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Electrolytic zinc manganese dioxide batteries (ZMB) are promising alternatives to lithium-ion systems due to their cost-
effectiveness, material abundance, and safety, but their adoption is hindered by challenges in energy density and stability. To
overcome these hurdles, a deeper understanding of the underlying electrochemical processes is required. This study investigates the
role of acetate and sulfate anions in electrolyte performance, focusing on pH buffering capacity and complexation effects at the
electrode interface. A thermodynamic model was developed to simulate speciation and reaction equilibria, highlighting that proton
transport is the rate-limiting step in sulfate-based electrolytes. Acetate-containing electrolytes exhibited superior buffering capacity
and facilitated proton-coupled electron transfer, leading to enhanced manganese dioxide deposition at moderate pH levels. For the
first time, a systematic study was conducted in which sulfate was progressively substituted by acetate while maintaining consistent
pH conditions. Although acetate ions enable cyclability under mild pH conditions, their strong complexation with Mn* promotes
manganese diffusion into the electrolyte, ultimately reducing reversibility as acetate content increases. Moreover, contrary to
common assumptions, acetate anions do not inherently enhance anode stability under identical pH conditions. These insights
provide a foundation for optimizing electrolyte design to overcome the limitations of zinc-manganese dioxide batteries.
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Batteries based on zinc and manganese dioxide have come to the
fore eslpecially because of cost, availability of active materials and
safety.” Nevertheless, the underlying energy storage mechanisms of
manganese dioxide (MnO,) in zinc manganese dioxide batteries
(ZMB) with mildly acidic aqueous electrolytes remain poorly
understood and there is still a great debate within the research field
regarding the exact mechanisms involved. An improved under-
standing will be the key to success tackling existing challenges
related to long-term stability and energy density. At the positive
electrode, the intercalation of zinc ions (Zn>") or protons (H) and
the deposition of manganese dioxide are primarily discussed.>” One
reason for the ongoing uncertainty could be the difficulty that classic
material characterization methods like X-ray diffraction (XRD)
reach their limits. Various publications show that the same char-
acterization methods lead to different interpretation due to similar
layered structures and overlapping material-characteristic peaks
which can be assigned to either different zinc-containing manganese
oxide species resulting from the intercalation of Zn>*, or the
formation of zinc hydroxide sulfate (ZHS) species which are seen
in connection with g)roton-coupled mechanisms like manganese
dioxide deposition.*”

Nevertheless, discussions so far have already received a general
consensus that the MnO,/Mn*" redox reaction serves as a con-
tributor to the battery’s capacity at the Positive electrode, although
its precise contribution remains unclear.”® The Mn*"/Mn*" deposi-
tion mechanism electrode offers significant potential for enhancing
energy density, owing to its two-electron transfer process and higher
voltage compared to the Zn>" insertion mechanism.'® Consequently,
it is essential to explore the factors that can increase the contribution
of this mechanism to overall battery performance.

The choice of electrolyte composition plays a crucial role in
ZMBs because it not only serves to ionic charge transport between
the electrodes but also actively participates in the chemical reaction.
During charging, the dissolved ions are deposited, while during
discharging, they dissolve back into the electrolyte, ensuring the
continuous operation of the battery. Therefore, the active salt
concentration in the electrolyte also determines the achievable

“E-mail: julia.pross-brakhage @ipv.uni-stuttgart.de

energy density. Furthermore, the properties of the anions play a
crucial role, and their influence on cell performance has been
extensively studied.''™* The addition of chloride-containing salts
has raised concerns about the formation of toxic chlorine gas, and
studies have shown that the Cl- anion accelerates anode
corrosion.'*'> While some researchers have demonstrated perfor-
mance advantages of electrolytes such as Zn(OTF), and Zn(TFSI),,
their high cost may limit commercial applicability.'®™'® Instead, the
use of sulfate and acetate salts to introduce the relevant cations, Zn*t
and Mn", has proven to be the most suitable approach, making
them the most frequently used electrolyte basis in the literature.

Regarding the role of anions, it is often stated that they
profoundly change the storage mechanism, turning the intercala-
tion/de-intercalation behavior in sulfate-based electrolytes into the
deposition mechanism in acetate-based electrolytes.>'*'>* This
change of reaction pathway is assigned to the coordination of
CH;COO™ (hereinafter abbreviated as Ac~ ions) with Mn?" ions
which enables the direct deposition on the electrode. Thus, a higher
reduction potential is observed in acetate-based electrolytes for
MnO, deposition/dissolution, while the lower reduction peak in
sulfate-based electrolytes is attributed to insertion mechanism of
Zn** and H' into the MnO, cathode.?®?2 These effects and their
implications on battery performance will be explored and discussed
in more detail in the following sections.

Since the deposition of MnO, is a proton-coupled electron
transfer (PCET) reaction, the pH of the electrolyte solution has
also a decisive influence, and it was demonstrated that the reaction
mechanism is strongly dependent on the present pH value of the
electrolyte and the local pH conditions at the electrodes.>* Some
publications have shown that the proportion of manganese dioxide
deposition in sulfate electrolyte increases with increasing proton
concentration.> >’ Operation in the acidic pH range, however, leads
to severe stability problems of the zinc anode, which results in
corrosion and hydrogen evolution.'” Kim et al. show that the
Brgnsted acidity of metal aqua complexes itself can serve as a
proton source to a certain extent and, moreover, the precipitation of
ZHS can assist the dissolution-deposition mechanism but has a low
pH-buffering capacity in the pH range considered, resulting in high
overpotentials and sluggish reaction kinetics.'*2%%° It is shown that,
in contrast, the acetate ion is able to create a stable proton
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environment in mild pH through its acid-base characteristic and
therefore facilitates the electrolytic mechanism at the positive
electrode.’®>? This ability is also cited as the reason the acetate
ion is said to improve the stability of the negative electrode which
leads to reduced corrosion and dendrite formation,'?2%2>33- 3

It can be summarized that the processes at the positive electrode
are governed by thermodynamic processes, highlighting the need to
develop a fundamental understanding of the coupled effects between
the electrolyte’s pH and the formation of complexes. Although it is
known that these homogeneous complexation reactions play a
crucial role, their influence on electrolytes of ZMB has not yet
been investigated in detail on a theoretical basis. This study aims to
systematically examine the impact of acetate and sulfate anions on
the reaction mechanism, with a particular focus on their interplay
with the pH and the complexation behavior. To address this,
controlled experimental conditions are employed, minimizing the
influence of mass transport limitations. A thermodynamic model is
developed and validated through titration experiments to map
complexation behavior, providing a theoretical foundation. In
previous studies, acetate and sulfate electrolytes have often been
compared by different pH values, making it difficult to isolate the
independent effects of the pH. Unlike previous research, this study
explores the full salt concentration range and considers the effects of
the complexation and the pH on the reversibility of the processes.
Furthermore, to the best of our knowledge, it is the first study to
systematically investigate both the anion-specific and the pH-
dependent effects on the anode.

Methods

Materials and solutions.—All the chemicals were analytical
grade and used without further purification. Zinc sulfate heptahy-
drate (ZnSO4-7H,O >99.5% purity), manganese(Il)-sulfate mono-
hydrate (MnSO4-H,O >99% purity), manganese(ll)-acetate tetrahy-
drate (MnAc,-4H,O >99% purity) and zinc acetate dihydrate
(ZnAcy-2H,O >99% purity) were purchased from Carl Roth
(Germany). Sodium hydroxide (NaOH, 98% purity) was purchased
from ITW Reagents (Germany). Sulfuric acid (H,SO,4, 96% purity)
was obtained from Alfa Aesar (UK). All solutions were prepared
immediately before the experiments using ultra-pure water. To
systematically examine the impact of anions, six electrolytes with
varying ratios of MnSOy, ZnSO,4, MnAc,, and ZnAc, were prepared
and illustrated in Fig. 1. During the preparation of electrolytes for
electrochemical measurements, particular attention was paid to
avoiding the contamination of foreign ions, such as Na™, as previous
studies have demonstrated that these can significantly affect electro-
chemical properties.® The concentration of active materials (Mn and
7Zn) was maintained at a constant value of 1 M, while the ratio of
acetate to sulfate ions varied across the full range, from purely
sulfate-based to purely acetate-based salts. This type of preparation
also ensures that the ionic strength remains relatively constant. For
the characterization of the physicochemical properties, the electro-
lytes are used without pH adjustment, whereas for electrochemical
measurements, a concentrated solution of 2M H,SO, is used to
reach the exact targeted pH of 4, 4.5 and 5.

Potentiometric titration.—To investigate the buffer capacity of
the various electrolytes, potentiometric titrations were carried out. A
highly concentrated solution of 10 M NaOH is used to minimize the
effect of dilution by the addition of titrant. To approximate perfect
mixing, the solution was stirred with a magnetic stirring bar of 3 cm
on a magnetic stirrer at approximately 400-500 rpm. A Mettler
Toledo InLab Micro Pro-ISM probe was used for pH measurements
and calibrated before use with 2.00, 4.00, 7.00, and 10.00 pH buffers
from Carl Roth (Germany). The pH was recorded with Mettler
Toledo Seven Compact Duo S312. This is also used to determine the
ionic conductivity of the different electrolytes.

ZnSO 4| 1.0
MnSO +
ZnAc2
MnAc2

0 02 1 23 4
XM Ac” (mol 1)

Figure 1. Composition of electrolyte variants with varying ratios of
components (MnSOy, ZnSO,4, MnAc,, ZnAc,).

Electrochemical methods.—Electrochemical measurements was
carried out in a cuvette cell with 4 ml electrolyte volume. For all
experiments, the BasyTec (Germany) battery test system was used.
A carbon paper (280 pm, Sigracet 39AA, SGL Carbon, Germany)
served as the current collector for the positive electrode and a zinc
foil (250 pm, 99.95%, Thermo Fisher Scientific, Germany) as the
negative electrode. The wetted, active area of the electrodes is
3.5 cm®. The MnOs is in situ deposited on carbon paper during the
first charging process. A silver/silver chloride (Ag/AgCl) reference
electrode (RE-1BP, ALS, Japan) was used as the reference electrode
for open circuit potential measurements. For measuring the open
circuit voltage while GITT, a relaxation period of one hour was
implemented to ensure that the pH gradients within the cell have
equalized. A magnetic stirring bar with a diameter of 2 mm from
ROTILABO was used for the in situ measurements. All experiments
were carried out at room temperature (22 °C + 2 °C).

Model theory and governing equations.—To represent the
complex properties of the electrolyte, a thermodynamic model was
created based on the law of mass action. The law of mass action is a
widely accepted formulation for chemical equilibrium, assuming
infinitely fast reactions, which implies that the participating ions are
locally in chemical equilibrium with one another. The reaction for
the hydrolysis of Zn>", for example, can be formulated as follows:

Zn** + H,0 — Zn(OH)* + H* [1]

The law states that if the system is in equilibrium, then the ratio
Ke% is constant:
[Zn(OH)*] [H7]
[Zn**]

= K3 =107 2]

Here, square brackets denote molar concentration in mol.1™ ! (M).
Since the concentration of water is very high compared to the
reactants it is assumed to remain virtually unchanged and therefore is
omitted from the mass action expression as is common practice.”” In
systems that deviate from ideal dilution, as is the case here,
equilibrium expressions should formally be written in terms of
activities, where as = ys[S], with ys representing the activity
coefficient. However, in concentrated multicomponent systems, the
reliable determination of ion-specific activity coefficients is highly
challenging and remains an active area of research. Moreover, it is
necessary to rely on semi-empirical models, whose parameterization
involves substantial experimental effort.*®

As an alternative, we adopt the widely used approach of
employing concentration-based equilibrium constants Keq(I) which
are defined at the ionic strength relevant to the system.*® This allows
equilibrium expressions to be written in terms of concentrations (see
Eq. 2), with non-ideal behavior implicitly incorporated through the
experimental determination of the constants. In this study,
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equilibrium constants were obtained via potentiometric titrations of
the relevant electrolytes and their mixtures. The resulting titration
curves were compared with model predictions to validate the
selected constants, following procedures well established in the
literature.>**°  Although a detailed activity-based model could
provide further insight, its development lies beyond the scope of
the present study.

A total of 29 species are involved in 24 chemical reactions, with
their equilibrium constants summarized in Table S1. These species
are all derived from five key components: Zn>*, H*, Mn>", SO,
and Ac". In acid-base reactions, the reacting species are conserved,
allowing for the definition of a mass balance for each of the five
components. For the total concentration of zinc ¢r z,, for example,
this results in:

2
Cr.zn = [Z0%*] + )] [Zn (SO4);" 7]

+

M-
M-

k [Zn(OH)*"]

=~
Il

I=1

+

M-

[Zn (Ac)?*™V (3]

1

Where [ denotes the number of anions bound to the Zn>* and k
corresponds to den number of Zn>" in each species. The law of mass
action can also be applied to the precipitation of solid species. The
precipitation and dissolution of each solid species can be calculated
using the saturation index (SI), which relates the actual ion activity
product to the solubility constant. To solve the equilibrium model, an
additional conditional equation must be set up, for which three main
approaches exist: charge balance, proton mass balance and alkali-
nity. Each of these approaches is theoretically justified and has been
successfully implemented in numerical calculations of chemical
equilibria.41 In this case, the proton mass balance is chosen, as it
explicitly accounts for the formation and consumption of H' and
enables efficient integration of the model. This results in a non-linear
system of equations that is solved in MATLAB using Newton-
Raphson method with the constraint suggested by Carrayrou and
coworkers.***

Results

The influence of the anion and the pH value on the performance
of the ZMBs is investigated through both experimental measure-
ments and modeling. Firstly, the influence of metal complex
formation on key physicochemical properties is investigated.
Following this, its impact on the equilibrium potential is analyzed
and the distinct role of anions on mass transport in operation is
explored. Subsequently, these findings are extended to investigate
how varying anion compositions and pH levels shape the system
performance. Finally, the influence of these factors on the zinc anode
stability is assessed.

Influence of the metal complexes on the acid-base behavior.—
To understand the influence of complex formation on electroche-
mical behavior, it is essential to analyze the complexes present in the
electrolyte (Fig. 2). At the given salt concentrations, metal ions
predominantly exist as complexes, where they are bound to lifands
through short-range, non-directional electrostatic interactions.™* For
example, in 1 M zinc sulfate electrolyte (Fig. 2a), Zn>* can be found
as a free ion, as a neutral species (ZnSO,°), or as a complex anion
(Zn(SO,),>). Although hydroxo complexes also form, their con-
centrations are very low and are therefore omitted from the
illustration but still included in the calculations.

The strong polarization of coordinated water molecules by Zn>"
leads to proton dissociation, contributing to the acidic behavior of
sulfate-based electrolytes. As a result, salts derived from strong

acids, such as ZnSO,4 and MnSO,, exhibit weak acidity (Fig. S1),
with pKa values of 8.96 and 10.59, respectively. However, reported
pH values vary in the literature, likely due to residual free acid or
differences in the commercial sources of the salts.*>*® In contrast,
acetate-based electrolytes tend to have higher pH values due to the
basic character of the acetate anion (pKb = 9), which counteracts
hydrolysis effects.*® Consequently, even a partial substitution of
sulfate with acetate shifts the pH toward a nearly neutral range (Fig.
S1). For clarity, Fig. 2 illustrates the zinc speciation in a 1 M ZnSO,4
+ 1 M MnSO, solution, while the manganese speciation under the
same conditions is provided in Fig. S2. Additionally, salt precipita-
tion occurs above certain pH thresholds: ZHS precipitates at pH just
above 5, while the analogous salt of acetate zinc hydroxy acetate
(ZHA) forms only at pH values exceeding 6.*

To characterize the acid-base behavior, potentiometric titrations
are a widely used method, which are also employed here to validate
the model. The acetate salts are also often ascribed to the buffer
property of the associated acetic acid (HAc). As shown in Fig. 3a for
ZnAc, and HAc, the model is capable of replicating the acid-base
behavior within the range of the measurement accuracy (+ 0.09 pH),
confirming that it captures the key thermodynamic behavior of the
system and is therefore suitable as a basis for interpretation. A similar
behavior can be observed for manganese acetate (Fig. S3). According
to the titration curves, a shift in pH for zinc acetate curves to lower pH
is visible, compared to the titration curve with acetic acid. The shift in
buffering behavior occurs due to the formation of complexes between
Zn*" and Ac™.*° This shift becomes more apparent when we examine
the speciation for HAc (top) and ZnAc, (bottom) in Fig. 3c. The
buffering action of HAc relies on the formation of complexes between
Ac™ and H™, which is in direct competition with the complexation of
Ac™ with Zn*". ¢ As a result, the equivalence point of HAc, where
half of the acid is deprotonated, shifts to a lower pH when Zn>" is
present (indicated by the arrow and hatched area).

To further analyze the effects, the buffer capacity § is an
interesting parameter, which defines the ability of a buffer to
stabilize the pH value despite the addition of acid or base and is
determined as follows:

_ d[OH]

4 dpH

(4]

The shift in the effective range of HAc and ZnAc, can be seen even
more clearly from Fig. 3b. Additionally, significant differences for
sulfate-based electrolytes is visible, which clearly shows that the pH
stabilization capacity of zinc sulfate is several orders of magnitude
lower, until the point where the precipitation of ZHS causes an
additional buffering effect. Only in the acidic pH range (pH <2)
buffering capacities become comparable. This is also the pH range in
which publications have shown that the contribution of MnO, deposition
to the overall reaction increases in sulfate-containing electrolytes.
However, it has been shown that anode stability decreases dramatically
at a value below pH 4.*® At the same time, the probability of the
formation of further manganese and zinc-containing solid species such
as ZnMn,O, and MnOOH increases from a pH > 4.7, which can lead to
capacity fade.*® This suggests that operating within the pH range of 4 to
5 is optimal. However, due to the shift in buffering behavior between pH
4 and 5, ZnAc, exhibits a 40% lower buffering capacity compared to
HAc (Fig. 3b). This significant effect, which arises from the complexa-
tion of Zn>" with acetate ions, has not yet been discussed in the
literature regarding the selection of pH buffers for ZMBs. The
complexation reduces the effectiveness of the acetate buffer in
stabilizing the pH within the target range, making it less effective at
maintaining pH stability. This highlights that not only acid dissociation
constant, but also the stability constants of the complexes formed must
be considered when selecting suitable buffering agents. Thermodynamic
considerations, as presented in this work, could therefore provide
valuable insights for choosing appropriate anions for ZMB electrolyte
systems.
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— ZnSO4 ZHS

ZHA

PH (-)

Figure 2. Speciation diagrams of zinc complexes in (a) sulfate-based and (b) acetate-based electrolytes as a function of pH. The shaded areas indicate the

precipitation of ZHS and ZHA.

Influence of anion type and pH on equilibrium potential.—In
the literature so far, it is often suggested that different anions (such
as sulfate and acetate) lead to distinct reaction mechanisms, as the
reaction can be observed at different potentials.>'*'%?%*> This
phenomenon is attributed to the altered complexation behavior of
Ac™ with Mn>", which is believed to facilitate the direct deposition
of manganese dioxide at a lower potential. In the following section,
this hypothesis will be examined by incorporating the knowledge of
the speciation from model as a function of pH into the Nernst
equation to determine the equilibrium potential and comparing the
results with experimental measurements. Although this approach has
been applied to other battery types, it has not yet been investig%ated
for the present cell chemistry to the best of our knowledge,”*>! For
the ZMB system, the positive electrode potential can be calculated as
follows:

4
Ep=E;?+ﬂln(cH+ ) [5]
zF CMn2+

Here, Ez(a) is the standard potential for the MnOQ/Mn2+ redox

couple (+1.23 V vs SHE), R is the gas constant, 7T is the temperature,
z is the number of electrons transferred during redox reaction, F is
Faraday’s constant, and c is the concentration of the respective ions.
For the negative electrode, the equation results accordingly:

RT
E,=E?+ =—1In(c 2+ (6]
zF

Where, E? is the standard potential for the Zn>*/Zn redox couple
(—0.76 V vs SHE). The total open circuit voltage (OCV) results
from the difference between the individual electrode potential to:

OCV= E,-E, [7]

For a meaningful comparison of the influence of anions and pH,
it is essential to maintain consistent conditions and evaluate the
system under equilibrium, excluding kinetic influences. For this, five
cycles with an areal current of 0.06 mA.cm ™~ and an areal capacity
0.06 mAh.cm™? are performed at pH 4.5. Afterwards, the pH is

adjusted using H,SO, and NaOH, and the voltage is measured after a
relaxation time of 15 min. Figure 4a shows the measured variation of
the open-circuit voltage (OCV) as a function of pH for the acetate-
based electrolyte. For comparison, the predicted potential based on
Eqgs. 5-7 is depicted as a gray line, which does not account for
complexation effects. It is evident that including complexation
reactions significantly improves the alignment with the experimental
data. This is reflected in the root mean squared error of 18 mV for
the full-cell potential over the pH range of 2 to 6, indicating that the
inclusion of complexation reactions provides a much more accurate
representation of the observed behavior. It should be noted that the
speciation model used here relies on concentration-based equili-
brium constants and further refinement could be achieved using an
activity-based electrolyte model, especially under high ionic strength
conditions.

Figure 4b displays the measured potential of the negative zinc
electrode against Ag/AgCl reference electrode at different pH
values, where the influence of complex formation is clearly
observable. The previous section demonstrated that in the pH range
of 2 to 4, the concentration of free Zn** continues to decrease due to
complexation with acetate ions (Fig. 2a), leading to a corresponding
decrease in the potential of the negative electrode. For the sulfate-
based electrolyte, the model consistently overestimates the voltage
slightly (Fig. 4c). This suggests that a larger fraction of Zn*"
remains uncomplexed than the model assumes. Figure 4d compares
the two voltage curves along with their respective accuracy.
Although the potential for pH < 3.5 is slightly lower for the
acetate-based electrolyte, the accuracy of both curves overlaps for
pH > 3.5, indicating that they can no longer be distinguished based
on complexation effects.

In the next step, semi-equilibrium conditions are examined using
the galvanostatic intermittent titration technique (GITT) in ZMB full
cells. This method consists of a sequence of ten current pulses for
charge and discharge with 6 min with 0.06 mA cm ™2, each followed
by a one-hour relaxation period during which no current flows
through the cell, allowing the voltage to stabilize at equilibrium. To
minimize the influence of mass transport during the short current
pulses and ensure a uniform ion concentration within the electrolyte,
stirring is employed using a magnetic stirring bar for forced
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Figure 3. Model validation and shift of buffer capacity for 1 M ZnAc2 against 2 M HAc (a) Validation of Titration experiments with model for 2 M HAc and
1 M ZnAc, (b) Modeled buffer capacity for 2 M Hac, 1 M ZnAc2 and 1 M ZnSO4 (c) Speciation analysis showing a shift in the buffer behavior due to the

presence of zinc-acetate complexes.

convection. Additionally, a pH electrode is placed between the
electrodes to monitor the proton concentration.

Figure 5a shows the GITT measurements for sulfate- and acetate-
based electrolytes at an initial pH of 4.5. In the acetate electrolyte,
the voltage stabilizes after the relaxation period during charging and
discharging. In contrast, for the sulfate electrolyte, a change in
potential is observed during charging and discharging. In the next
step, the pH change is investigated as a possible cause for this
behavior. Figure 5b presents the pH values after relaxation. The pH
changes in the opposite direction to the potential: a decrease in pH is
observed during charging, followed by an increase during dischar-
ging. This suggests that the pH fluctuation is linked to the charge/
discharge process. To eliminate the pH influence, the Nernst
equation for MnO, deposition reaction is applied (Fig. 5b). This
analysis shows that, after accounting for pH, the potential for both
electrolytes remain nearly constant. The measured potential agrees
within an average deviation of 10 mV, which is within accuracy
range of the model for the open-circuit potential. Although we have
not yet found a conclusive explanation for the voltage dip observed
during discharge in the sulfate-containing electrolyte between 30%

and 10% SoC, it appears that the voltage behavior for both
electrolytes can be explained by the deposition reaction mechanism.
Overall, these results suggest that, in the present experiments, the
equilibrium voltage is more sensitive to pH than to the anion type,
emphasizing the dominant role of pH in influencing electrochemical
behavior.

Since the deposition of MnO, is a proton-coupled reaction,
protons are added to the electrolyte during charging and are re-stored
during discharging. Therefore, a parallel can be drawn to the titration
experiments from the previous section, where the converted protons
can be assigned to an equivalent amount of added sulfuric acid. This
conclusion is further supported by the fact that the measured
coulombic efficiency is almost 100% under the given conditions.
Therefore, the addition or removal of protons through MnO,
deposition will be simulated by the titration of a 2 M H,SO, solution
in the following experiments:

Figure 6a presents the results of titrations for an electrolyte with
1M ZnSO,4 and 1 M MnSO,, compared with the model. Although
the qualitative trend is well represented, the pH decreases slightly
more slowly in the titration experiment than predicted by the model.
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Since the electrolyte has very little buffering capacity in this pH
range of ~3-5, even small differences lead to noticeable pH changes.
When compared to the GITT measurements, a significantly lower
pH is observed. This could indicate the occurrence of additional
reactions that release fewer protons. Alternatively, it may suggest
that protons are being bound either by surface hydroxyl complexa-
tion on the manganese dioxide®* or through hydrogen evolution at
the zinc electrode.

To investigate these hypotheses, the titration is repeated with the
same electrolyte, where the respective electrodes are placed in the
electrolyte during the titration process. The pH behavior during
titration with the zinc negative electrode aligns well with the

observations from the GITT measurements. The hydrogen evolution
during the titration, which leads to an increase in pH, counteracts the
acid addition caused by manganese dioxide deposition during
charging. This also explains the lower pH drift observed during
the charging process compared to the discharging process in Fig. 5b.
It suggests that the protons involved in the reaction at the manganese
dioxide positive electrode align with the theoretical values, sup-
porting the assumption that this reaction is the main process at play.

To assess the influence of the zinc electrode on pH, a long-term
measurement test is conducted (Fig. 6b). A rapid increase in pH,
reaching approximately pH 5, is observed, which could be assigned
to a significant corrosion of the zinc anode due to hydrogen
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evolution (leading to proton loss).>® Subsequently, a smaller change
in proton concentration is seen, followed by a saturation point
around pH 5.3, which can be linked to the buffering effect of the
precipitation of ZHS and is consistent with the findings of Zhang
et al. **%

In summary, it can be concluded that by incorporating speciation,
the equilibrium potential of the reaction is well simulated. It was
demonstrated that, contrary to the prevailing opinion, the complexation
behavior of acetate and sulfate anions has only a minor influence on the
open-circuit voltage, whereas pH has a significantly larger effect. Due
to its much lower buffer capacity, much greater pH fluctuations are
observed in the sulfate electrolyte under the same operating conditions
compared to the acetate electrolyte. It was also shown that the addition
or removal of protons through manganese dioxide deposition can be
simulated by titration, provided that the proton removal through
hydrogen evolution at the anode is also considered.

Mass transport as limiting step.—In the previous analysis, it was
demonstrated that the equilibrium behavior remains consistent
across different anion species. Building upon these findings, the
following study focuses on operational conditions, where the role of
the electrolyte becomes more complex and is governed by non-
equilibrium kinetic processes. During operation of the ZMB cell, the
coupling between reaction and mass transport needs to be investi-
gated to understand the underlying mechanism. To investigate this,
an experiment was conducted in which ion transport conditions were
systematically varied. Specifically, the ZMB cells were cycled under
two conditions: with and without mechanical stirring (Fig. 7, dashed
and solid line). In both cases, the pH was adjusted to 4.5 by the
addition of sulfuric acid to ensure consistency between the electro-
lytes. Generally, at the electrode interfaces, mass transfer primarily
occurs through diffusion. The introduction of stirring induces
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convective mass transport, enhancing ion transport to the electrode
surface and increasing local concentrations to avoid concentration
gradients by limited diffusion between the electrodes/in the electro-
lyte.

Figures 7a and 7b show the voltage curves based on sulfate and
acetate at a current density of 0.06 mA.cm™? and 0.06 mAh cm™2,
with and without stirring. For the sulfate-containing electrolyte, a
continuous voltage drop is observed during the discharge step,
followed by a characteristic voltage dip and a subsequent voltage
plateau at approximately 1.3 V. This plateau has been associated
with the precipitation of ZHS.>* When stirring is introduced, the
voltage plateau for the sulfate-based electrolyte changes signifi-
cantly, exhibiting a distinct reduction in overpotential with forced
convection while the characteristic voltage dip disappears.

In contrast, for the acetate-based electrolyte, a lower discharge
capacity for the stirred solution, is observed, a phenomenon that will
be discussed in detail in a later section. Furthermore, it exhibits a
well-defined, stable voltage plateau throughout the entire discharge
process, which remains unchanged upon stirring. This suggests that
mass transport limitations affect the sulfate-based electrolyte but do
not play a significant role in the acetate-based system. Given that
Zn*" and Mn*>" concentrations in this pH range are significantly
higher than that of protons, it is reasonable to assume that proton
transport becomes the rate-limiting factor, while acetate supports pH
stability in acetate-based electrolyte. As a result, pronounced pH
gradients form at the electrode surface in the sulfate-based electro-
Iyte, which can be mitigated through electrolyte mixing. These
findings also suggest that the primary determinant of electrochemical
behavior is not the complexation properties of the anions but rather
their pH-buffering capacity.

To test this hypothesis, the pH dependence of these properties (s.
section physicochemical properties), is utilized. Figure 8a illustrates

b) 1.8F,

Sulfate

—
N
B e

Voltage (V)
SN

w/o stirrer
1 w/ stirrer

0 0.02 0.04 0.06
Areal capacity (mAh cm'z)

Figure 7. Influence of transport conditions on electrochemical performance. (a) No significant voltage difference for acetate-based electrolyte under stirred and
unstirred conditions. (b) Pronounced changes in the voltage plateau for sulfate-based electrolyte, highlighting the transport of species as a limiting factor.
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the buffer capacity for 1 M ZnAc, and 1 M MnAc,, where a clear
decrease in buffer capacity is observed as the pH increases from 4.5
to 6. As shown in Fig. 8b, the corresponding voltage curve for the
first cycle over the rated capacity is shown, where the pH is adjusted
to the target pH of 5.3 and 4.5 with sulfuric acid. The choice of pH
5.3 was made to explore an intermediate state between pH 4.5 and 6,
allowing for a comparative analysis of the effects observed within
this range. Firstly, a decreasing voltage with increasing pH can be
determined, which is consistent with the pH dependence of the
Nernst equation. A notable change in the curve characteristics is also
observed. The constant voltage profile at pH 4.5 distinctly differs
from the profiles at pH 5.3 and pH 6, which exhibit multiple
plateaus, reminiscent of the sulfate-based electrolyte’s behavior.
This voltage drop is likely associated with the precipitation of ZHA,
a phenomenon that has been scarcely addressed in recent
publications.*’ The results suggest that the decreasing buffer
capacity at higher pH values could play a role in the observed
changes in the electrochemical behavior. Additionally, the changes
in the potential curve with increasing mass transport via forced
convection further support this hypothesis (Fig. 8c). Furthermore,
chronoamperometry measurements are catrried out to compare the
limiting currents (Fig. 8d). A fixed potential of 1. 8 V was applied to
the working electrode and the current response was measured as a
function of time. The results demonstrate a significant dependence of
current density on the buffer system and its pH relative to its pK,.
While sulfate at pH 4.5 serves as a reference to compares the
influence of the proton concentration without buffer capacity and
exhibits a consistently low current, acetate buffers show pronounced
differences. Notably, the current density for acetate at pH 4.5 is
significantly higher than at pH 6. This indicates that the higher
current at pH 4.5 cannot be attributed solely to proton concentration,
but rather reflects the higher buffering capacity of the system near its
pK.. At this point, efficient proton uptake by the buffer mitigates the
local acidification resulting from Mn?* oxidation. In contrast, at pH
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6 and pH 5.3, protons accumulate more rapidly near the electrode
surface, leading to a local pH drop that hinders the reaction and
manifests as a lower current density. Figure S4 illustrates the
polarization behavior of the zinc electrode relative to the zinc
reference, confirming that the observed current differences mainly
originate from processes at the cathode.

It can be summarized that the pH of 6 compared to pH 4.5 when
using acetate-based electrolytes leads to reduced performance with
respect to reversibility and overpotential. Nevertheless, it should also
be noted that additional factors, such as pH-dependent kinetics and
the formation of further manganese oxides at elevated pH cannot be
entirely excluded. Despite this, these pH conditions are frequently
reported in the literature for proton-dependent processes, even
though their limited proton supply diminishes their practical
relevance.*’ These findings highlight that the interplay between
buffer composition, protonation state, and pH critically influences
the electrochemical performance.

Influence of anion and pH on reversibility of MnO, deposi-
tion.—In the following, the concentration of Ac™ are continuously
varied from 0 to 0.2 to 1 M Ac™ in order to check their influence.
Even the slight addition of acetate (0.2 M Ac™) leads to a significant
stabilization of the potential curve at constant pH (Fig. 9a). The
behavior is very similar to the curve for the addition of 1 M Ac™, for
which only slightly higher overvoltage during charging and an
earlier drop in the discharge voltage can be observed. When
compared with the acetate-free electrolyte (0 M Ac™), a significant
difference in the shape of the curve is visible and the two-plateau
discharge behavior becomes a continuous profile.

Major differences between electrolytes become apparent
(Fig. 9b) as soon as the areal capacity and current density are
increased (from 0.06 mAh cmfz, 0.06 mAhcm™2 to 1 mA cmfz,
1 mAh cmfz). For the acetate-free electrolyte, a clear increase in the
voltage for charging and discharging can be seen. It should also be
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noted that the charge voltage limit had to be raised from 1.8 Vto 2V
in order to enable target capacity of 1mAh.cm™2 This can be
explained by large pH changes on the surface. According to the
Nernst equation, a pH about 2 at the surface is sufficient to reach the
final charge voltage by the pH effect alone, without taking other
kinetic effects into account and is thus inhibited further reaction
(Fig. 4c). A similar, albeit not quite as pronounced, behavior is
noticeable for the 0.2 M electrolyte, whereas a much smaller change
can be seen for the 1 M Ac™ electrolyte. Overall, it can therefore be
stated that the pH stabilization depends on the current density and
the composition of the electrolyte with different Ac™ concentrations.

Subsequently, the concentration of acetate in the electrolyte is
successively further increased until the entire salt is added by acetate
salts (4 M). Figure 9c shows the voltage curve for an areal capacity
of 1 mAh.cm™ in relation to the total charge/discharge capacity in
order to facilitate proper interpretation. Although the exclusively
acetate-based electrolyte shows a relatively flat curve that only bends
towards the end of the discharge, a flattening behavior towards the
end of the discharge voltage curve can be seen as the sulfate content
increases. A similar behavior can be observed for charging voltage
behavior at the beginning of the charging phase. Moreover, a
decrease in coulombic efficiency can be observed with increased
acetate concentration (Fig. 9d). To explain this observation, the
reaction pathways for the MnO, deposition are studied in the
following.

The different behavior of the Coulombic efficiency for increased
Ac™ concentrations in the electrolyte could be attributed to two
different prevailing reaction pathways for MnO, deposition reaction
that are described in literature (Fig. 10). During the MnO, deposi-
tion, the oxidation state of the manganese ion changes from Mn?>*
over Mn>" to Mn**, when Mn(IV)O, is formed. A special role is
played by the stability of the Mn®" intermediate, which is formed in
the first step of the charging process.> If Mn>" is unstable, it easily
hydrolyzes to form MnOOH, which precipitates on the positive
electrode. This MnOOH undergoes further solid-state oxidation to

) o ,

g 5

(5]

‘%01.5'

© 0M Ac

> [ = 02MAc
1--_.'1.1\/lléc_..l..-l;-.l..-l

0 0.2 0.4 0.6 0.8 1

Areal capacity (mAh cm'2)

CE (%)

100

0 20 40 60 80
Cycle (-)
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generate MnO,. In contrast, if Mn>" is sufficiently stable, it can
diffuse away from the electrode and undergo disproportionation. The
Mn*" subsequently hydrolyzes to MnO,, which precipitates onto the
electrode surface or remaining suspended in the electrolyte
solution.”>>® Although these pathways are described as distinct
mechanisms, the oxidation reaction typically proceeds through a
combination of both. The relative preference for each pathway is
dictated by the stability of Mn®T, which is determined by the specific
properties of the electrolyte.>’ Some publications show that Ac™ can
stabilize the Mn>" intermediate, which can diffuse away and is no
longer available as active material. This is in line with the
observation that with increasing acetate concentration more electro-
lytic products are dispersed into the electrolyte solution, leading to a
brownish turbidity of the electrolyte (Fig. S5). The fact that an
increase in mass transport through (forced) convection leads to
reduced capacity can also be seen as confirmation of this thesis
(Fig. 7a), however, additional effects may also contribute to the
observed behavior. It should also be added that the chemical
dissolution of MnOOH while MnO, reduction can also be respon-
sible for inactive manganese species.

Moreover, an increase in coulombic efficiency is observed during
the first few cycles (Fig. 9d, a phenomenon that has also been
reported in previous studies and is attributed to the formation of
inactive MnQ,, often referred to as “dead MnOz”.M‘5 ° This not only
alters the electrode’s surface characteristics but also modifies its
nucleation properties, thereby influencing the deposition process and
overall electrode performance. For instance, Mateos et al. docu-
mented an almost twofold increase in mass within the first 10
cycles.> This accumulation of MnO, is accompanied by a decrease
in pH, which can be attributed to the release of protons during the
deposition process.* One explanation for the remaining material
could be that during the reduction of MnO,, the electrochemical or
chemical dissolution of the MnOOH formed on the interface breaks
the electronic connection.>® The observed activation process appears
to be linked to changes in the electrode surface. Experimental
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evidence suggests that, for electrodes coated with manganese
dioxide, the lattice match between MnO, and MnOOH promotes
the precipitation pathway.”” In acetate-based electrolytes, where the
disproportionation reaction is predominant, surface modifications
have a more pronounced effect on the reaction dynamics. In contrast,
in sulfate-based electrolytes, where the precipitation pathway is
already more dominant, such changes exert a comparatively smaller
influence. This underscores the fact, that in addition to the electrolyte
conditions, the electrode surface also plays a decisive role in the
stabilization of the Mn®" intermediate.

Another important influencing factor is the pH of the solution.
Wang and colleagues show that a low pH value (3.2) further
increases the disproportionation mechanism for acetate-based
electrolytes.®® Other publications also show that brown discoloration
due to disproportionation can also be observed in sulfate-based
electrolytes at even more acidic pH values.’®°""%> Here, the
stabilization of Mn>" is achieved by the hydrolysis reaction with
pK. = 0.03, in connection to the following chemical reaction:®

Mn(H,0)s* = [Mn(H,0)s(OH)** + H* (8]

In the following, the effects of varying the initial pH within the
target range of 4 to 5 are examined. Each cell undergoes 100 cycles
at 1 mAh.cm™2 and 1 mA.cm™>2 Regardless of pH, a higher acetate
content consistently leads to a decrease in coulombic efficiency
(Fig. 10b). Since the cells in this study utilize zinc foil with a high
capacity excess, these changes in efficiency primarily reflect varia-
tions in the cathode reaction, while effects on the anode are
discussed in the following section. Moreover, the influence of the
initial pH becomes more pronounced with increasing acetate
content. For high acetate concentrations, lower pH values correlate
with reduced reversibility, which aligns with Wang et al.‘s
findings.® However, while Wang et al. investigated the impact of
pH at a constant acetate concentration, the results of this study
suggest that increasing acetate content amplifies this effect. This
could indicate that even a slight decrease in pH enhances the
stabilization of Mn®", thereby promoting the formation of inactive
MHOZ.

At lower acetate concentrations, coulombic efficiency reaches an
optimum at pH 4.5. This may be since at pH 5, the precipitation of
hydroxides during electrochemical cycling becomes increasingly
likely. Additionally, studies have shown that higher pH levels favor
the formation of zinc-containing manganese oxides,**® which are
suspected to reduce reversibility and significantly lower electrical
conductivity.

The findings emphasize the crucial interplay between electrolyte
composition and key operational parameters such as pH, current
density, charge voltage and specific capacity in optimizing energy
density and cycle performance. Although nearly 100% coulombic

efficiency was observed under semi-equilibrium conditions with
minimal differences between anions, substantial variations emerged
under dynamic conditions. These findings suggest that optimal
acetate-to-sulfate ratios must balance the pH stability benefits of
acetate with the higher efficiency and reliability offered by sulfate.
Furthermore, these results highlight the necessity of maintaining
consistent experimental conditions, as variations in key parameters
can lead to divergent interpretations. Further advancements in
controlling Mn>* complex behavior could lead to improved electro-
lyte formulations that harness the benefits of both anion types.
Studies suggest that redox mediators may help recover lost active
species,”® though mitigating self-discharge caused by the “shuttle
effect” remains a challenge that requires further investigation.®*
Another promising approach involves diffusion barriers to limit the
dispersion of reactive species within the electrolyte.’® Additionally,
this study reaffirms that cell chemistry is highly sensitive to even
small pH variations. Spatially resolved models could provide deeper
insights into these complex interactions and their impact on battery
performance. Future research should explore the effects of varying
operational conditions, such as current density and temperature
fluctuations, to assess the robustness of observed mechanisms.
Investigating alternative buffering agents could further enhance
electrochemical stability, ultimately leading to optimized electrolyte
formulations that improve both efficiency and longevity in ZMBs.

Influence of the anions and the pH on the zinc anode.—To
verify the effects of anion and pH on zinc anode cycling stability, we
compared the Zn plating/ stripping performance of asymmetric Cull
Zn cells at a current density of 1 mA.cm™2 and an areal capacity of
1 mAh.cm 2. To eliminate the pH-related influences, all electrolytes
were adjusted to a pH 4.5. The charging and discharging behavior
for the 50th cycle is shown as an example (Fig. 11a). A rising
voltage hysteresis and a decline in reversibility were observed with
increasing acetate content. This trend can be attributed to the
decreasing conductivity of the electrolyte with higher acetate
concentrations. An estimate of this effect is provided in
Supporting Information S1. Additionally, a higher acetate content
correlates with a reduction in discharge capacity.

This observation is further supported by the average coulombic
efficiency over 100 cycles, which exhibits a linear decrease from
sulfate-containing to acetate-containing electrolytes (Fig. 11b).
Measurements were repeated three times for each acetate concentra-
tion. The trend is also reflected in the increased hydrogen evolution
in cycled pouch cells, as observed in symmetric ZnllZn cells at a
current density of 1 mA.cm™2 and an areal capacity of 1 mAh.cm™>
(Supporting Information Fig. S6). A possible explanation is that
buffer addition reduces the electrochemical stability window in the
neutral pH range.%>%
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However, this contradicts several studies reporting reduced
hydrogen evolution and improved reversibility for acetate-based
electrolytes.'**3%%7 Proving our study, Sun et al. similarly
investigated the zinc anode stability at different acetate concentra-
tions and found that the highest reversibility was achieved with the
lowest acetate content, whereas increasing acetate levels impair the
performance.>® We propose that these inconsistencies observed in
the literature arise from variations in the initial pH control of the
respective electrolyte composition. To address this, we also exam-
ined the effect of the initial electrolyte pH. Raising the pH of the
acetate-based electrolyte to 6, according to the publication by Zeng
and Xie,">?° resulted in a significantly higher discharge capacity
while maintaining overvoltage stability (Fig. 11c¢).

This supports the hypothesis that discrepancies in anode arise
primarily from differences in pH control. Still, as discussed in the
previous sections, the pH range of pH 6 is associated with the
formation of irreversible solids by precipitation reactions and could
prove problematic for long-term stability. The influence of the pH
range between 4 and 5, which is discussed as optimal with regard to
pH, was therefore also investigated. A linear increase in plating and
stripping performance can be seen in Fig. 11d in the range between
pH 4 and 5 for 2M Ac™. This finding underscores the challenge of
balancing anodic stability with cathodic conversion efficiency.

Conclusions

This study provides new insights into the interplay of pH, anion
composition, and complex behavior in electrolytic ZMB, focusing
on acetate- and sulfate-based electrolytes. By developing and
validating a thermodynamic model, it is demonstrated that the
formation of complexes with the cations significantly shifts the
effective range of pH stabilization. Contrary to the opinion of some
publications, it has been shown that it is not the complex effect but
the increased buffering property of the acetate ions that leads to an
altered electrochemical property. Experimental results confirmed

that the transport of protons is the rate-limiting step in sulfate-based
electrolytes, while acetate anions improve pH stabilization near the
electrode interface, facilitating proton-coupled electron transfer
mechanisms. Furthermore, these findings underscore the importance
of precise pH adjustment in acetate-based electrolytes. Although pH
6 is commonly used for acetate electrolytes in literature, this range
provides only limited buffering capacity and electrochemical per-
formance, making it crucial to optimize pH conditions for improved
electrochemical stability. For the first time, the acetate content was
simultaneously analyzed as a function of pH. Experiments show that
increasing the acetate content in the electrolyte correlates with a
reduction in coulombic efficiency due to the stabilization of Mn>"
intermediates, leading to an accumulation of inactive MnO, species.
Specifically, acetate-buffered electrolytes support more efficient
manganese dioxide deposition while mitigating anode stability
issues commonly observed in strongly acidic environments.
However, higher acetate concentrations negatively impact reversi-
bility due to enhanced Mn>" complex stabilization, emphasizing the
need for a balanced electrolyte design. Contrary to the prevailing
opinion, the zinc stability in acetate electrolytes is strongly pH-
dependent and less anode-friendly compared to sulfate electrolytes
for the same pH conditions.
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