]. Although the present Mg-air
battery is a primary battery, it could become mechanically
n
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rechargeable by replacing used Mg anode and electrolyte with
fresh ones or eventually become electrochemically rechargeable
once major technical challenges could be successfully resolved [4].
Mg-air batteries involve following reactions:
Cathode: O2 þ 2H2O þ 4e–- 4OH–

(1)

Anode: Mg - Mg2 þ þ 2e–

(2)

Overall: 2Mg þ O2 þ 2H2O - 2Mg(OH)2

(3)

During the discharge process, Mg anode is oxidized to Mg2 þ
and O2 is reduced to OH– via a four-electron transfer reaction. In
the alkaline electrolyte (pH 4 11), Mg(OH)2 forms a passivation
layer on Mg surface, which prevents further reaction of the anode.
When pH o11, corrosion reaction takes place as the side reaction:
Mg þ 2H2O - Mg(OH)2 þH2. While Mg(OH)2 has a low solubility
in water with a Ksp of 1.5  10  11, which is large enough that it will
partially dissolve to produce ions in the solution forming the
suspension. Therefore Mg-air batteries require a pH-neutral aqueous electrolyte [4]. Due to the low lying redox potential of Mg/
Mg2 þ ( 2.37 V vs. SHE), the theoretical voltage of a Mg-air battery is 3.1 V and the speciﬁc energy density is calculated to be
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Fig. 1. (a) Crystal structure of SmMn2O5. O, Mn and Sm atoms are colored in red, purple, and grey. The Mnpyr and Mnoct complexes are displayed as yellow and grey
polyhedra, respectively. (b) XPS spectra of Mn 2p peaks show Mn3 þ and Mn4 þ components. (c) XRD spectra of SmMn2O5 standard PDF (No: 01-088-0374), pure-, and mixedmullite. SmMn2O5, spinel Mn3O4, and ﬂuorite CeO2 phases are identiﬁed in the mixed phase. (d) HRTEM image reveals lattice fringes of SmMn2O5 (110) and CeO2 (200) and
amorphous region.

6.8 kWh/kg. However, in reality, the working voltage is usually
below 1.4 V due to two main challenges: corrosion of Mg metal
and sluggish kinetics of oxygen reduction in pH neutral electrolyte.
The ﬁrst challenge has been studied in many reports with deeper
understanding of the corrosion mechanism and novel Mg-Zn-Al
alloys to alleviate the corrosion [12,13]. However, less progress has
been made for the latter challenge, i.e, developing efﬁcient oxygen
reduction reaction (ORR) catalysts that are highly active and selective under pH-neutral condition. Such a catalyst has also been
found important in microbial fuel cells [14]. Since the kinetics of
oxygen reduction strongly depends on the OH  concentration of
aqueous solution, ORR becomes very sluggish at neutral electrolyte
when compared to the acid or alkaline electrolyte [15]. Noble
metals such as platinum, palladium or iridium have the high catalytic performance and are traditionally used in Mg-air batteries
[16,17].
Recently, low-cost alternatives have been actively explored to
replace noble metals. Perovskite-based oxides, such as LaMnO3
[18], CaMnO3 [19], La1  xSrxMnO3 [20], Sr0.95Ce0.05CoO3-δ [21], and
LaSr3Fe3O10 [22], attracted signiﬁcant attention in the past few
years. Most studies report high ORR catalytic activity in the alkaline electrolyte (0.1 M KOH) [23–25], however, their performance
at pH-neutral electrolyte is not very well understood. A family of
mullite oxide (SmMn2O5) has recently been reported by one of the
authors with remarkable catalytic activity and durability towards
NOx oxidation [26]. Breaking O2 molecules into atomic O on the
catalyst surface is an essential step in NOx oxidation process [26].

The same oxygen-bonding breaking might also be important in
oxygen reduction, we are therefore inspired to explore the ORR
catalytic activity with mullite oxide and explore its application in
Mg-air batteries at pH-neutral electrolyte.
In this work, we synthesized the pure-phase (pure-mullite) and
mixed-phase mullite (mixed-mullite) samples. The mixed-mullite
exhibits similar catalytic activity but superior stability to Pt/C in 1 M
NaCl solutions. Its performance compares favorably to Perovskite
based catalysts. Density functional theory (DFT) simulations are
employed to identify the catalytic mechanism for oxygen reduction
and provides new insights to ﬁne tune the Mn–O* bonding strength
to optimize the rate limiting steps in ORR reactions.

2. Experimental
2.1. Preparation of pure- and mixed-mullite samples
All reagents (analytical grade) were purchased from Alfa-Aesar
and used without further puriﬁcation. Pure-mullite (SmMn2O5)
was synthesized following Ref. [26]. To synthesize mixed- mullite,
7.7914 g of Mn(CH3CO2)2  4H2O, 0.4205 g of Sr(NO3)2, 1.7255 g of
Ce(NO3)3  6H2O, 0.8831 g of Sm(NO3)3  6H2O and 0.2751 g of
polyvinyl alcohol (PVA) (80% hydrolyzed) were dissolved in water.
15 mL of 25% TMAH was added until the pH reached 12. Then
0.2755 g of oxalic acid was dissolved in 2 mL of warm water
(80 °C) in a separate container, and added to the above suspension.
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Fig. 2. ORR performance in O2-saturated 0.1 M KOH. (a) Rotating-disk electrode (RDE) measurements of mixed-mullite with a sweep rate of 10 mV s–1 at different rotation
rates. (b) Corresponding Koutecky–Levich plots (J–1 vs. ω–0.5) at 0.5–0.7 V vs. RHE. (c) Oxygen reduction polarization curves of mixed-mullite, pure-mullite, and Pt/C catalyst
on glassy carbon electrode. The inset shows corresponding Tafel plots of oxygen reduction current and overpotential (J vs. η). (d) Chronoamperometric stability of three
samples at the current density of 1 mA cm–2.

3.9 mL of 30% H2O2 (aq) was added slowly drop wise, and 11 mL of
TMAH was added until the pH reaches 9.2. The solution was ﬁltered to obtain the precipitate, which was dried overnight at
120 °C, and calcined for 2 h at 500 °C.
2.2. Materials characterization
The samples were characterized by X-ray diffraction (XRD, Rigaku MiniFlex 600) using Cu Kα radiation (λ ¼ 1.5406 Å ), X-ray
photoelectron spectroscopy (XPS, VG MultiLab 2000), physisorption analysis (Micromeritics Tristar II 3020 plus) using N2, scanning electron microscopy (SEM; Gemini LEO 1525), energy dispersive X-ray spectroscopy (EDS) with an Octane Silicon Drift
Detector (EDAX, model: OCTANE PRO), and transmission electron
microscopy (TEM, JEM-2100F).
2.3. Electrochemical characterization
Glassy-carbon electrode (diameter, 5 mm; Pine Instrument)
was polished with 0.3 mm and 0.05 mm alumina slurry to obtain a
mirror-like surface. Pt/C (5 wt% loading of Pt on carbon support,
Sigma-Aldrich), pure-, or mixed-mullite SmMn2O5 were mixed
with conductive carbon black at a mass ratio of 5:1, respectively.
10 μL of 5 wt% Naﬁon solution was combined with 1 mL of ethanol, then the ground sample powders were added to the ethanol
solution and sonicated for 30 min to generate a uniform ink. 10 μL
of this solution was deposited onto glassy carbon electrode and
dried at room temperature, leading to a catalyst loading of 0.25 mg

cm–2. The ORR activity of the catalysts was carried out on a rotating ring-disk electrode (RRDE) from PINE Research Instrumentation using Ag/AgCl reference electrode and Pt wire
counter electrode. The working electrode was scanned cathodically at a rate of 10 mV s  1 with varying rotating speed from
400 rpm to 2500 rpm in 0.1 M KOH, 1 M KOH and 1 M NaCl aqueous solution. Koutecky–Levich plots (J–1 vs. ω–0.5) were analyzed
at same electrode potentials. The slope of ﬁtted linear lines was
used to calculate the number (n) of electrons transferred on the
basis of the Koutecky-Levich equation:
1/J ¼ 1/JL þ 1/JK ¼ 1/(Bω0  5) þ 1/JK
B ¼ 0  62nFC0 D02/3 v
JK ¼ nFkC0

–1/6

(4)
(5)
(6)

where J is the measured current density, JK and JL are the kineticand diffusion-limiting current densities respectively, ω is the angular velocity (ω ¼2πN, N is the rotation speed), n is transferred
electron number, F is the Faraday constant (96,485 C mol  1), C0 is
the bulk concentration of O2, v is the kinematic viscosity of the
electrolyte, and k is the electron-transfer rate constant.
2.4. Mg-air battery
Mg-air batteries were fabricated in two conﬁgurations of twoelectrode coin cells and three-electrode beaker cells. For the oxygen cathode, Pt/C or mixed-mullite was mixed with carbon black
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Fig. 3. ORR performance in O2-saturated 1 M NaCl aqueous solution. (a) Rotating-disk electrode (RDE) measurements of mixed-mullite with a sweep rate of 10 mV s–1 at
different rotation rates. (b) Corresponding Koutecky–Levich plots (J–1 vs. ω–0.5) at 0.2–0.4 V vs. RHE. (c) Oxygen reduction polarization curves of mixed-, pure-mullite, and Pt/C
catalyst. The inset shows the corresponding Tafel slopes of 100, 180 and 160 mV/decade, respectively. (d) Chronoamperometric stability of mixed-mullite and Pt/C at the
current density of 1 mA cm–2.

at a mass ratio of 5:1 in a 5 wt% Naﬁon solution to form a stable
suspension, which was deposited on a nickel foam and vacuum
dried with mass loading of  0.1 mg/cm2. For coin cells, the oxygen
cathode, Mg foil and 1 M NaCl solution were assembled together
with a hydrophilic separator (Celgard 3501). The cathode cases
contain 1 mm holes to allow the ﬂow of air. In the three-electrode
cell, Mg foil was used as the counter electrode with Ag/AgCl reference electrode and 1 M NaCl electrolyte. The electrochemical
characterizations were measured using an electrochemical potentiostat (EC-Lab VMP3).
2.5. Density functional theory modeling
DFT calculations were performed using the Vienna ab initio
simulation package (VASP). The generalized gradient approximation (GGA) with the exchange-correlation function of Perdew,
Burke and Ernzerhof (PBE) was chosen [27]. For the transition
metal Mn, a pseudopotential with an electron conﬁguration of 3d6
4s1 was chosen. For Sm (4f6 6s2), the pseudopotential of Sm3 þ was
generated by keeping 5 f-electrons frozen in the core. A (2  4  8)
Monkhorst–Pack k-point grid was adopted and the energy cutoff
was set to 400 eV. In the structure relaxation, the maximum force
on each atom was converged to 0.001 eV Å  1. A (2  1  1) unit
cell is selected and collinear spin approximation of the magnetic
structure was adopted for bulk calculations.
3. Results and discussion
The preparation of the mullite samples is described in the experimental section. The crystal structure of SmMn2O5 is shown in

Fig. 1a with a space group of Pbam (a¼7.433 Å, b¼8.587 Å,
c¼5.696 Å, α ¼ β ¼ γ ¼ 90°) [28]. Edge-shared MnO6 octahedra (Mnoct)
are linked by dimers of MnO5 square-pyramidal polyhedra (Mnpyr),
highlighted in yellow and grey color, respectively [29]. Charge and
orbital ordering is present in the mullite structure, with the Jahn-Teller
prone Mn3þ cations conﬁned to Mnpyr sites and Mn4þ cations preferring the Mnoct sites. High-resolution XPS spectra of Mn 2p (Fig. 1b)
conﬁrm the coexistence Mn3þ and Mn4þ in the pure-phase and
mixed-phase samples. While XRD spectrum of the pure-mullite
(Fig. 1c) agrees well with the peaks in SmMn2O5 standard PDF (No:
01-088-0374), the mixed-mullite clearly reveals three phases, i.e.,
SmMn2O5 mullite phase, CeO2 ﬂuorite phase, and Mn3O4 spinel phase.
From the EDS measurement (Fig. S1), we obtained the weight percentage of SmMn2O5: CeO2: Mn3O4 as 77.6%, 15.6%, and 6.8%, respectively. Both SmMn2O5 and CeO2 crystalline phases are clearly visible in
the HRTEM image (Fig. 1d). Lattice fringe of 5.81 Å corresponds to
SmMn2O5 (110) plane and lattice fringe of 3.27 Å are ascribed to CeO2
(200) planes. Two amorphous regions are also observed at the grain
boundaries although the formation mechanism is not well understood. The particle size of the mixed-mullite sample is in the range of
50 60 nm from the TEM characterization (Fig. S2). We also veriﬁed
that the mixed-phase and pure-phase samples have similar surface
area (10 m2 g–1 vs. 13 m2 g–1) from the BET measurements.
We used rotating-disk electrode (RDE) measurements to study
the ORR activities of mullite catalysts (Fig. 2a and Fig. S3a) and
compare with a commercial Pt/C catalyst (Fig. S3c). 0.1 M KOH is
the most commonly used testing condition for ORR activity characterization. (10, 16–19) The parallel ﬁtting lines in the KouteckyLevich plots (Fig. 2b) show similar electron transfer numbers (n)
for ORR at different potentials, which was calculated to be in the
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Fig. 4. (a) Schematic of a primary Mg-air battery using mixed-mullite catalyst in oxygen cathode, Mg anode, and aqueous 1 M NaCl electrolyte. (b) Two Mg-air cells
connected in series to power up a red LED. A multimeter connected to the circuit reads current value of 167.3 mA. (c) Voltage proﬁles of both oxygen cathodes and Mg anodes
in a three-electrode set-up at current density of 0.1, 0.2, 0.5 and 1.0 mA cm  2. (d) Discharge behavior of an Mg-air cell at a current density of 1 mA cm  2 for 300 min.

range of 3.9–4.0 at 0.50 V to 0.65 V vs. RHE from the slopes of
Koutecky-Levich plots (Fig. 2b), suggesting that mixed-mullite favors a 4e  reduction kinetics, which is similar to the performance
of Pt/C catalyst measured in the same electrolyte (n  4.0 in Fig.
S3c). In comparison, pure-mullite shows inferior ORR activity with
an average electron transfer number of 2.3 at 0.40–0.60 V, suggesting dominant 2e  reduction kinetics. The direct comparison of
the three samples in Fig. 2c shows the overpotential to reach
1.0 mA cm–2 as 0.38, 0.46, and 0.64 V for Pt/C, mixed- mullite and
pure-mullite, respectively. At low overpotential, all samples have
similar Tafel slopes of  100 mV/decade (inset of Fig. 2c). One
factor for the superior ORR activity of the mixed phase is the existence of 15.6 wt% of CeO2 phase in the mixture. CeO2 has been
reported active in facilitating the adsorption and diffusion of
oxygen atoms [26,30,31]. Moreover, the performance of mixedmullite also compares better than that of perovskite family catalysts shown in Table S1. More importantly, the mullite sample
exhibits superior durability to Pt/C with negligible decay in ORR
activity over 7200 s of continuous operation (Fig. 2d). In contrast,
Pt/C showed 40% decay in activity, which is known to be due to
surface oxides and particle dissolution and aggregation [32,33].
Therefore, we conclude that mixed-mullite exhibits comparable
ORR catalytic activity to a commercial Pt/C catalyst and superior
stability in 0.1 M KOH electrolyte. Similar trend remains in 1 M
KOH electrolyte (Fig. S4).
We have discussed earlier that Mg-air battery requires efﬁcient
catalyst in pH-neutral electrolyte, therefore we further examine

the ORR performance of mullite catalysts in 1 M NaCl solution. In
Fig. 3a, oxygen reduction clearly shows a higher overpotential
compared to that in alkaline condition. Electron transfer number
(n) is calculated to be 4.0 at 0.20 V to 0.40 V vs. RHE from the
Koutecky-Levich plot in Fig. 3b. It is interesting to note that 4e 
reduction kinetics is maintained in neutral pH situation even
though OH  concentration has been reduced by 6 orders of
magnitude compared to alkaline condition. Fig. 3c exhibits the
overpotential of mixed- mullite (0.78 V) reaching 1.0 mA cm–2 is
close to that of Pt/C (0.70 V), much smaller than that of puremullite (0.91 V). Mixed-mullite also displays the smallest Tafel
slope (100 mV/decade) among samples such as pure-mullite
(180 mV/decade) and Pt/C (160 mV/decade). Fig. 3d shows negligible ORR activity decay over 7000 s of continuous operation in
contrast to 15% decay in the case of Pt/C. Mixed-mullite again
shows the attractive long-term stability. Fig. S6 shows the XRD and
SEM measurements before and after 4 h continuous reaction. Very
little change is observed, which agrees with the excellent stability
demonstrated by the mixed-phased mullite.
The feasibility of utilizing mixed-mullite as the ORR catalyst in
Mg-air batteries is demonstrated in Fig. 4. Fig. 4a shows the schematic of a two-electrode Mg-air battery with the oxygen cathode, Mg
anode, and 1 M NaCl electrolyte. We used coin cell with small holes
on positive cases to allow air penetration. Because the turn-on voltage of a red light emitting diode (LED) is 1.8 V, which is higher than
the output voltage of an individual cell, two coin cells were connected in series to power the LED (Fig. 4b). The multimeter
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Fig. 5. (a) The total density of states of SmMn2O5 (black) and local density of states of Mn in octahedral (red) and pyramid (green) crystal ﬁeld. Ef is set at zero energy.
(b) Partial charge distribution within  0.5 eV to 0 eV. (c) d-band splitting of Mnpyr–O based on the calculated local DOS results. (d) Diagram of d-band occupation modulated
adsorption strength of O*. A higher location of dz2 orbital indicates a stronger interaction between Mnpyr and O*.

connected to the circuit reads the current of 167.3 mA. To power the
LED with higher brightness, three coin cells were connected in series
(Fig. S7). The red LED was immediately turned on after adding 50 μL
of 1 M NaCl electrolyte to each coin cell, testifying the usefulness of
Mg-air batteries as a reserve battery.
Galvanostatic discharge voltage proﬁles of mixed-mullite and Pt/C
catalysts under various current densities measured in a three-electrode setting were shown in Fig. 4c. Both cells showed similar voltage

proﬁles, suggesting the excellent ORR performance observed in the
RDE measurements could be translated to the Mg-air full cells. Fig. 4d
shows the stability test conducted at 1.0 mA cm  2. The cell voltage
started at open circuit condition of 1.65 V, and quickly dropped to
1.22 V at a current density of 1.0 mA cm  2, then remained stable for
up to 290 min until a sudden voltage drop to 0.8 V. The ﬁnal voltage
drop was found to be correlated with the corrosion and disintegration of Mg foil. Calculation based on the mass of consumed Mg shows
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a speciﬁc capacity of 1667 mAh g–1, which is 24% lower than the
theoretical capacity of Mg (2204 mAh g–1) and mainly due to Mg
corrosion in the electrolyte: Mg þ2H2O-2Mg(OH)2 þ H2. Such
corrosion could be mitigated by replacing pure Mg metal with Mg
alloys [12,13].

4. Discussion
To shed light on the superior ORR performance of mixedmullite catalyst, we conducted DFT simulation to identify a descriptor governing the ORR mechanism in mullite. Nørskov proposed that the D-band center controls the catalytic activity via
varying the bond strength between incoming molecules and metal
surfaces [34]. The ORR activity in perovskite oxides [25]. eg-orbital
ﬁlling and orbital hybridization between O-2p and Mn-3d are
found to be the key factors in manipulating such catalytic behavior
[25]. Recently we have combined soft X-ray absorption spectroscopy and DFT calculations to identify p-d orbital hybridization
strength as a descriptor governing NO oxidation on mullite surface
(AMn2O5, A: Sm, Y, Tb, Gd, Lu) [35] Fig. 5a shows the total density
of states of SmMn2O5 (black) and local density of states of Mn in
octahedral (red) and square-pyramidal (green) complexes. In
particular, the occupied states near the Fermi level (EF) is dominated by the localized Mn-3d orbital. According to the partial
charge analysis, the local DOS from  0.05 eV to the EF is mainly
contributed by the dz2 orbital of Mnpyr in the pyramid crystal ﬁeld
(green line), which is consistent with previous report [36]. This
observation is similar to other mullite oxides, such as HoMn2O5
and TbMn2O5 [37,38]. When the external oxygen atoms (O*) are
adsorbed on SmMn2O5 surface (Fig. 5b), the most sensitive orbital
around the Fermi level is dz2 orbital, which have large overlap with
O-2p orbital, suggesting a potentially moderate interaction between Mnpyr and external oxygen atoms. Furthermore, the Mnpyr–
O* interaction could be governed by the location of d-band occupation of catalytic active Mnpyr site. Fig. 5c shows the energy levels
of Mn3 þ in the pyramid crystal ﬁeld. Generally speaking, the
higher position of dz2 in the energy diagram, the stronger p–d
interaction. An unoccupied dz2 orbital of Mnpyr in Fig. 5d results in
a higher d–band position and thus leads to a stronger interaction
between Mnpyr and O*, while a fully occupied dz2 causes a lower dband position and results in a weaker bonding strength with O*. In
our case of SmMn2O5, the strength of p-d hybridization is moderate [35], so that superior ORR catalytic performance of SmMn2O5
is expected. The DFT analysis identiﬁes the catalytic active site
(Mnpyr) for oxygen reduction on SmMn2O5 surface and provides a
method to ﬁne tune the Mn–O* bond strength to optimize the rate
limiting steps in ORR reactions.
The presence of CeO2 phase in the mixed-mullite also plays an
important role in facilitating adsorption and diffusion of oxygen
atoms on the surface of catalyst. Ceria (CeO2) is widely known as
an “oxygen buffer” due to its ability of quick storing and releasing
oxygen as a result of change in gas phase oxygen concentration
(CeO22CeO2  x þ(x/2) O2 (0 rx r0.5) ) [39]. According to Fig. 2c,
pure-mullite exhibits similar Tafel slopes but much larger overpotential compared to that of mixed-mullite, which suggest the
rate-limiting step is the oxygen adsorption and storage. Once CeO2
is present, oxygen molecules could be readily dissociated into
atomic O* with a dissociation energy as low as 0.31 eV [40]. More
interestingly, the dissociated oxygen atom could travel within the
CeO2 phase with a reasonably low energy barrier of  0.65 eV [40].
In other words, CeO2 in the mixed phase serves as an oxygen
source and provides more atomic O* to the catalytic sites of Mnpyr.

5. Conclusion
In summary, a new class of mullite oxide (SmMn2O5) electrocatalyst that exhibits outstanding oxygen reduction activity comparable to Pt/C catalyst and exceeding Pt/C in stability is demonstrated for the ﬁrst time. This highly promising catalyst can be used
in applications such as Mg-air battery and microbial fuel cells, where
high ORR activity in pH-neutral condition is required. The overpotential to reach 1.0 mA cm–2 for the mixed-mullite is 0.46 V in
0.1 M KOH, which is signiﬁcantly lower than that for Perovskitebased catalysts tested in the same condition. When switching to 1 M
NaCl electrolyte, the overpotential to 1.0 mA cm–2 increases to 0.78 V,
which is still comparable to Pt/C (0.70 V). The fast four-electron
transfer in oxygen reduction is ascribed to the catalytic Mnpry sites
and the coexistence of CeO2 phase that facilitates the oxygen adsorption and diffusion. Mg-air batteries made of such mullite catalysts and the earth abundant Mg anode in environment-friendly
neutral electrolyte may open up new opportunities of materials for
advanced catalysts for energy conversion and storage.
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