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ABSTRACT: The MnO,/Mn*" cathode chemistry represents a promising avenue for high-energy-density and low-cost aqueous
batteries. However, its practical application for grid-scale storage is limited by insufficient cycling stability. Extensive reports have
highlighted the poor reversibility of MnO, deposition and stripping. Here, we reveal an overlooked source of capacity loss under
typical operating conditions: corrosion of the carbon current collector. Using gas chromatography, we show that carbon corrosion
can account for up to ~25% of initial capacity losses and can cause thickness losses approaching 200 nm in the first cycle. Corrosion-
induced thickness losses are largest under acidic and near-neutral conditions. Corroborating our corrosion measurements, X-ray
photoelectron spectroscopy and scanning electron microscopy results indicate the formation of surface oxygen species and carbon
fiber degradation after cycling. Our work provides a quantitative understanding of carbon corrosion in aqueous batteries that can
inform strategies for extending their cycle life.
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its application in practical aqueous batteries. A number of
studies have focused on the sources of irreversibility associated
with the Mn?*/MnQO, dissolution—deposition reaction.” ">

he intermittency of renewable energy sources, such as
solar and wind, necessitates the development of
sustainable energy storage systems."” The efficacy of stationary

storage can be evaluated primarily on the basis of (1) levelized
energy cost, expressed as $/(kWh-cycle), and (2) safety.’
Given the supply chain limitations of lithium and the
flammability concerns with organic liquid electrolytes, it is
worthwhile to consider the use of earth-abundant elements and
aqueous electrolytes for grid-scale energy storage.” One
promising cathode for aqueous cells is the MnO,/Mn*"
chemistry, which operates via deposition—dissolution reactions
between soluble Mn?* and solid MnO, deposited on a carbon
current collector.”™ Given the high redox potential of Mn?*/
MnO, (1.23 V vs RHE) and the high theoretical capacity of
MnO, (616 mAh/g for two-electron transfer), this environ-
mentally friendly cathode can provide aqueous batteries with
high energy density.®

Despite its great potential, the Coulombic efficiency (CE)
and cycling stability of the MnO, cathode are not sufficient for

© 2025 American Chemical Society

7 ACS Publications

For example, researchers have shown that the reversibility of
Mn*"/MnO, is limited by the poor conductivity of the typical
deposition product e-MnO,, the competitive oxygen evolution
reaction, and the accumulation of “dead Mn.” Considerable
efforts have been devoted to developing strategies to improve
the reversibility of MnO, deposition and stripping.>'*'*~"°
However, the loss of CE from current collector corrosion
remains overlooked in aqueous manganese-based batteries.
Carbon felt is widely used as the cathode current collector,
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owing to (1) its low cost; (2) its high surface area; (3) its
greater resistance to electrochemical oxidation compared to
other inexpensive current collectors (e.g., aluminum); and (4)
its relatively low activity for the oxygen evolution reaction. Yet,
carbon is also prone to corrosion in aqueous batteries, and the
associated CE losses represent a crucial factor that can limit the
overall longevity of the battery. While carbon corrosion has not
been investigated in aqueous manganese-based batteries, this
problem has been explored in catalysis."’~>' From catalysis
literature, it is known that corrosion of carbon-based supports
is most pronounced at high operating potentials and in acidic
environments.'”'® Carbon corrosion has been observed to
cause losses in the electrochemically active surface area and the
electrical conductivity of the support structure.'® The
degradation mechanism of carbon supports is generally
attributed to the following electrochemical reaction:

= + -
C(s) + ZHZO(I) ~ COZ(g) + 4H (aq) + 4e

E° = 0.207 V vs RHE (1)

We anticipate that this corrosion reaction is also relevant to
the carbon current collector for the MnO, cathode. While the
thermodynamic potential of carbon corrosion is relatively low,
the kinetics of carbon corrosion are sluggish until >1 V vs
RHE.”"*” It should be emphasized that MnO, deposition (E°
= 1.23 V vs RHE) occurs within this regime where corrosion
kinetics are non-negligible. In this work, we show that the
carbon current collector can be oxidized to CO, under typical
operating conditions (Figure 1). As illustrated in Figure 1, the
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Figure 1. Schematic illustration of carbon corrosion showing the
oxidation of the current collector concurrently with MnO, deposition
during charging.

carbon corrosion reaction takes place primarily during charging
concurrently with the electrodeposition of MnO,. We
demonstrate this phenomenon by using gas chromatography
(GC) to measure the CO, evolved after charging, which
enables us to quantify corrosion-induced CE losses as well as
thickness and mass losses. In the Zn—MnO, battery,”** we
find that carbon corrosion can account for up to ~25% of first-
cycle CE losses and can induce thickness losses and mass losses
of ~200 nm and ~2 ug/cm? respectively. In conjunction with
our GC measurements, we examine the structural and chemical
changes of the current collector using scanning electron
microscopy (SEM) and X-ray photoelectron spectroscopy
(XPS). Through this work, we hope to raise awareness of an
overlooked corrosion process in aqueous manganese-based
batteries and aqueous batteries more broadly.

Figure 2a shows the first-cycle voltage profile of the Zn—
MnO, battery, charged at a typical voltage of 2.2 V up to 1
mAh/cm® and discharged at a moderate rate of 4C in a

representative electrolyte (0.1 M H,SO, + 1 M ZnSO, + 1 M
MnSO,, pH: 1.1). It can be seen that the first-cycle CE,
averaged over four cells, is 96.64% (Figure S1), meaning that
the total first-cycle CE loss (ACE) is —3.36%. Here, we set out
to determine the proportion of this ACE that is attributable to
carbon corrosion. We do so by first measuring the CO,
evolved upon charging using GC and then backcalculating
the associated capacity loss using Reaction (1). As displayed in
Figure 2b and Figure S2, the Zn-MnO, battery is assembled
within a gastight vial, with Zn foil as the anode and carbon felt
as the cathode current collector. The battery is then charged at
2.2 V up to a fixed capacity. After charging, the gas in the
headspace of the vial is extracted, and the amount of CO, is
measured using GC (Figure 2b).

With this procedure, we measure the CO, evolved for MnO,
deposition with nominal areal capacities of 0.5, 1, and 6 mAh/
cm? (Figure 2c). We find evidence of carbon corrosion at all
capacities, and we also see that the CO, evolved increases
nonlinearly with capacity. When the capacity is doubled from
0.5 to 1 mAh/cm?, the moles of CO, evolved increase by a
factor of ~4. However, from 1 to 6 mAh/cm?, the CO, evolved
shows no significant increase, as reflected by the overlapping
error bars. In other words, it appears that carbon corrosion
slows at higher areal capacities. We attribute this observation
to the fact that the MnO, deposition during charging can
partially protect the carbon current collector from corrosion.
Charging up to higher capacities can yield greater coverage of
the carbon by MnO,, resulting in a slower rate of increase in
the measured CO,.

From the moles of CO,, we calculate the corresponding
ACE attributable to carbon corrosion at each of the three areal
capacities (Figure 2d). We find that the ACE is the largest at 1
mAh/cm?, equaling —0.97%. Comparing this calculated value
to the measured total ACE (—3.36%), we conclude that
carbon corrosion can account for over 25% of the first-cycle
CE losses (Figure 2e). Besides the ACE, we calculate the mass
loss and thickness loss of the carbon current collector for
varied capacities, as shown in Figure 2f. The average thickness
loss from carbon corrosion can reach nearly 200 nm at 6 mAh/
cm?, and the average mass loss approaches 2 pg/cm?.

As noted earlier, these corrosion measurements for varying
areal capacity are all obtained in acidic condition. Electrolytes
with a pH of ~1 or lower are most commonly used for aqueous
Mn-based batteries; greater acidity can deliver a shorter charge
time and a higher discharge potential.”** However, the Zn
anode exhibits a better electrochemical performance in less
acidic environments. It is worthwhile to examine whether and
how changes to the electrolyte pH can affect the corrosion
behavior of the carbon current collector.

With this question in mind, we additionally measure the
CO, evolved after charging at 2.2 V up to 1 mAh/cm? in a
basic electrolyte (4 M KOH, pH: 14.6) and a near-neutral
electrolyte (1 M Zn(CH,COO), + 04 M Mn(CH,;COO),,
pH: 6.0)."%** Measuring carbon corrosion in the basic
condition can be challenging, as CO, dissolution will occur
as follows: 20H™ + CO, = CO,*” + H,0."” This issue can be
circumvented by acidifying the electrolyte after charging to
release dissolved CO,.”” Based on a Bjerrum plot, acidifying to
a pH of less than 4 is sufficient to shift the CO,/CO;*~
equilibrium essentially entirely toward CO,.'”> After
completing the postcharging acidification, we find that the
basic condition is considerably less corrosive to the carbon felt
than the acidic condition (Figure 3a). Our observation is
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Figure 2. Quantifying carbon corrosion in the Zn—MnO, battery. (a) Representative first-cycle voltage profile of the Zn—MnO, battery. (b)
Schematic illustration of the experimental setup for quantifying carbon corrosion. (c) CO, evolution measurements and (d) corresponding first-
cycle ACE values calculated from the moles of CO, for areal capacities of 0.5, 1, and 6 mAh/cm?. (e) Comparison of ACE attributable to carbon
corrosion and total ACE in the Ist cycle (for a charging capacity of 1 mAh/cm?). (f) Calculated mass loss per unit geometric area and thickness

loss for varied areal capacities. Each value reported from (c)-(f) is determined from an average of at least 3 replicate cells, and error bars represent
one standard deviation.
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Figure 3. Quantifying carbon corrosion for varied electrolyte pH. (a) CO, evolution measurements, (b) calculated corrosion-induced ACE, and
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Figure 4. Morphological and chemical changes of the carbon current collector after cycling. SEM images of (a) pristine carbon felt and (b) carbon

felt after a potential hold of 2.2 V for 1.5 h in 0.1 M H,SO, + 1 M ZnSO,. (c) XPS C 1s high-resolution spectra for pristine carbon felt and cycled
carbon felt (after 100 cycles in the Zn—MnO, battery).
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consistent with electrocatalysis literature that has reported in basic conditions.”” From a thermodynamics perspective, this
greater corrosion of carbon supports in acidic conditions than result may appear counterintuitive, as increased pH would be
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expected to correspond to an increased equilibrium concen-
tration of CO, (Reaction (1)). However, the kinetics of carbon
corrosion are known to be faster in acidic environments, which
can result in greater corrosion."”

Moving from the basic electrolyte to the near-neutral
electrolyte, we notice that the CO, evolved is substantially
larger and comparable to that in the acidic condition (Figure
3a). The corresponding ACE, mass loss, and thickness loss all
show the same trend with the acidic and near-neutral
conditions giving the greatest corrosion (Figure 3b,c). Whereas
the basic condition gives a ACE of less than —0.2%, the acidic
and near-neutral conditions give a ACE of exceeding —0.9%.
Similarly, the latter two conditions yield thickness losses above
100 nm, while the basic condition yields a thickness loss below
30 nm.

To complement our quantitative measurements of carbon
corrosion, we qualitatively examine the morphological and
chemical changes of the carbon current collector. Recognizing
that the acidic condition is corrosive to the current collector
and most relevant to aqueous Mn-based batteries, we
performed SEM and XPS on the carbon felt in this condition.
Note that for our SEM experiment, we did not include MnSO,
in our electrolyte; when this salt was included, significant
residual MnO, was observed after cycling, which rendered it
difficult to identify microstructural changes of the carbon felt
(Figure S3). After a potential hold of the carbon felt at 2.2 V
(vs Zn/Zn>"), we observe degradation of the carbon fiber,
which serves as visual evidence of mass loss (Figure 4a,b).*° To
analyze changes in the surface chemical composition, we
obtain the XPS C 1s spectrum for the carbon felt after 100
cycles in the Zn—MnO, battery. As shown in Figure 4c, a peak
corresponding to carbon bonded to oxygen (C—O) appears
after cycling, which suggests the emergence of surface oxygen
functional groups in agreement with previous reports of the
intermediate species in the mechanism of carbon corro-

We emphasize that the observed corrosion of the carbon
current collector can limit the cycle life of the aqueous battery.
It is reported that carbon corrosion leads to increased charge
transfer resistance.”””" This effect may exacerbate the already
sluggish kinetics of MnO, deposition, resulting in an
overpotential penalty that yields reduced energy efficiency
over long-term cycling. The corrosion-induced losses in
electrical conductivity and electrochemically active surface
area may also contribute to the aggregation of ‘dead MnO,.’

In summary, using GC, we demonstrate significant carbon
corrosion under typical operating conditions of the aqueous
manganese-based battery. We find that corrosion is most
pronounced under acidic as well as near-neutral conditions and
that thickness losses can reach 200 nm. In line with the GC
measurements, SEM and XPS results reveal the degradation of
the carbon fiber and the formation of surface oxygen species
upon cycling. The fundamental understanding of carbon
corrosion provided by our report can be applied to improve
the reversibility of the MnO, cathode. It is also noteworthy
that our work represents the first study to quantify CE losses
and thickness losses arising from carbon corrosion in an
aqueous battery. We propose that our quantitative approach
can be extended to study corrosion in other aqueous systems
employing carbon-based current collectors.
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