
Time Resolved Measurements of pH in Aqueous
Magnesium-Air Batteries during Discharge and Its Impact
for Future Applications
Tobias Braun,* Sirshendu Dinda, Frank Pammer, and Maximilian Fichtner[a]

In aqueous magnesium air batteries, the influence of the
electrochemical behavior on pH of the electrolyte has not been
investigated yet, which has a critical effect on the cell perform-
ance. We have monitored the evolution of the pH at various
discharge current densities in situ in the Mg-air primary cells,
which produce sparingly soluble magnesium hydroxide (Mg-
(OH)2). These experiments show the temporal evolution of the
pH of the electrolyte in the cell discharge, depending on the
current density. The pH first increases rapidly to a maximum of
pH 11 and then drops down slowly to the equilibrium at

pH 10.7. At the peak pH oversaturation of Mg(OH)2 is para-
mount, leading to the precipitation which balances the Mg(OH)2
concentration in the electrolyte. This precipitation process coats
both cathode and anode which leads to a decrease in cell
efficiency and voltage. The results show that the cell design of
Mg-air batteries is important for their lifetime and cell perform-
ance. The performance of the aqueous magnesium cell is
increased several folds when the design is changed to a simple
electrolyte flow cell.

Introduction

Aqueous Mg-air batteries possess some advantages over other
primary metal-air batteries.[1,2] Magnesium is non-toxic, environ-
mentally friendly, and the 7th most abundant element on the
earth. On the other hand, aqueous electrolytes are cheap and
non-flammable, and the air-cathode uses oxygen as a reactant,
which is available everywhere.[3,4]

Naturally, there are still some challenges in aqueous Mg-air
batteries that are yet to be solved. These include the self-
corrosion of the Mg-anode, with the resulting evolution of
hydrogen (HER),[3,5–7] and the slow kinetics of the oxygen
reduction reaction (ORR) on the cathode.[3] Discharge of Mg-air
battery is governed by the following optimal cell reactions,
which are also schematically depicted in Figure 1.

Mg! Mg2þ þ 2 e� (1)

O2 þ 2 H2Oþ 4 e� ! 4 OH� (2)

2 Mgþ O2 þ 2 H2O! 2 MgðOHÞ2 (3)

Figure 1 shows a schematic of a typical aqueous Mg-air
battery. During discharge, the magnesium metal anode (Equa-

tion (1)) releases two electrons per atom and Mg2+ ions dissolve
in the electrolyte solution. The electrons then move from the
anode to the air cathode through the external circuit. At the
cathode (Equation (2)) oxygen reacts with two water molecules
and four electrons to produce four hydroxide anions. Reaction
(3) represents the overall cell reaction during discharge.
Magnesium hydroxide is formed, which has poor solubility in
water (approx. 9 mgL� 1) and largely precipitates. Key challenges
in the development of Mg� O batteries is the self-corrosion of
magnesium in Mg-air batteries, which can be expressed by the
following equations

Mg! Mg2þ þ 2 e� (4)

2 H2Oþ 2 e� ! H2 þ 2 OH� (5)

Mgþ 2 H2O! MgðOHÞ2 þ H2 (6)
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Figure 1. Scheme of an aqueous magnesium air battery.
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The oxidation of magnesium at the metal surface (4) does
not lead to an external current, but rather to direct reduction of
water with concurrent release of hydrogen (5). The overall
reaction is shown in (6).[3]

To reduce or prevent the HER, magnesium alloys have been
investigated as anode materials in Mg-air batteries instead of
pure magnesium. Alloys containing Al, Mn, and Zn, help to
prevent the hydrogen evolution reaction.[3][8] The Mg� Al� Zn
alloy AZ31 is commonly used in Mg-air batteries.[3][9] Other
anode alloys with compositions including Li,[10] Pb,[11,12] Ca,[13,14]

Ce,[12,15] Sn,[16,17] In,[11] Cd[18–20] and Y[12,21] have also been
investigated regarding their discharge and corrosion behavior.
These investigations include the effect of temperature during
alloy manufacturing on the discharge behavior.[16]

The air-cathode is a combination of a gas diffusion layer
and a catalyst material, which is required to accelerate the slow
kinetics of the ORR. Many catalysts are available for the oxygen
reduction reaction (2) due to the fact, that this reaction is
similar to the half-cell reaction in a fuel cell, and it is known that
this is one of the most critical parameters in aqueous metal-air
systems. Substantial effort has been invested into the develop-
ment of more efficient, stable and cheap catalysts for the
oxygen reduction reaction. These catalysts can be divided into
three main categories: (1) Precious metal catalysts that include
Pt,[22–27] Pd,[28–30] Au,[31–34] Ag[35–37] and their alloys.[38,39] They
exhibit good catalytic activity but are invariably costly; (2) Non-
precious metal catalyst include transition metals[40–42] and their
alloys,[43] oxides,[44,45] carbides[46] and nitrates.[47,48] Most fre-
quently Mn,[44] Ni,[42] Fe,[44] Co[42] are used. These are cheaper as
category (1) materials, but they have a lower catalytic activity
and higher overpotentials; (3) Metal-free catalysts mainly
composed of activated carbon. To increase the catalytic activity
of the carbon the material is typically modified via hetero atom
doping with B,[49–51] N,[52–54] O,[55,56] F,[57–59] P[60–62] and S[63,64] or co-
doping.[65–67] These materials are cheap and show a good
electric conductivity.

Depending on the pH of the electrolyte, the ORR has
different reaction pathways. There is the preferred one-step-
four-electron pathway shown in reaction (2), but an undesirable
two-step-two-electron pathway is also possible, as shown in
reactions (7) and (8).[68,69]

O2 þ H2Oþ 2 e� ! HO2
� þ OH� (7)

HO2
� þ H2Oþ 2 e� ! 3 OH� (8)

The catalyzed reaction most frequently proceeds via the
undesirable two-step-two-electron pathway.

The most commonly used electrolyte is a 3.5 wt% aqueous
NaCl solution, but other concentrations have also been used.
Likewise, studied were other salts (NaNO3, NaNO2, Na2SO4,
NaOH or MgCl2,

[3,70] and the use of various additives as corrosion
inhibitors.[71–75]

Aqueous magnesium-air batteries are already in use in
commercial applications such as emergency energy backup
systems and in as power supply in marine installations and
devices such as lighthouses, floats, and undersea monitoring

equipment.[3] The Canadian company Magpowersystems Inc.
tries to commercialize magnesium-air batteries for various
marine, military and consumer applications.[76]

On aspect of MABs that has not yet been examined,
however, is the time-resolved evolution of the pH during
discharge. It is known from the literature that the cell reaction
product Mg(OH)2 is not sufficiently soluble in in water and
hence increases the pH of the electrolyte over time. In this
work, we investigate the temporal evolution of pH of a 0.5
molar NaCl electrolyte during the discharge of aqueous
magnesium-air batteries in home-made cells. Here we have
discussed the origin of the pH, examined the time dependent
behavior of the pH and linked it with the cell potential of the
primary magnesium air cell. We have discussed the perform-
ance of the cell in regards to Mg(OH)2 precipitation and have
designed an alternative way to enhance the primary cell
performance. AZ31 is used as anode and Freudenberg GDL/
MPL with a Pt/C (5 w.-% Pt) catalyst are used as cathode.

Results and Discussion

In a first series of experiments, the discharge behavior of
‘stationary’ cells was investigated, with a fixed volume of
aqueous 0.5 M NaCl as electrolyte (see Figure S1 in the
electronic supporting information (ESI)). Figure 2 shows pH
mean curves during OCV (a) and discharge with three different
current densities (b: 1, c: 2.5 and d: 5 mAcm� 2) for 5 hours. It is
obvious that all pH curves are showing a maximum pH value at
10.7. The time at which the maximum pH is reached varies with
the discharge current density (higher current densities leads to
earlier time points and the volume of the electrochemical cell).
In all cases, there is a fast increase of the pH in the first 5
minutes from 6 to around 10. In the OCV-measurement the
increase of the pH results from the self-corrosion of the
magnesium. During discharge, the cathode reaction leads to a
formation of OH� which is mainly responsible for the change in
pH. The fact that the pH decreases again after a certain time
indicates a precipitation of the discharge product magnesium
hydroxide (Mg(OH)2). The pKa

1 value of Mg2+ ions in aqueous
solution (i. e. [Mg(H2O)6]

2+) is 11.4,[77,78] which means solvate
complexes of Mg2+ cations are non-acidic and self-corrosion
will therefore lead to an increase of the pH of the solution. In
addition, it has been demonstrated that the degradation of Mg
is linear at low pH, whereas the breakdown potential follows a
quadratic law at pH higher than 10. In time of breakdown, it
has been postulated that an oxide/hydroxide protective layer is
formed on top of the Mg/Mg-alloy surface. Concentration of Cl�

([Cl� ]) plays an important role, both as a thinning catalyst and
equilibrium pH stabilizer.[79,80] The formation of Mg(OH)2 at
higher pH attributes to the low solubility product (Ksp) value of
Mg(OH)2. Ksp of Mg(OH)2 is 5.61×10� 12 under ambient condition,
which leads to a pH of 10.35 when Mg(OH)2 starts to precipitate
from the saturated solution. But Ksp of Mg(OH)2 depends on the
logarithm of [Cl� ] as shown in equation (9).[80]
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Ksp ¼ K1
sp þ 4:8� 10� 11 log10½Cl� � (9)

Wherein K1
sp =1.2×10� 11 M3 is the solubility product of

Mg(OH)2 measured in 1 M NaCl solution. For a 0.5 M solution of
NaCl the pH corresponds to 10.7. Mg(OH)2 has a poor solubility
in water of 9 mgL� 1 and can precipitate everywhere in the cell.
The formation of a Mg(OH)2-layer on the Mg anode creates a
protective layer which is still permeable for Mg-ions and
reduces anode corrosion. In contrast, at the cathode a Mg(OH)2-
layer leads to a loss of activity. If the catalyst is blocked by a
passivation layer of Mg(OH)2, no further oxygen can be reduced,
because it cannot be adsorbed on the active surface. As a result,
the cell potential of the magnesium air battery starts to
decrease. This effect is shown in Figure 3. Here we can correlate
the discharge curves with the slope of the pH curves for the
different current densities. The slope of the cell potentials
shows a small plateau at the beginning of the discharge
(depending on the current densities: between 40 and 15
minutes), which corresponds to oxidation of the freshly
polished magnesium-anode surface. Afterwards the voltage
decreases by 2.1 to 2.6%, because of the formation of a
Mg(OH)2-layer on the anode. The cell potential is stable until
the pH reaches its maximum after 65 to 135 minutes, and then
drops rapidly as the Mg(OH)2 starts to precipitate everywhere in
the cell. At this point there is a huge voltage drop, especially at
higher discharge current densities. Further examples at different

discharge current densities are shown in Figure S3, Figure S4,
Figure S5 and Figure S6 in the ESI.

The Mg2+-concentration of the electrolyte was determined
via ICP-OES measurements. The results show an interesting
behavior, at the beginning of the discharge, the Mg-concen-
trations are higher than calculated, by additional dissolved
Mg2+ due to corrosion, as shown in Figure 4. Depending on the
discharge current densities, the experimental Mg concentration
(—&—) drops below the values predicted without precipita-
tion (— ▪) and eventually also below those predicted without
corrosion (— —). The timing of this crossover correlates with
the maximum pH (★). This behavior can be explained by the
precipitation of Mg(OH)2. As Table 1 shows a timing of the
maximum pH-maximum lies near to or within the time ranges
of the concentration drop and the voltage drop for the different
current densities used. This correlation points towards an
oversaturation of the solution with Mg(OH)2 and its subsequent

Figure 2. Curves of the pH mean during discharge with different current densities a) OCV, b) 1 mAcm� 2, c) 2.5 mAcm� 2 and d) 5 mAcm� 2.

Table 1. Comparison of the time points of the different parameters for the
current densities 1, 2.5 and 5 mAcm� 2 and OCV.

Current
density /
[mA cm� 2]

Time point of
pH maximum /
[min]

Time point of
concentration drop
region / [min]

Time point of
voltage drop
region / [min]

1 144.167�30 120–180 140–145
2.5 80.843�17.9 45–120 94–113
5 42.5�12.5 35–45 32–54
OCV 180�30 180–240 –
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precipitation. It is obvious, especially at higher current densities,
that the voltage drop begins already before reaching the
maximum pH. In these cases, there is a large difference in the
Mg-concentrations at the electrode surface and in the bulk
solution. This concentration gradient leads to an earlier voltage
drop, because of high concentrations of Mg2+ and OH� in the
immediate vicinity of the electrodes, which leads to local
precipitation of Mg(OH)2 on the electrode surfaces.

Figure 5 shows powder X-ray refractograms of a) pristine
anode AZ31 and b) pristine cathode Pt/C and of electrodes after
discharge. AZ31 shows the peaks typical for this alloy. Electro-
des discharge at different rates and under OCV-conditions all
show newly emerging patterns, which are attributed to reflexes
of the discharge product Mg(OH)2.

[81] The pristine cathode
shows a carbon peak at 25.2° ([002]), as well as reflexes
assigned to platinum at 44.3° ([200]), 64.6° ([220]) and 81.9°
([311]). Each pattern of the used cathodes shows two phases,
which are assigned to NaCl and Mg(OH)2. The results by XRD
showed that the discharge product Mg(OH)2 is observable on
both electrodes after discharge and under OCV-conditions. As
discussed before, the Mg(OH)2-film that precipitates on the
cathode can block the catalyst and leads to a performance drop
of the battery cell.

SEM and EDX confirm the previous results. Figure 6 shows
SEM images of the cathode after discharge and OCV. At all
current densities the cathodes are coated with a thick layer of
discharge products with a Mg to O ratio of approx. 1 :2 which
belongs to Mg(OH)2 and Na to Cl ratio of approx. 1 : 1 which
belongs to electrolyte salt. The Mg(OH)2-layer on the cathode

during OCV is less thick and the elemental analysis shows
additional signals from the Pt-catalysts and the Nafion binder
(see Figure S7 in the ESI for image of pristine electrode). The
Mg(OH)2-layer on the cathodes shows a lamellar morphology.[82]

Figure 7 shows SEM images of the anode after discharge
and OCV. The anodes show two different types of morphology.
There is a needle like structure with a higher chloride content
(approx. 10 At-%) and an agglomeration of small particles of
discharge products with a Mg to O ratio of approx. 1 : 2 which is
thereby identified as Mg(OH)2.

As an alkaline earth metal hydroxide, Mg(OH)2 adopts the
space group to P3 m1, where every Mg atom is symmetrically
coordinated by two OH groups. Raman spectra of powdered
Mg(OH)2 show of three distinct peaks located at 279.5, 444.9
and 3653.1 cm� 1. The bending mode of Mg-OH (Eg) contributes
to the first peak, whereas a combination of two degenerate
modes, A1g (symmetric stretching) and Eg

OH (bending of � OH
group), gives rise to the second peak. On the other hand, the
high frequency mode at ~3650 cm� 1, is attributed to the A1g

OH

out-of-plane breathing mode of � OH groups.[83,80] The Raman
spectra (Figure 8) clearly indicate that there is Mg(OH)2 present
on both anode and cathode when after they have been
exposed to the cell environment for longer periods of time. The
low-frequency peaks do not provide any information about the
morphology of the layers formed on the electrodes, as these
vibrations are not participating in the stacking of Mg(OH)2
layers, as the Mg(OH)2 layers get closer to monolayer these
bands vanish.[83] It is clear from the Raman spectra (Figure 8 (b))
that the layer formed on top of the cathode material is very

Figure 3. Correlation between slope of pH and discharge curves.
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Figure 4. Correlation between Mg-concentration determined by ICP-OES, theoretical Mg-concentration without corrosion and the predicted concentration
without precipitation with the time point of pH maximum.

Figure 5. Powder X-Ray refractograms of a) anode AZ31 and b) cathode Pt/C after cell tests. Dashes (—) and dots (···) indicates peaks attributed to Mg(OH)2
and NaCl, respectively.
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thin (almost unrecognizable low frequency bands). The high
frequency � OH mode gives a relative idea about the number of
Mg(OH)2 layers formed, as this vibration is composed of in-
phase and out-of-phase breathing modes between two adja-
cent layers.[83] Close-ups of the high frequency peaks from

cathodes at different discharge currents, are depicted in
Figure 9. The peak for the 5 mAcm� 2 discharging can be
resolved in two separate peaks, centered on 3646 and
3652 cm� 1 (A1g

OH(1) and A1g
OH(2)), respectively, whereas these two

peaks cannot be individually identified for the cathodes cycles
at 2.5 mAcm� 2 and 1 mAcm� 2. The presence of the out-of-plane
breathing mode in the Raman spectra indicates that there are
multiple layers have been deposited on top of 5 mAcm� 2

discharged cathode. On the other hand, at most a few layers of
Mg(OH)2 have formed on top of cathodes discharged by lower
current densities.

From these results, we derived that the pH-value must not
reach it levels that instigate precipitation of Mg(OH)2 on the
electrodes. Following these experiments, the discharge behav-
ior of flow cells was investigated (see Figure S2 in the ESI
information for details in the experimental setup). Indeed, we
found that, the battery performance can be substantially
enhanced, when using the same cathodes in a flow cell design.
Figure 10 shows the discharge curves of magnesium-flow cells
at different current densities (5, 10 and 20 mAcm� 2). In
comparison to the previous results, there is no drop of the cell
voltage up until the Mg-electrode is fully consumed. These
results show the important role of cell design for future
applications of aqueous magnesium-air batteries. The Mg+

-concentration of the electrolyte after flowing through the cell
was approximately at 6.58�0.6 mgMg2+ L� 1 at a current density
of 20 mAcm� 2, which is much lower than the determined
concentration limit of approx. 20 mgMg2+ L� 1. In these tests, only
the thickness of the used anode limits the cell performance (see
Figure S8 in the ESI).

Conclusion

The pH of the electrolyte plays an important role in the
discharge behavior of aqueous magnesium-air batteries. For
cells with a stationary electrolyte, we have shown a clear
relationship between the Mg2+-concentration, the increase in
the pH of electrolyte and the performance drop. A Mg2+

Figure 6. SEM images of the cathode after discharging with a current density
of a) 1 mAcm� 2, b) 2.5 mAcm� 2, c) 5 mAcm� 2, and OCV including elemental-
analysis (EDX).

Figure 7. SEM images of the anode after discharging with a current density
of a) 1 mAcm� 2, b) 2.5 mAcm� 2, c) 5 mAcm� 2, and OCV including elemental-
analysis (EDX).

Figure 8. Raman spectra of a) anode AZ31 and b) cathode Pt/C after the cell
tests with reference pattern of Pristine alloy and Mg(OH).
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concentration limit of approx. 20 mgL� 1 was determined,
because a decrease in cell performance is observed at higher
Mg2+ concentrations. For stationary test cells, the poor
solubility of magnesium hydroxide limits the function of the
entire battery, as a magnesium hydroxide layer is formed
everywhere in the test cell after a short time of operation. This
acts as a potential passivation layer and blocks the function of
the cathode. The slope of the pH depends on the volume of the
electrolyte, the size of the electrodes and the discharge current
density. By changing the cell design from a stationary electro-
lyte to a flow cell, the voltage drop could be prevented even
with a 6-times higher discharge current density. To achieve
high performance aqueous magnesium-air batteries it is
necessary to keep the Mg-concentration in the electrolyte small
as possible. With a regard to future applications of aqueous
magnesium-air batteries, we showed that the best performance
will be achieved by use of either big electrolyte reservoirs or in
an by design of entirely open systems that allow a continuous
exchange of the used electrolyte. The use of additives in the
electrolyte to prevent the Mg(OH)2-formation is not a sustain-

able solution, because amount of additive required would need
to be scaled with the battery size.

Experimental Section

Preparation and experimental setup

AZ31 (VWR chemicals, 44011.RF) was cut into pieces 25×25 mm
and polished the surface with sandpaper. The alloy was fixed in the
anodic current collector. The alloy surface with contact to the
electrolyte was 3 cm2. A gas diffusion layer with mesoporous layer
from Freudenberg (H23 C4) with a Pt/C (5 w.–% Pt) catalyst (loading
1 mg cm� 2) were cut into 25×20 mm pieces and were fixed in the
cathodic current collector with a surface of 3 cm2. The electrodes
had a distance of 13 mm The 0.5 molar NaCl solution was prepared
by adding 292.2 g NaCl to 10 L demineralized water. In a typical
experiment the cell setup (see Figure S1 in the electronic support-
ing information, ESI) was placed on a magnetic stirrer with a stir bar
inside the electrolyte. 300 mL of the electrolyte was used for the
measurements. The oxygen and the nitrogen pressure is kept to
0.8 bar and is used to rinsed the electrolyte.

In the flow-cell setup (see Figure S2 in the ESI) the 0.5 molar NaCl
electrolyte was pumped via a peristaltic pump through the cell
with a flow rate of 10 mLmin� 1. The same electrodes were used
with an electrolyte contact area of 0.875 cm2.In addition a Ag/AgCl
reference electrode was used. The oxygen supply took place over
the ambient air.

Electrolyte characterization

pH-Measurements were done with a pH meter (GMH 5550, GHM
Messtechnik GmbH) and the data-log-function where every 30
seconds one data point was recorded.

The Mg content was checked with inductively coupled plasma
optical emission spectrometry (ICP-OES, ARCROS SOP, Spectro
Analytical Instuments GmbH) measurements. Aliquots a 1 mL were
taken after 0, 5, 10, 15, 20, 25, 30, 35, 40, 45, 60, 120, 180, 240 and
300 minutes. The conditions for the ICP-OES measurements are as
follows: The plasma power was 1400 W, the cooling gas flow was

Figure 9. Close-ups of Raman spectra of cathode surfaces at ~3650 cm� 1. a) 1 mAcm� 2 discharging b) 2.5 mAcm� 2 discharging and c) 5 mAcm� 2 discharging.
Presence of two breathing mode in case of 5 mAcm� 2 discharging clearly indicates the presence of several layers of Mg(OH)2

Figure 10. Discharge curves of a magnesium-flow cell at 3 different
discharge current densities.
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12 Lmin� -1 and the atomizing gas flow was 0.75 Lmin� -1. The
detection limit of Mg is 2×10� 4 mgL� 1. The theoretical mass of
dissolved Mg is calculated by Faraday equation (10) and the charge
Q is defined at constant current by equation (11):

Q ¼ m� z� F�M� 1 (10)

Q ¼ I� t (11)

Where z is the number of electrons involved; F is the Faraday
constant; M is the molar mass of Mg; I is the current and t is the
time. The theoretical mass of dissolved Mg will be compared with
the measured value by ICP.

Electrode characterization

After discharge test both electrodes were investigated by x-ray
diffractiometry (XRD, STOE STADI P, Cu-source, STOE & Cie GmbH)
for the phase identification of discharge products. The morphology
of the used electrodes was observed by scanning electron micro-
scopy (SEM, Zeiss Gimini) with energy-dispersive x-ray (EDX)
analysis. In addition, Raman spectra of cathode, anode, alloy
material and powdered Mg(OH)2 were collected in the spectral
range of 100–4000 cm� 1 by using an inVia™ confocal Raman
microscope (RENISHAW) with a 633 nm excitation laser, 1 mW
average laser power and 10 s exposer time. In the confocal system,
a grating was used as dispersion element with a groove density of
1800 mm� 1, while a 50X (0.75 NA) objective was used in back
scattering geometry to collect the Raman spectra.

Electrochemical characterization

The constant current discharge tests were performed with a VMP3
potentiostat from BioLogic. The different discharge current den-
sities (1, 2.5, 5 mAcm� 2) were hold for 5 h and every 30 seconds
one data point was recorded. The electrochemical performance of
the cell was studied in a 0.5 M NaCl-solution at room temperature.
Flow cell discharge tests were performed in an analog way.
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