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The research on aqueous zinc ion batteries (AZIB) is getting more attention as the energy transition continues to develop and the
need for inexpensive and safe stationary storage batteries is growing. As the detailed reaction mechanisms are not conclusively
revealed, we want to take an alternative approach to investigate the importance of pH value changes during cycling. By adding a
pH-indicator to the electrolyte (2 M ZnSO4 + 0.1 M MnSO4), the local pH-value change during operation is visualized in
operando. The overall pH value was found to increase during cycling whereas a major temporary pH drop in close proximity of the
manganese dioxide electrode surface occurs. Additionally, this pH value change was quantified locally by in operando
measurements with a pH micro electrode. Different electrolyte compositions with additives (sodium dodecyl sulfate (SDS),
sulfuric acid (H2SO4)) and operation voltages were tested. The pH-potential-diagrams of manganese and zinc reveal pH value and
potential limits, leading to active material dissolution at lower pH values and oxygen gas evolution at higher potentials >1.7 V. The
procedure of combining a pH indicator, pH microelectrode measurements and pH-potential diagrams can be seen as an appropriate
method to determine the recommendable working window of aqueous batteries.
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NC-ND, http://creativecommons.org/licenses/by-nc-nd/4.0/), which permits non-commercial reuse, distribution, and reproduction
in any medium, provided the original work is not changed in any way and is properly cited. For permission for commercial reuse,
please email: oa@electrochem.org. [DOI: 10.1149/1945-7111/ab6c57]

Manuscript submitted October 28, 2019; revised manuscript received December 28, 2019. Published January 30, 2020.

Supplementary material for this article is available online

As a consequence of the expansion of renewable energy systems,
the need for efficient energy storage systems is intensifying.
Electrochemical energy storage technologies like batteries are able
to save energy during the course of a day efficiently making them
interesting for home storage and network balancing applications.
The market for stationary battery systems is expanding with lower
demands concerning the gravimetric and volumetric energy density
compared to mobile battery systems. This different requirement
profile makes alternative and environmentally-friendly cell chemis-
tries, which would be too bulky for mobile applications, possible for
stationary storage applications. One of the promising alternative
battery technologies is the so called zinc ion battery (ZIB) with
acidic aqueous electrolyte. ZIBs use zinc as the negative electrode
material, mainly manganese dioxide as the positive electrode
material and an aqueous zinc salt solution as electrolyte.1 The raw
materials such as zinc and manganese oxides are abundant globally2

and are environmentally friendly. Nevertheless, there are still issues
in terms of the reaction mechanism of the ZIB cell chemistry. The
full understanding of the reaction mechanism is important for the
production parameters like the electrode thickness and its porosity as
well as the electrolyte composition.

Until now, and to the best of our knowledge, the following
reaction mechanisms have been discussed in literature so far:

• Zn2+-intercalation/-extraction3–7

• H+ intercalation/-extraction and conversion reaction of a zinc
hydroxide sulfate species (ZHS)8–10

• H+ and Zn2+ co-intercalation in different charge and discharge
steps11–13

• combination of H+ and Zn2+ co-intercalation and conversion
reaction14

For the examination of the reaction mechanisms, in most of the
relevant publications ex situ investigation methods such as X-ray
diffraction (XRD),3,5,6,8–22 X-ray photoelectron spectroscopy
(XPS)10,13,17–22 (for investigating the crystalline structure of the
manganese dioxide active material at different cycling steps),
transmission electron microscope (TEM) (and High-resolution
transmission electron microscope (HR TEM)),5,6,9,10,13,22 scanning
electron microscope (SEM)5,9,10,13,14,17,19 (both for investigating the
surface changes of the manganese dioxide electrode at different
cycling steps) and X-ray absorption spectroscopy (XAS)3,4,6 were
used. To carry out these methods, cycled batteries had to be
disassembled and electrodes had to be rinsed with DI-water. A
few publications used in situ methods like in situ XRD5,8,20 and
X-ray absorption near-edge structure (XANES).5

Moreover, the overall importance of the pH value in ZIBs during
cycling seems to play a major role in terms of the understanding of
the reaction mechanisms taking place during charging and dischar-
ging of ZIBs. In Lee et al. (2016),8 the pH value changes were
logged in operando during cycling in a PTFE Swagelok© union tee
by a pH meter. This way only the overall pH value changes of the
bulk electrolyte could be measured. The measurements showed a pH
lift from start of discharge with a pH value of 4.62 to 5.73 after
discharge.8 In Chamoun et al. (2018),23 the same experimental set up
was used and the pH values of the bulk electrolyte were measured
every 5 min. In this particular investigation the overall pH value
reaches a value of 5.22 (Mn2+ free electrolyte) and 4.76 (added
Mn2+), respectively. These results will be taken into account later. In
general, manganese sulfate (mostly with the concentration of 0.1 M)
is used as an additive in the zinc sulfate electrolyte of zinc ion
batteries to lessen the manganese dissolution of the positive
electrode during cycling.9,23 Besides the reaction mechanism and
the pH value change, the manganese dioxide dissolution and
degradation remains an issue in the current literature.6,23,24 Some
recent investigations take advantage of the manganese dissolution/
deposition and use it intentionally as a reaction mechanism in thezE-mail: Christian.Bischoff@ise.fraunhofer.de
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positive electrode.13,25 Others enhance the rechargeability of the cell
by doping the active material of the positive electrode,26 by focusing
on the negative zinc electrode27 or by introducing alternative
electrolytes.28–30

In this investigation we try to take a further step towards the
understanding of the reaction mechanism and operating parameters
by means of an in operando investigation method using a pH
indicator (added to the electrolyte) to visualize, and a thin pH micro
electrode to quantify, the local pH changes in the electrolyte during
cycling (Section: “Cell cycling: local pH value changes at positive/
negative electrode”). Experimental cells with different electrolyte
compositions were tested in cyclic voltammetry measurements in
advance to prove the absence of influence of the chosen pH indicator
in the electrolyte on the electrochemical performance (Section: “CV
measurements: chemical stability of pH indicators in electrolyte
solution”).

A closer look on a potential-pH-diagram (Pourbaix diagram)
shows the thermodynamic thresholds of the electrochemical system
and when the manganese dissolution possibly starts is also depen-
dent on the pH value and the potential. An operational window can
be defined for the ZIB system using zinc and manganese dioxide as
active materials and aqueous zinc sulfate with manganese sulfate
electrolytes by sketching the reaction path into the diagram (Section:
“Pourbaix diagram: thermodynamic working window of ZIBs”).
Based on these results, two different electrolyte additives are tested
and the operational window of the battery is changed in order to
achieve a better understanding of the occurring phenomena.

Experimental

Materials.—For the positive electrode preparation, 70 wt%
manganese dioxide (Manganese(IV) oxide, 99.9 % (metals basis),
325 mesh powder, Alfa Aesar, for XRD measurements
(Supplementary S1, available online at stacks.iop.org/JES/167/
020545/mmedia), 20 wt% Carbon black (Carbon black, acetylene,
100 % compressed, 99.9 + %, Alfa Aesar) and 10 % binder (LA 133,
GELON LIB group) were mixed with a speedmixer (DAC 150.1
FVZ-K, Hauschild & Co.KG, Germany) with 3000 rpm for 90 s.
Subsequently, the positive electrode slurry was homogenized in a
three-roll mill (EXAKT 80E) with a final roll gap of 5 μm to control
and unify the particle sizes. A stainless steel foil (1.4301/AISI 304,
thickness 25 μm, TBJ Industrieteile GmbH, Germany) was coated
with a doctor blade (mass loading 0.6–1.4 mg cm−2). As negative
electrode, a 25 μm thick zinc foil was used with a purity of 99.95 %.

As pH indicator, bromocresol green was chosen because its color
change point from yellow (low pH values) to blue (high pH values)
is located between pH 3.8 and 5.5.31 This pH range includes the
initial pH value of the standard electrolyte. Therefore, pH value
changes of the standard electrolyte can be visualized.

Four types of electrolytes were mixed and used for the
investigation of the pH value changes:

a) standard electrolyte: 2 M ZnSO4 + 0.1 M MnSO4, pH 4.3,
b) standard electrolyte with 0.66 % (w/w) pH indicator bromo-

cresol green (1 % (w/w) in ethanol, Alfa Aesar) as additive,
c) standard electrolyte with 1 CMC (critical micelle concentration)

sodium dodecyl sulfate (SDS), pH 4.4,
d) standard electrolyte with 0.27 % (w/w) of 20 % sulfuric acid,

pH 1.9.

Electrolyte c) and d) were exclusively used in Section “Pourbaix
diagram: thermodynamic working window of ZIBs”.

Cell assembly.—Experimental cells were assembled using cuv-
ettes usually used for UV-vis spectroscopy measurements (poly-
styrol, 10 × 10 × 45 mm) in order to achieve a good visibility of any
color changes occurring while cycling. Positive and negative
electrode sheets (coated area 9 × 25 mm) were attached to each
side of the cuvette and each electrolyte composition was filled into

the cuvette cell until the positive electrode coating was covered by
the electrolyte solution (Fig. 1).

Characterization methods.—The cyclic voltammetry measure-
ments were performed with 0.1 mV s‒1 between 0.9 to 1.9 V by
using a BioLogic VMP3 potentiostat.

The cell cycling was performed with 40 mA g‒1 (related to active
material loading of the manganese dioxide electrode) from 0.9 to
1.9 V with a BioLogic VMP3 potentiostat.

To verify the visual pH measurements with the pH indicator, a
pH micro electrode (ORION 9863BN with METTLER TOLEDO
SevenMulti S47) with a glass tip diameter of 1.7 mm was used to
determine the pH values at several states of charge and discharge at
three different positions (Fig. 5).

Results and Discussion

CV measurements: chemical stability of pH indicators in
electrolyte solution.—In order to investigate the chemical stability
of the pH indicator used as an additive in the standard electrolyte,
cyclic voltammetry measurements (CV) between 0.9 and 1.9 V were
conducted on full cells. The results are shown in Fig. 2.

Figure 1. Schematic drawing of the utilized cuvette test cell (a); photo of the
cuvette cells (b) with the zinc electrode on the left, manganese dioxide
electrode on the right (without pH indicator for a better view).
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The CV curve of the cell with the bromocresol green shows no
significant differences in the anodic and cathodic reactions compared
to the one with the standard electrolyte. This result enables the
assumption that no side reactions were induced by the addition of
bromocresol green. So the bromocresol green should have no major
influence on the redox reactions of the zinc ion battery cell and can
be used to indicate the pH value changes during cycling.

Cell cycling: local pH value changes at positive/negative
electrode.—In order to localize and visualize the pH-value changes
during cycling, a time-lapse photo of the battery was taken every
60 s (Fig. 3, for more photos see Supplementary S2). The cell was
initially discharged to 0.9 V and subsequently charged/discharged to
0.9/1.9 V once by applying a current density of 40 mA g–1 (related to
the mass of active material). Afterwards, the photos taken during
cycling were assigned to the cell potential, respectively, to visualize
the color changes of the pH indicator in relation to the cell potential
and the reaction taking place.

In the beginning, the electrolyte is greenish colored (Fig. 3a).
This indicates that the pH value is about 4.3, which was confirmed
by pH measurements (Fig. 6). When the cycling process was started,
the electrolyte color changed from greenish to deep blue (Figs. 3b
–3c), which indicates a pH value increase.

During the initial discharge and the first charge step, the color of
the electrolyte remains blue (Fig. 3c). In Fig. 3d, a local yellow
colouration of the electrolyte in front of the manganese dioxide

electrode is occurring, starting at about 1.7 V and indicating a strong
pH value decrease.

The potential mapping of the different photos taken of the zinc
ion battery cell with bromocresol green is shown in Fig. 4. The
corresponding points to Fig. 3 are marked in the diagram with
alphabetic letters (Fig. 4). The specific discharge capacity of this
cell was 110.0 mAh g–1 (related to the active material mass loading).
A symmetric Zn/Zn cell with the same electrolyte and in the same
test cell configuration was cycled to study the polarization behavior
of the negative zinc electrode and the cell configuration
(Supplementary S3). The overpotential of this cell was found to be
about ±30 mV. Therefore the negative metallic zinc electrode can be
considered as a quasi-reference electrode which leads to a maximum
potential shift of <5 % between the measured cell potential and the
positive electrode potential.

Obviously, the yellow coloring of the colored electrolyte occurs
at higher potentials above 1.7 V vs Zn/Zn2+ and indicates either the
formation of H3O

+-ions or the consumption of OH‒-ions in front of
the manganese dioxide electrode at higher cell potentials.

During the cycling of the cell, a slight decolorization of the
electrolyte could be noticed, which could be attributed to the zinc
electrode by performing OCV experiments with a cell only
containing a zinc electrode with standard electrolyte including pH
indicator (Supplementary S4). Considering the CV comparison in
Fig. 2, where no major influence of the pH indicator on the
electrochemical performance of the cell could be detected, the
observation of decolorization should not be notably affecting
the positive electrode reaction and the cycling performance of the
cell (Section: “CV measurements: chemical stability of pH indica-
tors in electrolyte solution”).

In order to quantify and verify the local pH value changes during
cycling, a pH micro electrode was inserted to measure the pH values
in operando at different places. The current pH value was measured
every two minutes in different spatial arrangements (Fig. 5).

The results shown in Fig. 6 affirm the pH drop at higher
potentials during charging indicated by the bromocresol green in
Figs. 3d–3f. This pH value drop is only taking place in front of the
manganese dioxide electrode.

The pH value drop and the local yellow colouration of the pH
indicator can be explained by the oxygen evolution reaction
(OER)32:

( ) [ ] + + = ++ -e6H O O 4H O 4 E 1.23V vs SHE 12 2 3 0

The electrons are removed from the manganese dioxide electrode
(working as the anode) during the charge step and therefore the
reaction equilibrium is pulled to the right side (Eq. 1). As a result,

Figure 3. Photos of the zinc ion battery cell in UV-vis cuvette casing at different states of charge together with the cell potential and the resulting color of the pH
indicator additive in the electrolyte. Blue clamp (left): negative zinc electrode, red clamp (right): positive manganese dioxide electrode.

Figure 2. The first two cycles of the cyclovoltammetry measurements
(0.1 mV s–1) conducted on full cells with the standard electrolyte vs the
electrolyte with the addition of bromocresol green.
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the surrounding electrolyte becomes increasingly acidic because of
the formation of H3O

+ ions and shifts the color of the added
bromocresol from green to yellow.

The steady rise of the pH value during the initial discharge might
be linked to the dissolution of manganese dioxide (thermodynami-
cally possible in this pH-potential area, Fig. 7), which is also
described in:8,23,32

( ) [ ]
+ +

+ = +

- +

-
eMnO 2H O 2 Mn

4OH E 1.23V vs SHE 2
2 2

2

0

Moreover, the steady rise of the pH value during the initial
discharge and the following discharge steps can be described with
the insertion of H+ ions:6,11,19,33

( ‐ ) [ ]
+ + +

= + b

- -MnO H O e MnOOH OH
E 0.19V vs SHE for MnO 3

2 2

0 2

The formed hydroxide ions (Eqs. 2 and 3) lead to an increase of
the pH value of the electrolyte during discharge. The initial mildly
acidic electrolyte (pH 4.3, occurring green when the electrolyte is
colored with bromocresol green) becomes more neutral during
cycling. This triggers the precipitation of zinc hydroxide sulfate.8

The evolution of zinc hydroxide sulfate consumes hydroxide ions
(Eq. 4) and therefore buffers the pH value:

( ) ·
[ ]

+ + ++ - -4Zn SO 6OH 5H O Zn SO OH 5H O
4

2
4

2
2 4 4 6 2

During the further reaction mechanism steps, more hydroxide is
evolved which is buffered by zinc hydroxide sulfate and therefore

avoids any higher pH value increase.23 The standard potentials of the
zinc hydroxide sulfate half reactions are difficult to specify because
these reactions occur in a broader potential window during the redox
reaction processes in aqueous zinc ion batteries.14

From the start of the pH value drop in Fig. 6 (marker (c) in Fig. 4)
until the relaxation to its original value (marker (g) in Fig. 4), it takes
about 52 min in total. For about 15 min, the manganese dioxide
electrode is exposed to the potential >1.7 V, where the OER
reaction takes place (between marker (c) and (e) in Fig. 4). The pH
drop caused by the OER is buffered back to the stabilized pH value
of ∼5.1 in a time range of about 37 min (between marker (e) and (g)
in Fig. 4).

This phenomenon might either indicate the insertion of the H+

ions during the discharge process or the recombination of H+ ions
with the OH– resulting from Eq. 3. Both options are simultaneously
possible.

The mean pH values shown in Fig. 6 are slightly higher than the
logged pH value of 4.78 shown in Chamoun et al. (2018)23 and 4.64
in Lee et al. (2016).8 This can be explained by the much higher
volume of electrolyte in the UV-vis cuvette battery cell as the pH
value represents the concentration of H3O

+ ions per volume unit.
Furthermore, the active mass loading of the electrodes is compara-
tively high in Chamoun et al. (2018)23 and Lee et al. (2016),8 which
brings a higher charge and ion transfer, respectively. As seen in
Chamoun et al. (2018), the pH value in Fig. 6 reaches a stable
plateau because of the buffering effect of the zinc hydroxide sulfate
formation (Eq. 4).

Pourbaix diagram: thermodynamic working window of ZIBs.—
With the help of the results shown above, the thermodynamic
working window of the zinc ion battery can be sketched in a pH-
potential diagram, also known as Pourbaix diagram. In order
to visualize the relevant potential-pH area for the zinc ion
battery, the Pourbaix diagram of manganese and zinc were
overlaid in a single diagram. The ion concentrations of manganese
and zinc were chosen as 0.1 M and 2.0 M, respectively, under
consideration of the electrolyte concentrations. The upper frame
defines the thermodynamic working window of the positive
electrode, here the manganese dioxide electrode, and the lower
frame outlines the thermodynamic working window (considering
overpotentials for the zinc plating/stripping due to nucleation
phenomena,34,35) of the negative electrode, here the zinc elec-
trode. The potentials are referenced to the standard hydrogen
electrode (SHE) as well as to the zinc electrode (Zn/Zn2+). The
dashed lines show the hydrogen (lower line) and oxygen (upper
line) gas evolution.

Obviously, the manganese dissolution, which was already
described in preceding studies,9 is strongly dependent on the pH
value and the electrical potential.

Figure 4. Potential curve of the zinc ion battery shown in Fig. 3 with markers at every state of charge were a photo image was taken.

Figure 5. Schematic presentation of the spatial arrangement of the pH
electrode for the in operando pH value measurements. Right: manganese
dioxide electrode. Left: zinc negative electrode. Middle: pH micro electrode
with different orientations.

Journal of The Electrochemical Society, 2020 167 020545



In the literature concerning zinc ion batteries, the batteries are
commonly cycled in a potential window between 1.9 V and 0.9 V vs
Zn/Zn2+ which is equivalent to 1.14 V and 0.14 V vs SHE (Fig. 7).
For the redox reaction of the zinc electrode

( ) [ ]+ = -+ -eZn 2 Zn E 0.76V vs SHE 52
0

−0.76 V vs SHE is needed which is possible up to a pH value of
5.6.32 Higher pH-values foster the generation of zinc oxide
precipitation on the surface of the electrode.

In summary, the overlay of the Pourbaix diagrams of zinc and
manganese shows a well-defined thermodynamic working window
and a high relevance of the pH value for the rechargeability of a zinc
ion battery. Low pH values are desirable in order to prevent the
precipitation of zinc oxide on the negative electrode but they also
foster the dissolution of manganese dioxide, which can partly be
prevented by the addition of manganese sulfate in the electrolyte.9

The Pourbaix diagram shows the possibility of an oxygen
evolution reaction (OER) inside the working window of the
manganese dioxide electrode defined above. Regarding the pH
values of slightly over 5 in Fig. 6 during cycling, we can identify
a potential of ∼1.7 V vs Zn/Zn2+ as the critical potential for the
starting of the OER. The manganese dioxide electrode is exposed to
this pH-potential-area for the duration of about 15 min during the
measurement in Fig. 4, which leads to the OER (Eq. 1) and to the
decrease of the pH value.

To reduce the OER, there are two possible solutions considering
the Pourbaix diagram:

• reduction of the pH value to increase the necessary potential
for the OER

• reduction of the end-of-charge voltage to ∼1.7 V vs Zn/Zn2+

to prevent the cell potential of crossing the OER potential

Figure 7. (a) Thermodynamic working window of zinc ion battery chemistry regarding the pH value. Overlay of Pourbaix diagrams (kindly provided by
Materials Project of the University of California at Berkeley, www.materialsproject.org,50); (b) zoom and pH-potential plot of the cell cycling path of the battery
cell with the standard electrolyte composition shown in Fig. 6 (positive orientation, shaded area should be avoided for longer duration). For more details about
this diagram see the following section.

Figure 6. Potential curve of the zinc ion battery full cell during initial discharge and first cycle together with the corresponding pH value at the different spatial
arrangements of the pH micro electrode. A relative pH value drop of about 2 was detected.
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Furthermore, another possible solution is to widen the stability
window of the aqueous electrolyte through the addition of additives.
Hou et al. (2017)36 could expand the operation window of their
aqueous electrolyte (1 M Na2SO4 with 1 M ZnSO4) to about 2.5 V
by the addition of SDS: The SDS molecules are adsorbed electro-
statically on the surface of the electrodes and therefore build up a
hydrophobic layer.36 This hydrophobic layer is supposed to suppress
the hydrogen or oxygen evolution by preventing the contact between
the water molecules and the electrodes.36

Figure 8 shows the resulting pH value behavior of the three
adjusted electrolytes (c) and (d) (Section: “Materials”) and end-of-
charge-voltages, respectively, in front of the manganese dioxide
electrode (positive electrode orientation).

The addition of 1 CMC SDS (Fig. 8a) with its corresponding cell
cycling path in the pH-potential diagram (Fig. 8b) could not show
any significant influence on the OER at higher potentials and the
resulting pH value drop, compared to the standard electrolyte
composition shown in Fig. 7b.

The reduction of the pH value by the addition of sulfuric acid
(Fig. 8c) with its corresponding cell cycling path in the pH-potential
diagram (Fig. 8d) showed three significant changes in the cycling
behavior:

• the starting potential of the OER is increased from ∼1.5 V to
∼1.7 V,

• the size of the relative pH drop is decreased from ΔpH ≈ 2
(Fig. 6) to ΔpH ≈ 1.1 (Fig. 8c),

• the pH value steadily increases while cycling the cell.

The manganese dissolution and the formation of OH‒-ions
becomes obvious when looking at Fig. 8 (d), because most of the
cell cycling path is located in the critical area of manganese
dissolution. Thus, the formation of OH‒-ions (Eq. 2) is fostered,
resulting in a steady pH value increase.

For fully understanding the effects and influences of both the
reduction of the pH value by the addition of sulfuric acid, as well as the
addition of a surfactant like SDS, further investigation is necessary.

The limitation of the end-of-charge voltage from 1.9 to 1.7 V
(Fig. 8e) shows no significant pH value drop anymore. Furthermore,
this fact gets obvious when looking at the corresponding cell cycling
path in Fig. 8f: After the initial discharge step, while charging/
discharging the cell, the pH-potential path is a nearly vertical line,
showing no significant pH value change.

This fact shows the adaptability of the Pourbaix diagram and the
theory of an OER at higher potentials >1.7 V. The limitation of the

Figure 8. Potential curve in combination with the pH value curve with positive electrode orientation of the three different cell setups with the addition of 1 CMC
SDS (a), the addition of 0.27 % of 20 % sulfuric acid (c) and the limitation of the end-of-charge voltage to 1.7 V (e). On the right side, the corresponding pH-
potential diagrams with the cell cycling path of each electrolyte composition (addition of SDS (b), addition of sulfuric acid (d) and the limitation to 1.7 V (f)) is
shown.
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end-of-charge voltage with its resulting cell cycling behavior can
therefore be one possible solution to prevent the cell from the OER.
This result was also confirmed by a visual test with bromocresol
green as indicator (Supplementary S5), when no color change of the
indicator became visible.

However, a limitation of the end-of-charge voltage results in a
loss of energy storage capability. An illustrative calculation of the
specific capacity and energy storage capability losses caused by the
limitation of the end-of-charge voltage to 1.7 V showed a decrease in
specific capacity of ∼9 %, leading to a decrease in specific energy of
∼12 %. Applying a constant voltage phase at ⩽1.7 V (CV phase) for
the charging step could reduce the loss in specific energy to ∼1.5 %
(Supplementary S6).

Regarding the cell architecture used in this work (UV/VIS
cuvettes), it should be taken into account that the amount of the
electrolyte is relatively high (∼2–3 ml) and the distance between the
electrodes is high (∼9 mm) compared to button cells, for example.
This fact can have further influences on the cycling performances of
both the zinc and manganese dioxide electrode due to the local pH
value changes.

Nevertheless, the OER seems to be an underestimated problem as
the common voltage window in Zn//MnO2 batteries is normally in
the range of 0.7–1.1 V as the end-of-discharge voltage and 1.7–2.0 V
as the end-of-charge voltage, respectively (Supplementary
S7).3–23,37–48

Constant voltage steps at a high voltage level, like in Chamoun
et al. (2018),23 should be especially avoided in commercialized
battery systems. The end-of-discharge voltages are likely not critical
compared to the end-of-charge voltages which foster oxygen evolu-
tion. Adding a pH buffer, as suggested in Huang et al. (2019),49 might
be reasonable and needs to be investigated in future work.

Conclusions

The local pH value changes during the initial discharge and the
first cycling steps of a zinc/manganese dioxide battery with mildly
acidic aqueous electrolyte were displayed. New methods of adding
pH indicator to the electrolyte and by using UV-vis cuvettes as
battery cells to display local color changes in operando were
introduced. It was shown that the initial pH value of 4.3 of the
electrolyte increases during cycling and stabilizes at a pH value of
about 5.2 after the first cycle. In a potential-pH diagram of zinc and
manganese it was shown that a pH value above 5.6 should be
avoided because otherwise zinc oxide precipitation would passivate
the zinc electrode. Higher zinc sulfate concentrations (above 2 M
ZnSO4) are recommended to remain in a lower pH value area.
Furthermore, higher manganese sulfate concentrations in the elec-
trolyte (above 0.1 M MnSO4) could lower the manganese dioxide
dissolution by shifting the chemical reaction equilibrium to the back
reaction side.

High end-of-charge voltages (above 1.7 V vs Zn/Zn2+) are
causing strong local pH value drops at the end of charge/beginning
of discharge because of the OER in front of the manganese dioxide
electrode, which was shown by measurements with a pH micro
electrode.

The pH value drop can be nearly avoided when the end-of-charge
potential is lowered to 1.7 V, or reduced when the pH value of the
electrolyte is lowered by adding sulfuric acid. Widening the stability
window using additives could be another solution for the gas
evolution problem. The pH changes might become even stronger
when the amount of electrolyte and the distance between the
electrodes are reduced for more industry-oriented cell architectures.

Appropriate measures to suppress gas evolution become impor-
tant when this type of battery is commercialized: Thicker electrodes
to achieve higher energy densities cause higher internal resistances
resulting in higher overpotentials during cycling. Limiting the end-
of-charge voltage to 1.7 V followed by a constant voltage phase as
well as carefully chosen additives should be adequate solutions for
this problem.

Consequently, in further investigations, the gas evolution and its
accompanying species at the manganese dioxide electrode should be
taken into account when the upper limit of the charge potential is
accordingly high.
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