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ABSTRACT

o-MnO, is a promising, inexpensive, and readily producible catalyst for the oxygen reduction reaction
(ORR) in alkaline media, but its application is limited by low electronic conductivity. In this study, we
enhance the performance of o-MnO, electrodes by systematically varying the o-MnO,-to-Vulcan ratio
within the catalyst layer. Electrodes are evaluated in a gas diffusion electrode (GDE) half-cell, where
an optimized catalyst layer composition leads to significantly improved ORR performance. By fine-
tuning both the -MnO,-to-Vulcan ratio and the a-MnO, loading, the electrode outperforms a commer-
cial MnO,-based electrode and approaches the performance of the Pt/C benchmark. The improvement is
attributed to the presence of a three-dimensional (3D) Vulcan network electronically connecting catalyt-
ically active a-MnO, sites with the substrate. Additionally, the optimized electrodes are employed in a
prototype Al-O, flow cell. Under constant oxygen flow, power densities exceed 250 mW cm™2, which
is significantly higher than that of conventional Al-air batteries. Electrochemical impedance spectroscopy
combined with distribution of relaxation times (DRT) analysis enables the separation of anode and cath-
ode charge transfer impedances without the need for an additional reference electrode. The analysis
reveals that the anode contributes more than twice as much impedance as the cathode, highlighting
the need for further anode optimization. This work demonstrates a transferable approach for catalyst
layer screening under technically relevant conditions in the GDE half-cell. Subsequent measurements
in an Al-O, flow cell validate the approach. The methodology is widely applicable to the development
of advanced electrodes for a variety of metal-air battery technologies.
© 2025 The Authors. Published by Published by Elsevier B.V. and Science Press on behalf of Science Press
and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. This is an open access article under
the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Despite these advantages, the widespread implementation of Al-
air batteries is still limited by significant activation losses at both

The oxygen reduction reaction (ORR) in alkaline media is a key
process for metal-air batteries, with aluminum-air (Al-air) batter-
ies standing out as an up-and-coming technology for cost-
effective and CO,-free long-term energy storage. This promise
arises from very high theoretical specific capacity (2980 mAh g™1)
and gravimetric energy density (8100 Wh kg~!) of Al, along with its
abundance, safety, and ease of handling [1-6]. Furthermore,
although Al-air batteries are non-rechargeable, a closed CO,-free
Al cycle can be realized by recycling the discharge product (Al
hydroxide) through inert-anode smelting, making this system
highly attractive for sustainable large-scale applications [7-9].
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electrodes, which drastically reduce their practical performance
compared to theoretical values.

This study addresses the optimization of the cathode, where the
ORR takes place and large overpotentials are observed. While Pt is
widely regarded as the benchmark ORR catalyst [10], it suffers
from high cost, scarcity, and potential fading in highly alkaline
environments [11,12]. In contrast, manganese oxides, particularly
the o-MnO, phase, offer a low-cost alternative with notable ORR
activity [13-16]. Additionally, there are many facile and scalable
synthesis routes available, such as several one-pot syntheses via
acid-digestion [17-19] or ultra-fast microwave-assisted syntheses
[20-22]. o-MnO, contains an open crystal tunnel structure that
facilitates ion transport [13]. Additionally, a-MnO, contains more
oxygen vacancies than other phases, leading to an accumulation
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of electrons at these defect sites [23]. This results in a high adsorp-
tion energy of *O0H, *0, and *OH, and an improved electronic con-
ductivity, which promotes the ORR [24,25]. However, its
intrinsically low electronic conductivity remains the key bottle-
neck, limiting its practical use as an ORR catalyst [25,26].

Several strategies have been proposed to overcome this limita-
tion, such as doping or coating o-MnO, with conductive species
[27-34]. While effective, these approaches introduce additional
synthesis steps, which increase cost and complexity and raise con-
cerns about long-term stability. The central challenge is therefore
to boost a-MnO, conductivity and performance using methods
that remain both simple and scalable.

In this work, we address this challenge by optimizing the phys-
ical mixing ratio of a-MnO, and Vulcan-XC72R, a widely used con-
ductive catalyst support known for its high conductivity, large
surface area, and chemical stability in alkaline media, particularly
when elevated potentials are avoided [10,35,36]. By systematically
varying the a-MnO,-to-Vulcan ratio, we identify the optimal cata-
lyst layer composition that maximizes performance while avoiding
additional synthesis complexity. To accelerate this optimization,
we employ a gas diffusion electrode (GDE) half-cell, which enables
testing under technically relevant conditions such as high current
densities, highly alkaline molarities, and elevated temperatures.

The optimized electrodes are subsequently tested in a proto-
type Al-O, flow cell to validate their performance under full-cell
conditions. Similar to a hydrogen fuel cell, oxygen is introduced
instead of air to achieve higher performance. To gain further
insights, electrochemical impedance spectroscopy (EIS) is com-
bined with the distribution of relaxation times (DRT) analysis.
DRT provides a powerful way to separate impedance contributions
based on time regimes without the need for a priori knowledge of
the system [37,38]. While DRT has been applied to other metal-air
systems such as Zn-air [39], Li-O, [40-43], and Na-O, batteries
[44,45], and also on the ORR in the GDE half-cell [11] and in the
rotating disk electrode [46]; to our knowledge, this is the first
application to Al-O, batteries.

Overall, this study introduces a simple yet effective strategy to
enhance the ORR performance of o-MnO, through optimized
incorporation with a conductive support, while demonstrating a
combined GDE/full-cell procedure that enables rapid electrode
screening under realistic conditions. This approach is easily trans-
ferable to other metal-air battery systems.

2. Experimental

All chemicals used in this work were used as received without
further purification. Ultrapure water (0.055 pS) from the water dis-
penser PURELAB®flex (Elga) was used for the syntheses, preparing
the KOH solutions, and cleaning. All potentials in this study are
given against the reversible hydrogen electrode (RHE). Further
experimental details not included in the Experimental Section can
be found in the Supporting Information.

2.1. Synthesis of «-MnO,

The synthesis of a-MnO, through acid digestion is an estab-
lished and scalable synthesis route, which involves the dispropor-
tionation of Mn(III) into Mn(IV) and soluble Mn(Il) [17,47,48].5.5 g
of Mn,05 (Sigma-Aldrich, 99%) were added to 300 mL of 6 M sulfu-
ric acid (Thermo Scientific, 96%). The solution was heated to 130 °C
and stirred for 16 h. The black product was filtered, washed with
ethanol and ultrapure water, and dried.

2.2. GDE fabrication

The gas diffusion electrodes (GDE) consist of a gas diffusion
layer (GDL) with a microporous layer (MPL, Freudenberg H23 C2)
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and a catalyst layer (CL) on top. The CL was applied via spray coat-
ing with an airbrush system. The ink was prepared by adding
respective amounts of the synthesized «-MnO, catalyst and either
Vulcan XC-72R (FuelCellStore) or Ketjenblack EC-600JD (Nano-
grafi) to 4 mL of ultrapure water and 4 mL of isopropanol. The dis-
persion was homogenized for 30 min in an ultrasonic bath. A
respective amount of a 60 wt% polytetrafluoroethylene (PTFE) dis-
persion in water (Sigma-Aldrich) was added, and the ink was fur-
ther homogenized with a tip sonicator for 30 s. During spray-
coating, the GDL was placed on a heating plate at 80 °C to remove
all volatile substances. Between each spray, the ink was placed in
the ultrasonic bath. Electrodes with different a-MnO,-to-Vulcan
ratios and a-MnO, loadings were prepared. If not stated otherwise,
the PTFE amount is 5 wt¥% in the dry CL. The benchmark electrode
was prepared with 60% platinum on high-surface-area advanced
carbon support (Thermo Scientific), without mixing it with addi-
tional Vulcan. The commercial manganese dioxide electrode
(MOC air electrode with a PTFE layer, Gaskatel) consists of ca.
6 mg cm~2 manganese dioxide and ca. 10 mg cm~2 carbon, with
PTFE as a binder. The catalyst layer is applied on a thin gas-
permeable PTFE layer. A nickel mesh, as the current collector, is
located on top of the catalyst layer. After thorough cleaning, the
same nickel mesh was used for some measurements with the
self-fabricated electrodes by placing it on the catalyst layer.

2.3. Half-cell measurements

Half-cell measurements were performed with a Zennium
potentiostat (Zahner Elektrik) in a commercial GDE half-cell (Flex-
Cell® PTFE, Gaskatel). The geometrical active surface area, which is
defined by silicone sealings, is 3 cm?. The cell is heated to 50 °C by
PTC heating elements, which are connected to a temperature con-
trol box (Gaskatel). The reference electrode is an RHE Mini-
HydroFlex (Gaskatel), and the counter electrode consists of a
platinum-iridium wire. 4 M KOH (Emplura®, Merck) electrolyte
was used for all measurements. Prior to a measurement, the elec-
trolyte was purged with gas (nitrogen or oxygen) for 45 min to
ensure complete saturation with the respective gas. A detailed
overview of the measurement protocol can be found in our previ-
ous publication [11]. The GDE half-cell measurements were post-
corrected using the uncompensated resistance. The ohmic resis-
tance was determined using EIS by taking the real part of the resis-
tance at the high-frequency intercept on the x-axis of the Nyquist
plot. The reproducibility of the GDE half-cell measurements is
demonstrated in Fig. S1.

2.4. Al-0, cell measurements

An in-house built Al-O, flow cell was operated with a Zennium
Pro potentiostat (Zahner Elektrik) in an oven (Heratherm, Thermo
Scientific) at 50 °C. The cell is a further development of the proto-
type cell used by Xu et al. [9] and is made of PTFE. An overview of
the cell and its connecting parts is displayed in Fig. S2. The geomet-
rical active surface areas of both electrodes were fixed to 0.95 cm?.
The cathode-to-anode distance was reduced to 5 mm to decrease
the electrolyte resistance. Instead of an open shape on the outside
of the cathode side, the new version has a closed casing with gas
tube connections. This enables measurements at higher currents
and, consequently, at high power due to the use of pure oxygen.
The measurements were performed under an oxygen flow of
100 mL min~! at 1.0 bar. An aluminum plate (99.997%, 1.0 mm
thick, Thermo Scientific) was employed as the anode. A separate
electrolyte tank connected to the cell by silicone tubing contained
40 mL of 4 M KOH with 5 g L' Na,Sn05-3H,0 (95%, Sigma-Aldrich)
to suppress the aluminum self-corrosion [49]. The electrolyte was
pumped through the cell between the two electrodes with a peri-
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staltic pump (Masterflex L/S, Cole-Parmer) at a flow rate of
5 mL min~'. Polarization curves were measured in galvanostatic
steps of 1 min per step. The error bars are based on the standard
deviation at each step. The average voltage, coulombic efficiency
(CE), and specific energy (SE) for the aluminum anode were deter-
mined using a two-hour galvanostatic measurement at
100 mA cm~2. After the measurement, the aluminum anode was
carefully cleaned with ultrapure water to remove all precipitates
and then dried at 80 °C. The aluminum anode was weighed before
and after the two-hour experiment to calculate the aluminum
consumption.

2.5. Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) measurements
were performed identically for the GDE half-cell and the Al-O, cell.
Galvanostatic EIS measurements over the frequency range from
100 kHz to 100 mHz were carried out at 100 mA cm™2 with an
alternating current (AC) of 10 mA. Clear outliers were removed
to provide high-quality data for further processing. The distribu-
tion of relaxation times (DRT) analysis was used to evaluate the
data further. The DRT transformation was conducted via the ec-
idea software, which is also applicable to inductive contributions
[50]. A regularization parameter of 0.5 was chosen. This value
was determined in our previous work to best fit the system [11].

3. Results and discussion
3.1. Characterization of «-MnO,

The synthesis of a-MnO, by acid digestion is a facile, inexpen-
sive, and scalable process. By carefully adjusting conditions such
as temperature, time, and pH, the desired phase of the manganese
dioxide can be achieved. At low pH and elevated temperatures, the
a-phase is formed [17]. In Fig. 1(a, b), scanning electron micro-
scope (SEM) micrographs show the typical rod structure of o-
MnO,. Although there exist some other morphologies of a-MnO,,
the typical one-dimensional (1D) material, a rod or wire shape, is
the most common [13,14]. The SEM images show a uniform distri-
bution of the nanoparticles in shape and size. The rod-shaped
nanoparticles have a thickness of 20-40 nm and a length of less
than 400 nm (Fig. S3). The high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) image of indi-
vidual nanorods in Fig. 1(c), together with the energy dispersive

Fig. 1. (a, b) SEM images of o-MnO,. (c) HAADF-STEM image of single a-MnO,
particles and corresponding EDX elemental maps for (d) manganese (Mn) and (e)
oxygen (O).
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X-ray spectroscopy (EDX) elemental maps, displays a homoge-
neous distribution of both elements along the particles.

The X-ray diffraction (XRD) pattern in Fig. 2(a) reveals a pure
tetragonal phase of the a-phase of the as-prepared manganese
dioxide. The lattice constants are a b 0.9840 nm and
¢ = 0.2861 nm, which differ from the literature regarding the a
and b axes (PDF #44-0141, a b 0.9785 nm and
¢ = 0.2863 nm). This can be explained by loosened lattice con-
straints in the nanostructure and differences in the growth orien-
tation [51]. Furthermore, no signals from the precursor Mn;03
can be detected. The thermogravimetric analysis (TGA) curve mea-
sured under an oxygen atmosphere in Fig. 2(b) demonstrates an
initial decrease in catalyst weight of about 6 wt% up to 400 °C. In
this temperature range, the a-MnO, loses first surface water and
then crystal water. At higher temperatures above 500 °C, the con-
version to Mn,0O5 occurs [52]. However, the TGA curve indicates
two decomposition stages, which are more clearly visible in the
derived thermogravimetric analysis (DTG) curve with its two dis-
tinct peaks. A previous study using high-temperature XRD on o-
MnO, suggested that the reaction first proceeds partially to
Mns0,, followed by decomposition to Mn,05 [53]. The TGA and
DTG results indicate a high thermal stability of a-MnO,. The sam-
ples characterized by dynamic vapor sorption (DVS) measure-
ments correspond to the catalyst layers studied later in the GDE
half-cell. Different a-MnO,-to-Vulcan ratios with 5 wt% PTFE in
the powder are investigated, and the DVS isotherms are shown
in Fig. S4. Low ratios of a-MnO, indicate a type V isotherm, which
is characteristic of weak gas-adsorbent interaction and strong
intermolecular gas interaction. Hydrophobic substances, such as
non-polar carbon black, typically exhibit such behavior [54]. With
increasing o-MnO, share, the adsorption isotherm evolves into a
type IV isotherm. o-MnO,, as an oxide, has a polar surface and
therefore shows a stronger interaction with water. The hysteresis
between the adsorption and desorption curves at higher relative
humidities (RH) can be explained by the presence of an extensive
pore network, which is more pronounced in samples with higher
Vulcan ratios. The adsorption isotherm values at 20% RH are dis-
played in Fig. 2(c). At 20% RH, the pore filling and the water-
water interactions are not yet pronounced, allowing the pure sur-
face polarity to be studied. An almost linear decrease in water
sorption is obtained by increasing the Vulcan ratio. A more
hydrophobic catalyst layer has been shown to improve the ORR
performance, particularly at high currents, due to enhanced gas
transport [55,56]. However, the hydrophobic/hydrophilic microen-
vironment of the catalyst directly influences the triple phase
boundary, thereby affecting many different processes. It must
therefore be precisely tuned for each system [57]. A significant
drawback of a-MnO, is its low electronic conductivity. The elec-
tronic conductivity of the as-prepared a-MnO, was measured with
a special torque cell, schematically displayed in Fig. 2(d), and has a
value of 0.036+0.009 S m~'. This value is consistent with previ-
ously reported values for a-MnO, of 0.0045-0.0366 S m~' [25]. It
is significantly higher than many other manganese oxides and cor-
responds to semiconductor conductivities [25,26]. In comparison,
Vulcan-XC72R, used as the catalyst support material, has an elec-
tronic conductivity of 277 S m~! [35], which is four orders of mag-
nitude higher. Tailoring the catalyst layer by adjusting the catalyst
and support material ratio is a cost-effective approach to improv-
ing the overall conductivity of the catalyst layer and thus enhanc-
ing the ORR performance. Unlike other studies, no additional
syntheses or the introduction of new materials are required. Differ-
ent from conductive coatings or modifications on the o-MnO, sur-
face, which tend to dissolve or rearrange over time, Vulcan XC-72R
is expected to be stable.

Fig. 3 shows the segmented SEM images of electrodes with dif-
ferent a-MnO,-to-Vulcan ratios. The blank version is illustrated in
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Fig. 2. (a) Indexed XRD pattern with fit result of «-MnO,. (b) TGA and DTG curves of &-MnO5. (c) DVS measurements of various &-MnO,-to-Vulcan ratios and a PTFE content
of 5 wt%. (d) The conductivity results of «-MnO, measured with a torque cell (schematic illustration) and of Vulcan XC-72R taken from the literature [35].

Fig. S5. The segmentation allows the visualization of the distribu-
tion of the catalyst and catalyst support material within the cata-
lyst layer. In Fig. 3(f), which depicts an a-MnO, ratio of 100%,
only nanorods can be detected. Proceeding from Fig. 3(f) to Fig. 3
(a), the area corresponding to a-MnO, decreases, while the regions
assigned to Vulcan increase. This is consistent with the designated
ratios. 80% o-MnO,/C demonstrates large agglomerations of o-

MnO,, while 40% and 60% contain clusters, in which not all nanor-
ods are in direct contact with Vulcan. Conversely, 5% and 20% o-
MnO,/C predominantly display single particles surrounded by Vul-
can. This trend can also be followed in Fig. S6, in which the pixel
share of the assigned areas is plotted against the o-MnO,-to-
Vulcan ratio. It is remarkable that the a-MnO, pixel share is halved
going from 100% o-MnO, to 80% o-MnO,/C. The entire curve

Fig. 3. Segmented SEM images to visualize the distribution of o-MnO, and Vulcan in the electrodes. GDEs with the following o-MnO,-to-Vulcan ratios within the catalyst
layer are shown: (a) 5%, (b) 20%, (c) 40%, (d) 60%, (e) 80%, and (f) 100%. All catalyst layers contain 5 wt% of PTFE.
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resembles that of an exponential decay. This observation can be
attributed to the significantly different specific surface areas of
0-MnO, and Vulcan, which are 31 and 231 m? g™, respectively
(Fig. S7). Given the poor electronic conductivity of a-MnO», it is
crucial to optimize the local catalyst environment. A catalyst
nanoparticle that is fully embedded in the conductive support
material has improved access to electrons, a pivotal factor in elec-
trochemical reactions. Therefore, from an electronic conductivity
perspective, the 5% and 20% o-MnO,/C are expected to show an
enhanced ORR performance.

3.2. Optimization of «-MnO, electrodes in a GDE half-cell

The DVS measurements in Fig. 2(c) show that by altering the o-
MnO,-to-Vulcan ratio, the hydrophobicity of the catalyst layer can
be modified. However, the ratio also affects many other parame-
ters, such as the local catalyst environment, the catalyst layer
thickness, and the electronic conductivity. To overcome these
interdependencies, the hydrophilicity/hydrophobicity of the cata-
lyst layer is fine-tuned by adjusting the PTFE content. Fig. S8(a)
depicts polarization curves of electrodes with varying PTFE con-
tents measured with a GDE half-cell. This half-cell allows for tech-
nical conditions such as high current densities, elevated
temperatures, harsh alkaline conditions, and the presence of the
triple phase boundary. The conditions are nearly identical to those
found in metal-air batteries and alkaline fuel cells. The electrode
containing 5 wt% PTFE in the catalyst layer demonstrates the high-
est ORR potentials. A lower or higher PTFE amount leads to
decreased performance. In addition to the polarization curve, EIS
measurements were performed. The DRT analysis, an alternative
evaluation method to equivalent circuit fitting, reveals an
increased frequency of the charge transfer with greater PTFE con-
tent in the catalyst layer (Fig. S8b). The accelerated charge transfer
process can be attributed to the augmented oxygen content near
the catalyst, a consequence of the increased hydrophobicity. The
charge transfer impedance is four times higher for 1 wt% PTFE than
for the other electrodes. A deficiency in PTFE content within the
catalyst layer can result in electrolyte flooding. This can prevent
the oxygen from reaching many catalytically active sites, and thus,
no triple phase boundary can be established. In contrast, more
PTFE has little effect on the charge transfer impedance, but covers
active catalytic sites, resulting in a diminished ORR performance.
Interestingly, 5 wt% PTFE has also been reported to be the optimal
amount for high-temperature proton exchange membrane fuel cell
(PEMEFC) using phosphoric acid in the membrane [58]. For the fol-
lowing electrodes, the PTFE content is maintained at 5 wt%.

Fig. 4(a) depicts the polarization curves of different a-MnO,-to-
Vulcan ratios. The o-MnO, loading is kept at 0.3 mg cm™ to solely
study the impact of the altered local catalyst environment and its
influence on the performance of the electrode. The polarization
curve of the pure a-MnO, catalyst layer shows the lowest ORR
potentials. 80% o-MnO,/C already exhibits significantly increased
potentials, particularly at low current densities, as can be seen
from the logarithmic representation in Fig. 4(b). This finding aligns
with the previous observation of the segmented SEM images in
Fig. 3(e, f), where the o-MnO, pixel share drastically decreases
due to the introduction of Vulcan, explained by the substantial dif-
ference in specific surface area and thus density. Presumably, the
introduction of small amounts of conductive catalyst support
material enables an increased share of the present o-MnO, to par-
ticipate as catalytic sites in the ORR. For the pure a-MnO, elec-
trode, it can be assumed that almost exclusively the o-MnO,
nanorods in direct contact with the substrate take part in the
ORR. The polarization curves of 40% and 60% «-MnO,/C demon-
strate increased potentials, especially in the current density range
of 1-100 mA cm~2. However, at higher currents, the polarization
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curves approach each other again. This potential fading cannot
be explained by different ohmic resistances since all measure-
ments in Fig. 4 are iR corrected. It also cannot be attributed to
the lack of additional ORR activity of Vulcan. Although Vulcan
has a specific intrinsic ORR activity in alkaline media, it does not
achieve potentials as high as those observed here (Fig. S9). The
observation is most likely due to o-MnO, particles that are not in
contact with conductive Vulcan, and thus cannot participate in
the reaction. At low currents, there are enough active sites with
direct access to the support material. However, at high currents,
a bottleneck is reached, leading to a reduction in potential. In con-
trast, 20% and 5% o-MnO,/C exhibit remarkably increased poten-
tials. In comparison to the previous electrodes, nothing indicates
mass transport limitations. This is particularly evident in the loga-
rithmic representation, where the 5% and 20% o-MnO,/C elec-
trodes show an almost constant slope, while the slope of the
other electrodes starts to change at 1-10 mA cm™2. The current
density and the mass-normalized current at 0.85 V are illustrated
in Fig. 4(c). Between 20% and 40% o-MnO,/C, a substantial rise
can be seen with more than double the current densities. The con-
siderable impact is attributed to the strongly increased number of
catalyst particles participating in the ORR. Nearly all of the a-MnO,
nanorods in the 5% and 20% o-MnO,/C electrodes are fully sur-
rounded by Vulcan and do not tend to form large agglomerates
or clusters (Fig. 3a, b). Furthermore, the described distribution of
o-MnO; and Vulcan is not only representative of the electrode sur-
face but is also expected to be similar in a three-dimensional per-
spective. Therefore, electrodes with 40% or more o-MnO,/C may
have an additional factor that impedes the ORR. a-MnO, particles
in these electrodes, although being in contact with Vulcan, may not
have direct electron channels consisting of conductive Vulcan to
the substrate. Instead, the channels may be blocked by o-MnO,
agglomerates located deeper in the catalyst layer. The 5% and
20% o-MnO,/C electrodes appear free of these limitations, reaching
their full intrinsic activity.

The above explanation can be further confirmed by replacing
the catalyst support material Vulcan (VC) with Ketjenblack (KB).
KB possesses similar properties to VC but features a higher specific
surface area. Consequently, the threshold at which the a-MnO,
becomes well dispersed and its intrinsic ORR performance is
achieved must be at a higher «-MnO,-to-C ratio. As shown in
Fig. S10, the 40% a-MnO,/KB electrode already exhibits nearly opti-
mal ORR performance, comparable to the 20% o-MnO,/VC elec-
trode, and reaches identical performances at 20% o-MnO,/KB.
Nevertheless, the present work focuses on Vulcan as support mate-
rial since it is more cost-effective, yields comparable results, and is
therefore of greater technical relevance.

The 5% and 20% o-MnO,/C electrodes display a very similar ORR
performance with almost identical polarization curves (Fig. 3a, b).
They only differ in the highest current point, with the 5% electrode
slightly outperforming the 20% electrode. However, the thick cata-
lyst layer of the 5% a-MnO,/C electrode, which contains nearly five
times more Vulcan, lacks mechanical stability, and after the mea-
surement, particles floated in the electrolyte. Thus, no stable signal
could be detected during the EIS measurement.

The Nyquist plots of all other electrodes are presented in Fig. 5
(a). The curves are very similar except for 20% o-MnO,/C, which
exhibits a significantly reduced semicircle. In addition, the Nyquist
plots of 40%-80% o-MnO,/C show a pseudo-inductive behavior at
low frequencies. Such behavior has been previously reported for
fuel cells and attributed to the slow removal of site-blocking spe-
cies from the cathode surface [59-61]. The evaluation of the EIS
results using DRT analysis allows for the separation of individual
processes based on the time regime. The DRT plot in Fig. 5(b)
unveils a significant peak for every electrode. Since the measure-
ments were performed at moderate current densities of
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100 mA cm~2 under oxygen excess and with no expected anode
contribution, this peak can be attributed to the charge transfer of
the ORR. Furthermore, in our previous publication introducing
DRT analysis for the GDE half-cell with Pt and Ag catalysts, the sin-
gle prominent peak, which was assigned to the charge transfer of

478

the ORR, is located in the same frequency range [11]. The promi-
nent peak for 80% o-MnO,/C indicates a shoulder towards lower
frequencies. Most likely, the DRT analysis could not resolve the
charge transfer process as a single peak since its time regime is
broadened in that electrode. Fig. 5(c) displays the extracted values
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from the DRT analysis. Going from 20% to 100% o-MnO,/C, the fre-
quency of the charge transfer increases from 11.1 to 265.3 Hz. This
significant increase is attributed to the catalyst layer thickness.
Since all electrodes have the same o-MnO, loading of 0.3 mg cm—2,
electrodes with high o-MnO,-to-Vulcan ratios have thinner cata-
lyst layers. Oxygen, therefore, is always available in the direct
vicinity, and by that, ORR charge transfer is accelerated. Interest-
ingly, the more hydrophobic nature of 20% o-MnO,/C identified
by the DVS measurement (Fig. 2c) does not affect the frequency
of the charge transfer process. Hence, it does not seem to improve
the oxygen availability, or its effect is outperformed by the catalyst
layer thickness. The charge transfer impedance in Fig. 5(c) exhibits
an increase from 0.845 to 1.003 Q cm? from 100% to 40% o-MnO,/
C, while the 20% o-MnO,/C has by far the lowest value of
0.474 © cm?. Catalyst particles that are not in contact with Vulcan,
and therefore not participating in the ORR, also do not contribute
to the impedance. Thus, the slight increase from 100% to 40% o-
MnO,/C can be attributed to the thicker catalyst layer, which does
not significantly improve the electronic conductivity of the catalyst
layer. However, the lowest values of the 20% a-MnO,/C can be
explained by the presence of a 3D network of electron pathways
consisting of conductive Vulcan within the catalyst layer connect-
ing the catalysts with the substrate. This leads to a significant
increase in conductivity of the overall catalyst layer and thus
reduces the charge transfer impedance. The optimized 3D network
is established somewhere between 20% and 40% o-MnO,/C, and it
is assumed that a threshold exists since the impact is so
pronounced.

The 20% a-MnO,/C demonstrates significantly improved ORR
performance, and unlike the 5% o-MnO,/C, it does not suffer from
mechanical stability issues. Therefore, this ratio will be further
studied by varying the o-MnO, loading from 0.1 to 2.0 mg cm™2.

The polarization curves continuously shift to more positive
potentials as the loading increases (Fig. 4d). The polarization curve
corresponding to the 2.0 mg cm™2 loading deviates from the trend.
It follows a similar curve representing the 0.3 mg cm~2 loading. The
electrode with the 1.0 mg cm~2 loading shows the best ORR perfor-
mance. Its potential at 100 mA cm~2 is improved by 36 mV com-
pared to the previous electrode with a loading of 0.3 mg cm™,
but it is still 25 mV behind the Pt/C electrode. This is a remarkable
performance for a non-precious metal catalyst, considering that
the Pt/C benchmark shown here is one of the best performing Pt/
C catalysts in highly alkaline media [11]. Other Pt/C catalysts exhi-
bit significant potential fading at high current densities [11,12].
The logarithmic representation in Fig. 4(e) shows relatively
straight curves for 0.5 and 1.0 mg cm™2, but apparent shifts in
the slope of the curves for 0.1 and 2.0 mg cm™2. Especially at high
currents, a pronounced potential drop is visible, indicating mass
transport limitations. For 0.1 mg cm™2, this is attributed to the
insufficient number of catalytic sites. Conversely, for 2.0 mg cm™2,
it is ascribed to the hindered oxygen supply due to the thick cata-
lyst layer. The 0.5 and 1.0 mg cm™2 electrodes show similar ORR
performance. However, at 0.85 V, the 1.0 mg cm™ electrode shows
a 50% higher current density of 55.1 mA cm™2. In contrast, the
0.5 mg cm™2 electrode exhibits the highest mass-normalized cur-
rent density of 72.0 mA mgMno;1 (Fig. 4f). This means that the cat-
alyst in the 0.5 mg cm™2 electrode catalyzes the ORR most
efficiently. However, the mass-normalized current is not techni-
cally relevant because manganese dioxide is inexpensive compared
to other ORR catalysts.

The Nyquist plots in Fig. 5(d) align well with the polarization
curve results. The DRT plot reveals one prominent peak for all
electrodes (Fig. 5e). This peak diminishes with increasing loading
until 1.0 mg cm™2, but its shape becomes broader at the same
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time. At higher loadings, active sites with more diverse microen-
vironments are involved in the ORR since the catalyst layer is
thicker. Catalysts closer to the electrolyte have different access
to oxygen and electrolyte compared to those closer to the sub-
strate. This results in the broader velocity range of the ORR
charge transfer. Fig. 5(f) summarizes the extraction of the charge
transfer impedance and its frequency. The charge transfer impe-
dance displays a similar trend to the polarization curve, with the
lowest value of 0.320 Q cm? at 1.0 mg cm™2. More catalytically
active sites significantly reduce the charge transfer impedance.
However, the 2.0 mg cm™2 shows an increased impedance value
of 0.479 Q cm?, indicating a reduced number of sites involved
since some sites are no longer supplied with oxygen. The fre-
quency also supports this conclusion. From low to high loading,
it first decreases due to the thicker catalyst layer and therefore
reduced local oxygen availability. At 1.0 mg cm™2, two convo-
luted peaks appear in the DRT plot, instead of an expected single
broad peak. This may be due to the DRT algorithm trying to
introduce more peaks. However, catalytic sites closer to the sub-
strate are expected to show a faster charge transfer, while sites
farther away exhibit slower rates. Interestingly, main sites close
to the substrate participate in the ORR for the 2.0 mg cm™. This
is most likely because the catalysts farther away from the sub-
strate are no longer supplied with oxygen, either due to elec-
trolyte flooding or pore blocking.

The optimization of the a-MnO, catalyst layer by adjusting the
o-MnO,-to-Vulcan ratio and by fine-tuning the loading strongly
improves the ORR performance. This is also evident when compar-
ing it to the commercial MnO,-based air electrode from the com-
pany Gaskatel. The polarization curves in Fig. S11(a) reveal a
better performance of the 20% «-MnO,/C with a loading of
0.3 mgyo, cm™2 at high current densities. However, the loading
of the commercial electrode, with a value of ca. 6 mgyyo, cm™,
is significantly higher. The logarithmic representation in Fig. S11
(b) allows a closer inspection. The onset potential is very similar
at around 0.95 V. At low current densities, the commercial elec-
trode displays higher potentials due to the increased number of
active sites. However, at around 15 mA cm™2, the situation
reverses, exhibiting improved ORR performance for the 20% o-
MnO,/C. This is partly due to the high loading, which impedes
the oxygen transport required at high currents. The main reason,
however, is the suboptimal MnO,-to-carbon ratio of about 38%,
which leads to a pronounced potential fading at high current den-
sities due to the low conductivity of the catalyst layer. As demon-
strated here, it is essential to achieve the optimal ratio of catalyst
to support material, especially in cases where the catalyst has
low conductivity.

All measurements to this point have been iR corrected to inves-
tigate solely the catalyst layer performance. However, for full-cell
measurements, the actual electrode performance is more relevant.
The use of a nickel mesh as a current collector is a well-established
technique since nickel is stable in alkaline conditions and has
excellent electronic conductivity [62]. Electrochemical measure-
ments with and without the nickel mesh are shown in Fig. 6. The
Nyquist plot reveals an enormous shift in the semicircle position
(Fig. 6a). The ohmic resistance decreases from 1.82 to 0.26 Q cm?
when using a current collector. The polarization curve in Fig. 6(b)
shows a slight shift to lower potentials with the Ni mesh when
the iR correction is applied. This is most likely attributed to some
catalysts being covered by the Ni mesh. However, the electrode
performance without any correction is significantly improved with
the current collector. At 250 mA cm™2, the electrode with the cur-
rent collector has a potential more than 300 mV higher than the
electrode without the nickel mesh. In the DRT plot (Fig. 6¢), the
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GDE with and without a nickel mesh as current collector. Measurements were performed in the GDE half-cell at 50 °C in 4.0 M KOH.

electrode with Ni mesh has a much more pronounced high-
frequency peak at about 15,000 Hz, indicating an impedance
attributed to the additional electrical connection between the cat-
alyst layer and the current collector.

3.3. Evaluation of a-MnO, electrodes in an Al-O; cell

The results of the GDE half-cell measurements are verified with
an in-house-built Al-O, flow cell (Fig. S2). To prevent the hydrogen
evolution reaction at the Al anode, sodium stannate, a corrosion
inhibitor, was added to the electrolyte. To exclude any interaction
of the additive on the cathode side, polarization curves with and
without the additive were conducted in the GDE half-cell. The
curves in Fig. S12 are nearly identical, and the minor shift can be
attributed to the experimental error. This result confirms the
absence of any cross-interaction of the additive on the cathode
side.

A schematic illustration of an Al-air cell is displayed in Fig. 7(a).
A tank of fresh electrolyte is required because Al(OH); is formed
during the electrochemical reaction, leading to a decrease in pH
and cell performance over time. The Al products can be collected
by extracting them from the electrolyte via seeded precipitation.
By feeding those Al products into an inert-anode smelting process,
Al can be recovered [9]. The combination of the primary Al-air bat-
tery and the external recovery of Al through inert-anode smelting
is a potential option for cost-effective and zero-carbon-emission
seasonal/annual energy storage [2]. To expand the Al-air cell to
high-power applications, the cathode side in this work is purged
with oxygen in the same manner as in the GDE half-cell and sim-
ilarly to hydrogen fuel cells. This allows for a sufficient supply of
the electrochemically active species even at high current densities.
For clarity, the oxygen-purged Al-air cell is referred to as the Al-O,
cell.

The open-circuit voltages (OCVs) of the Al-O, cell, summarized
in Fig. S13, are approximately 1.90 V for the MnO,-based elec-
trodes and 1.96 V for Pt/C. The observed shift of more than
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60 mV arises from the difference in ORR activity between MnO,
and Pt. Fig. 7(b) shows the polarization curve of the 20% o-
MnO,/C cathode in comparison to the benchmark Pt/C and the
commercial MnO,-based electrode. Similar to the GDE half-cell
measurements, the commercial electrode initially exhibits a curve
equivalent to that of the 20% o-MnO,/C electrode. However, the
slope starts to differ at current densities greater than 50 mA cm™.
The Pt/C electrode displays a clear gap to the 20% a-MnO,/C elec-
trode. This is consistent with the results in Fig. 4(d) since the 20%
0-MnO,/C has only an o-MnO, loading of 0.3 mg cm™~2. The maxi-
mum power densities are 297.9, 257.5, and 225.7 mW cm™ for the
Pt/C, 20% o-MnO,/C, and the commercial electrode, respectively.
These values are substantially higher than previous reports [63-
66] and demonstrate that using oxygen can significantly improve
the power density. Similar results can be achieved by increasing
the surface roughness of Al [67] or by using anodes based on Al
alloys [68].

The discharge curves in Fig. 7(c) at 100 mA cm~2 show a similar
trend to the polarization curves. The small voltage fluctuations of
about 10 mV are coming from small oxygen bubbles, reducing
the active anode area. Due to the small dimensions of the elec-
trodes of 0.95 cm? and the short anode-cathode distance of about
5 mm, the fluctuations become visible. The average voltage,
coulombic efficiency, and the specific energy of Al are calculated
based on the discharge curves and are summarized in Fig. 7(d).
After the electrochemical measurement, notable amounts of Al
are consumed, and a dark gray deposition appears (Fig. S14). This
deposition can be carefully removed with water. The results of
the inductively coupled plasma optical emission spectroscopy
(ICP-OES) indicate that the deposition mainly consists of the ele-
ments K, Al, and Sn. This corresponds to KOH residues, Al(OH)s/
Al(OH)z products, and the formation of a thin metallic tin layer.
The tin layer prevents Al from direct contact with the electrolyte
and thus suppresses the parasitic corrosion reaction [69]. The
coulombic efficiency (CE) values of 94%-96% (Fig. 7d) confirm the
successful suppression. The deviations between the values are
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minor and likely due to measurement errors since the Al anode and
the electrolyte are identical for every measurement. The average
voltage corresponding to the 20% o-MnO,/C is only 30 mV lower
than that of Pt/C and around 70 mV higher than the commercial
electrode. The specific energy values of Al show improved results
compared to many other publications, which have values far below
3.5 kWh kga! at 100 mA cm~? [9]. This emphasizes the advantage
of using an oxygen flow.

Cathodes with higher o-MnO, loading are also tested in the Al-
0, cell since they show improved ORR performance in the GDE
half-cell (see Fig. 4d). However, the polarization curves in
Fig. S15(a) are almost identical. Also, the average voltage from
the two-hour discharge measurement shows similar values of
1.31-1.32 V, indicating an almost identical performance of the
cathodes in the Al-O, cell. A more detailed discussion and a possi-
ble explanation for that behavior are offered in the next section.

To study the different cathodes in more detail in the Al-O, cell,
EIS measurements were performed and analyzed by DRT. As far as
we know, this is the first time that DRT is used in the context of Al-
air batteries. Therefore, EIS measurements were conducted at
almost identical conditions in the GDE half-cell and the Al-O, cell
to facilitate the peak assignment in the DRT plot. A comparable
approach with a reference electrode was utilized by Bevilacqua
et al. to identify the processes in the high-temperature polymer
electrolyte membrane fuel cell [70].

Fig. 8(a) shows the Nyquist plots of 20% o-MnO,/C with
0.3 mg cm™2 o-MnO, loading without a current collector in the
GDE half-cell and Al-O, cell. Both measurements are performed
at 50 °C with oxygen flow at the cathode in 4 M KOH with sodium
stannate as the additive. Surprisingly, the ohmic resistance is very
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similar at about 1.8 Q cm?, although the setups are different. The
Nyquist plot corresponding to the Al-O, cell is more complex
because it shows at least two pronounced semicircles instead of
only one, as for the GDE half-cell. Similarly, the DRT plot in Fig. 8
(b) reveals one major peak for the GDE half-cell and two significant
peaks for the Al-O, cell. The first peak at 32 Hz shows a good over-
lap with the corresponding peak of the GDE half-cell. Therefore, it
can be attributed to the charge transfer of the ORR. The slight shift
towards higher frequency is most likely due to the flow conditions
in the Al-O; cell, which may accelerate the product diffusion and
thus the whole reaction. The corresponding ORR charge transfer
impedance values listed in Fig. 8(c) are also similar. The impedance
value is increased by 50 mQ cm? for the Al-O, cell. The increase
can also be attributed to the flow dynamics, which change the
interphase among gas, liquid, and solid within the catalyst layer.
This may lead to a reduced number of catalyst particles participat-
ing in the ORR. Another major peak in the DRT plot in Fig. 8(b) is
located at 1673 Hz. Since this peak does not appear in the GDE
half-cell, it must be attributed to the anode side, more precisely,
to the aluminum oxidation charge transfer. The assignment will
be further confirmed in the later discussion. The charge transfer
impedance of the Al oxidation reaction is 0.990 Q cm?, more than
double that of the ORR charge transfer impedance of 0.401 Q cm?.
This agrees with a study of Wang et al., showing that the major
overpotential contribution in an Al-air cell comes from the anode
[71]. In the DRT plot, only one more little peak is visible at high fre-
quencies, which can be assigned to the electrical connection of the
cathode. This can be verified when comparing measurements with
or without the Ni mesh in Fig. 6(c) and Fig. S16(c). The specific peak
increases when using the Ni mesh since the electrons have an
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additional interface to overcome. Additionally, this assignment is
supported by measurements at different currents (Fig. S17b).
While all charge-transfer-related DRT peaks decrease with increas-
ing current, as reported previously [11,72], the high-frequency
peak even increases slightly. In the DRT plot (Fig. 8b), no mass-
transport-related impedance can be detected (Fig. 8b) since the
current density of 100 mA cm~2 is still moderate, particularly when
the cathode is purged with oxygen. Furthermore, the polarization
curves in Fig. 7(b) exhibit a constant slope over the entire current
range except for the low current regime dominated by activation
losses. This observation indicates the absence of any mass trans-
port limitations. This is in accordance with a modeling study,
which identified that the activation and ohmic overpotential are
the major relevant factors for improving Al-air batteries [73].

Based on the general peak assignment in Fig. 8(b), it is possible
to easily separate the impedance contributions of the electrodes
without the need for an additional reference electrode. This
reduces the complexity of the measurement setup and enables
facile access to a deeper electrode performance analysis. Further-
more, the DRT assignment enables the appropriate selection of
an equivalent circuit model that provides results comparable to
those obtained from DRT analysis (Fig. S18 and Table S1). This
alternative approach may be particularly useful for researchers
who are not yet familiar with the DRT technique.

Fig. 8(d) displays the Nyquist plots corresponding to the previ-
ously compared cathodes in the Al-O, cell. The ohmic resistance is
reduced to approximately 1.28 Q cm? compared to 1.75 Q cm? in
Fig. 8(a) since the cathodes contain a Ni mesh. However, the ohmic
resistance is still significant and should be further reduced when
considering a technical application. The DRT plot in Fig. 8(e)
reveals three peaks, except for the commercial MnO,-based elec-
trode, which exhibits two more peaks at low frequencies. The
two additional peaks can be attributed to the ORR charge transfer
resistance since they reduce in size when increasing the current
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density—a typical indication for a charge-transfer-related peak
[11,72]. The splitting of a single broad peak into multiple peaks
is probably caused by the DRT algorithm [74]. The wide time
regime can be explained by the high catalyst loading, which corre-
sponds to a thick catalyst layer and catalyst sites with different
microenvironments that exhibit different ORR velocities. Addition-
ally, the only known information about the commercial electrode
is that it is based on MnO,. However, MnO, can occur in various
phases with different ORR activities [14]. Therefore, the different
time regimes may also originate from different crystal phases with
different charge transfer frequencies. The evaluation of the DRT
peaks in Fig. 8(f) displays ORR charge transfer impedance values
of 0.397, 0.652, and 0.245 Q cm? for the 20% o-MnO,/C, the com-
mercial electrode, and the Pt/C, respectively. These values fit well
with the trend of the polarization curves in Fig. 7(b). However,
the anode contribution remains relatively constant at about
1.0 Q cm?. This is also expected since the same aluminum anode
and electrolyte are used for all experiments. With increasing per-
formance of the Al-O, battery, the Al oxidation-related DRT peak
in Fig. 8(e) shifts slightly toward higher frequencies, following
the same trend as the cathode performance. Most likely, an
improved ORR also slightly accelerates the processes of the whole
cell and so also the Al oxidation.

The DRT plot of the 20% a-MnO,/C cathodes with different o-
MnO, loadings in the Al-O; cell is shown in Fig. S15(c). The peaks
corresponding to the Al oxidation charge transfer and the electrical
connection are similar. However, the peak attributed to the ORR
charge transfer indicates a broadening from 0.3 to 0.5 mg cm™,
and at 1.0 mg cm2, it splits up into two peaks. The integrated
impedance values in Fig. S15(d) are still very similar and fit the
identical polarization curves. Different from the GDE half-cell in
Fig. 5(f), the ORR charge transfer impedance is not reduced with
increased o-MnO, loading. The electrolyte flow dynamics seem
to change the electrolyte/gas interphase and reduce the number
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of participating catalysts in the ORR, thereby affecting the overall
Al-O, cell performance. At static conditions, as found in the GDE
half-cell, a thicker catalyst layer can be used since an improved
interphase is established. To achieve static conditions for the cath-
ode in the Al-O, flow cell, either a membrane must be used or a dif-
ferent cell architecture should be utilized. In the study by Wen
et al. [68], an Al-air cell was used, with the electrolyte pumped
through the backside of the Al anode. To allow for ion exchange,
holes were drilled in the Al anode. Such a design creates quasi-
static conditions at the cathode, enabling higher loading for
improving the ORR. At the same time, a closer anode-to-cathode
distance can be realized, reducing the ohmic resistance.

4. Conclusions

o-MnO, is a cost-effective ORR catalyst, but its low conductivity
limits its performance. Here, we demonstrate that a simple opti-
mization of the a-MnO,-to-Vulcan ratio in the catalyst layer sub-
stantially enhances ORR performance, with 5% and 20% o-MnO,/
C electrodes achieving more than twice the current density of other
ratios at 0.85 V. The improvement arises from a three-dimensional
Vulcan network that enables efficient electron transport, allowing
the catalyst to approach its intrinsic activity. At 1.0 mg cm™2 load-
ing, the 20% o-MnO,/C electrode not only outperforms a commer-
cial MnO,-based electrode but also approaches Pt/C benchmarks.
When integrated into a prototype Al-O, flow cell, power densities
exceeding 250 mW cm™2, CE of ~95%, and SE values above
3.5 kWh kgal can be achieved—surpassing prior Al-air reports.
Importantly, DRT analysis has been proven to be a powerful diag-
nostic tool, uniquely separating anode and cathode charge-transfer
processes without the need for a reference electrode. It reveals that
anode impedance dominates, highlighting the importance of fur-
ther anode optimization. In parallel, reducing overall ohmic resis-
tance remains essential for further improving performance.
Overall, this study establishes electrode tuning in combination
with integrated GDE/full-cell testing as an efficient and broadly
applicable strategy for advancing metal-air battery technologies.
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