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Investigating the ORR under practical conditions is vital for
optimizing metal–air batteries and alkaline fuel cells. Herein, we
characterized Pt and Ag gas diffusion electrodes (GDE) in a GDE
half-cell in high alkaline concentrations at elevated temper-
atures by polarization curves and electrochemical impedance
spectroscopy (EIS) combined with the distribution of relaxation
times (DRT) analysis. The Pt catalyst’s polarization curve displays
substantial losses below 0.82 V vs. RHE. The DRT analysis reveals
significantly increased charge transfer resistance and a decel-
erated ORR at that potential. RRDE measurements attributed

the polarization loss observed for Pt catalysts to increased
peroxide formation in this potential region triggered by the
desorption of oxygenated species. Therefore, the ORR activity of
Ag exceeds some of the here-used Pt catalysts at high current
densities. This work combines the benefits of the RRDE and the
GDE half-cell to study catalysts and identify the reaction
mechanisms under conditions relevant to practical fuel cells
and batteries. Moreover, the DRT analysis is introduced as an
analytical tool to determine the charge transfer resistance
contribution and the corresponding frequency of the ORR.

1. Introduction

The Oxygen Reduction Reaction (ORR) is one of the most widely
studied topics in catalysis and electrochemistry because it plays
a fundamental role in energy storage and conversion devices
such as fuel cells and metal–air batteries.[1] The ORR process
requires many individual steps and a major molecular reorgan-
ization. This reaction is, therefore, the kinetically limiting factor
of these technical devices. In the last decades, intensive
research has been undertaken to understand the ORR mecha-
nism and to find highly active catalysts to reduce the over-
potential. For maximum activity, a balance between the kinetics
of the O� O bond cleavage, the electroreduction of the oxy-
genated intermediates, and the O� H formation should be
achieved.[2] Platinum (Pt) is regarded as the best single-metal
catalyst for the ORR.[1] However, Pt’s drawbacks are its scarcity
in the earth’s crust, non-sustainable mining, and high costs.[3–5]

Unlike in acidic electrolytes, the ORR in alkaline media offers the
possibility of using other types of catalysts besides Pt since

these catalysts are stable in alkaline and achieve substantial
ORR activities. Silver (Ag) can be employed as an alternative
catalyst material with relatively low cost (ca. 1% of Pt) and high
activity towards the ORR.[6,7] Furthermore, only small amounts of
peroxide are formed over a wide pH range.[8] It is even reported
that Ag exhibits a similar or more prominent catalytic activity
than Pt under certain conditions.[9,10]

The ORR mechanism is not fully elucidated yet due to many
involved oxygen-containing species (O, OH, O2

� , HO2
� , and

H2O2), but two main pathways are identified in general.[1,11] The
reaction can occur via the desired direct four-electron or the
two-electron pathway. In the case of the two-electron pathway,
a thermodynamically unstable peroxide ion is formed, which is
very reactive and corrosive and should, therefore, be
prevented.[12,13] This species can be further reduced, and this
sequence is then called the 2e� +2e� pathway. A distinction to
the direct four-electron pathway is challenging because the
final product is identical. Moreover, it is unclear if the direct
four-electron pathway exists since it could also be a very fast
2e� +2e� process.[1,14]

This work used the Rotating Ring-Disk Electrode (RRDE), a
modified Rotating Disk Electrode (RDE) setup with an additional
ring electrode, to monitor the reaction pathway on Pt and Ag at
several KOH concentrations. RDE and RRDE are the methods for
rapid screening of ORR catalyst activities.[15] Although these
techniques are excellent for determining the catalytic activity of
electrocatalysts, they do not fully reflect the conditions in the
application. A half-cell with an integrated gas diffusion
electrode (GDE) enables measurements under technical con-
ditions such as high current densities (Figure S1). The technique
additionally allows for the fast screening of GDEs. The time-
consuming membrane electrode assembly (MEA) fabrication
process can be eliminated for preliminary testing. Several ORR
studies with GDE half-cells have recently been reported, where-
by almost all are carried out in an acidic electrolyte.[16–23] Fewer
results can be found for alkaline conditions.[24–27] This work
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demonstrates, as one of the first, GDE half-cell measurements
with Pt/C in a highly concentrated alkaline electrolyte, adopting
the best practice recommendations for an acidic electrolyte.[16]

This study uses both techniques to analyze the ORR on Pt
and Ag in detail, as shown in Table 1. It investigates the ORR
performance of technical GDEs and determines reaction paths
using RRDE. We demonstrate higher ORR performance for Ag
than for some Pt catalysts in alkaline media under technically
relevant conditions. Furthermore, the underlying processes
leading to this result are identified.

Experimental Section

Reactants and Instrumentations

All chemicals used in this work were used as received without
further purification. Ultrapure water (0.055 μS) from the water
dispenser PURELAB®flex (Elga) was used for the syntheses,
preparing the KOH solutions, and cleaning. Thermogravimetric
analyses (Discovery DSC, TA instruments) were performed to
determine the silver content of the synthesized Ag/C catalysts. The
protocol consisted of a 10 K/min heating ramp at a pure oxygen
atmosphere from 40–1000 °C. The Pt/C and Ag/C catalysts were
characterized by XRD (D8 Advance, Bruker with Cu Kα radiation).
The SEM images were taken with an LEO 1550 VP instrument (Carl
Zeiss AG) with an acceleration voltage of 3 kV.

Synthesis of Catalysts

The synthesis of Ag/C catalysts was carried out according to a
synthesis route published by Garcia et al.[28] XC 72R Vulcan carbon
powder (FuelCellStore) was dispersed in water and sonicated for
one hour. Afterward, AgNO3 (>99.9%, Alfa Aesar) was added to the
suspension under continuous stirring. Then, another aqueous
solution containing glycerol (Rotipuran®, �99.5%, Carl Roth) and
NaOH (GPR Rectapur®, VWR) was added. The resultant concen-
trations achieved were 0.82 mM AgNO3, 1 M glycerol, and 0.1 M
NaOH. The suspension was stirred for 24 hours at room temper-
ature. After that, it was filtered, and the remaining product was
washed and dried at 80 °C for around 12 hours. The obtained
powder was ground. Ag/C catalysts with 22% and 68% Ag content
were synthesized.

Electrochemical Measurements

For the electrochemical measurements, KOH (Emplura®, Merck)
electrolyte was used. All potentials in this work are given against
the reversible hydrogen electrode (RHE).

RRDE Measurements

First, the RRDE electrode was polished with alumina slurry (0.05 μm,
Buehler) on various Buehler polishing pads to achieve a mirror-
smooth surface. Afterward, the electrode was thoroughly washed
with ultrapure water and then sonicated in ultrapure water for at
least five minutes. The procedure was performed before each
measurement except for the silver-coated glassy carbon disk to
prevent the removal of the silver coating.

For the RRDE measurements, a Research MSR Rotator (Pine
Research Instrumentation) was used. They were performed at room
temperature with an SP-300 potentiostat (BioLogic Science Instru-
ments). The four-electrode setup consists of the Pine E6-series ring-
disk electrode as the two working electrodes (WE). The disk and
ring electrode have an area of 0.196 cm2 and 0.110 cm2, respec-
tively. Gold was used as ring material since it is proven well-suited
for detecting peroxides in alkaline media.[29] The disk electrode
consists either of polycrystalline platinum or a silver film (100 nm)
sputtered on a glassy carbon disk (GC) electrode. The sputter coater
EM ACE600 (Leica Microsystems) with a silver sputtering target
(99.99%, Nanografi Nano Technology) created an ultrapure silver
film. In the following, the modified electrode is called an Ag disk
electrode for simplicity reasons. An in-house developed dynamic
hydrogen electrode (DHE) was the reference electrode (RE). As a
counter electrode (CE), a piece of thermally activated carbon felt
(SIGRACELL®GFA 6.0 EA, SGL Carbon) was employed.

Before each measurement, the electrolyte was purged with nitro-
gen for at least 15 minutes using a PTFE gas frit (pore size: 5 μm,
Bohlender). The microporous gas frit produces a sparkling gas flow,
which secures a good gas distribution and a fast electrolyte
saturation with the respective gas. Additionally, the electrodes were
pretreated to activate the catalyst.[30,31] For polycrystalline Pt, 20 CV
scans between 0.1 and 1.1 V were conducted at 50 mVs� 1 in a
nitrogen-saturated electrolyte to achieve steady-state voltammo-
grams. For Ag, the potential range was set to 0.0–1.0 V to prevent
metal oxidation and dissolution.[32,33] Before the ORR measurements,
oxygen was purged into the electrolyte for at least 15 minutes.
Subsequently, several CVs were performed at a scan rate of
50 mVs� 1 at 100, 400, 900, 1600, and 2500 rpm rotation rates.
During the measurements, the potential of the ring electrode was
set to 1.3 V to detect the peroxide species formed during the ORR.
Detailed information about the measurement procedure is given in
Table S1.

All RRDE measurements shown in this work have been corrected in
the background. To reduce the noise, the background-corrected
ring currents were smoothed with the Savitzky-Golay filter with 50
points in the Origin program. This digital filter allows the
smoothing of the data without distorting the signal tendency and
is based on the linear least square method.[34]

A standard measurement was performed to determine the
empirical collection efficiency of the RRDE.[30,35] For this, CVs were

Table 1. Summary of the pros and cons of the RDE/RRDE setup, GDE half-cell, and full cell for investigating the ORR.
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conducted at the Pt disk electrode at 10 mVs� 1 from 0.0 to 1.3 V in
an aqueous 0.1 M KOH electrolyte with 10 mM potassium ferricya-
nide K3Fe(CN)6 (AnalaR Normapur®, VWR). The Au ring electrode
was kept at 1.55 V (see Figure S2). The empirical collection
efficiency NC was calculated by Equation (1).

NC ¼ �
Iring;limiting

Idisk;limiting
� 100% (1)

The values for the limiting currents for the disk Idisk,limiting, and for the
ring electrode Iring,limiting were recorded in the potential range of 0.1–
0.8 V. The collection efficiencies at specific rotation rates are noted
in Table S2. The average collection efficiency over all measured
rotation rates is (24.9�0.2)%, close to the theoretical collection
efficiency of 25.6% given by the manufacturer. The empirical
collection efficiency NC was used together with the disk and ring
current density, jD and jR, to calculate the number of transferred
electrons n and the percentage XH2O2

of hydrogen peroxide formed
during the ORR (see Equations (2) and (3)).

n ¼
4jD

jD þ
jR
NC

(2)

XH2O2
¼

2 jR
NC

jD þ
jR
NC

� 100% (3)

GDE Half-Cell Measurements

Different gas diffusion electrodes (GDE) were investigated during
the half-cell measurements. They consist of a gas diffusion layer
(GDL) with a microporous layer (MPL, Freudenberg H23 C2) and a
catalyst layer (CL) on top. The CL was spray-coated with an airbrush
system. The ink was prepared with the Pt/C or Ag/C catalyst, a
60 wt% PTFE dispersion in water (Sigma-Aldrich), 4 ml water, and
4 ml isopropanol. Three different commercial platinum on carbon
catalysts were studied with a Pt ratio of 20% (HiSPEC®3000,
Thermo Scientific), 40% (HiSPEC®4000, Alfa Aesar), and 60%
(HiSPEC®9100, Thermo Scientific). Two synthesized Ag/C catalysts
with 22% and 68% Ag content were also investigated. Before
spraying, the ink was homogenized with a tip sonicator for
30 seconds. The spray-coating was performed on a heating plate at
80 °C to remove all volatile substances. Between the spraying of
each layer, the ink was placed in an ultrasonic bath to preserve the
homogenous distribution. Electrodes with a metal loading of
0.3 mgcm� 2 and 8–13% PTFE in the dry CL were prepared.

The electrochemical measurements of the GDEs were performed
with a Zennium potentiostat (Zahner Elektrik) in a commercially
available half-cell (FlexCell® PTFE, Gaskatel). The active surface area
of the GDE amounts to 3 cm2, defined by the silicone gasket. An
RHE Mini-HydroFlex (Gaskatel) served as RE, and a platinum-iridium
wire as CE. During operation, the setup was heated to 50 °C via PTC
heating elements integrated into the cell, and the temperature was
monitored by a temperature control box (Gaskatel). The elevated
temperature and the 4 M KOH electrolyte mimic the actual
conditions of applications like alkaline fuel cells or metal-air
batteries. The measurements with the GDE half-cell were carried
out according to a protocol inspired by previous works with this
half-cell in acidic media.[16,18,22] Table S3 details the procedure for
the electrochemical measurements with the GDE half-cell. Before
starting the measurement under nitrogen or oxygen flow, the gas
was purged for at least 45 minutes to ensure the respective gas’s

saturation. A post-correction was performed for all electrochemical
measurements with the GDE half-cell shown in this work using the
uncompensated resistance (iR drop). The iR drop was determined
with EIS by taking the measured real part resistance at the high-
frequency intercept with the x-axis from the Nyquist plot.

In addition, a series of EIS were recorded at different current
densities. The exact values can be taken from Table S3. Clear
outliers were removed from the data to provide high-quality data
for further processing. EIS data are commonly fitted with a proper
equivalent circuit. However, this requires some prior knowledge
about the investigated system. The Distribution of Relaxation Times
(DRT) analysis offers an alternative way. Here, the impedance data
are fitted with a series of RC elements, and each RC element
produces a peak in the DRT plot, which is related to a specific
physicochemical process.[36,37] DRT analyses were already reported
for the HT-PEMFC,[38–40] the electrochemical hydrogen pump,[41] and
the vanadium redox flow battery.[42,43] This work’s DRT analysis was
conducted with the ec-idea software, which is also applicable to
inductive contributions.[44] A regularization parameter of 0.5 was
selected. The parameter was reduced until the reconstructed
impedance spectrum from DRT best fits the measured impedance
spectrum. An even lower value would not improve the fit of the
two spectra but would introduce some artificial peaks in the DRT
plot due to measurement uncertainty.[41]

The electrochemical active surface area (ECSA) of Pt was calculated
using Equation (4). QH represents the charge of hydrogen under-
potential deposition, [Pt] the platinum loading in the electrode, and
0.21 mCcm� 2 the specific charge for a monolayer of hydrogen on
Pt.

ECSA ¼
QH

0:21 Pt½ � (4)

2. Results and Discussion

2.1. Characterization of the Catalyst

Figures 1a, b, and c show scanning electron microscope (SEM)
images of the 20%, 40%, and 60% Pt/C catalysts. The platinum
nanoparticles are barely visible as bright small dots with just a
few nanometers and are located on the significantly larger
carbon particles. The 40% Pt/C appears to have more nano-
particles than the 20% Pt/C, which is expected due to its higher
platinum-to-carbon ratio. However, the 60% Pt/C does not
follow the trend but exhibits agglomerations composed of
individual platinum particles.

The 22% and 68% Ag/C catalysts have larger silver particles
that tend to agglomerate, as presented in Figures 1d and e.
Although it is difficult to distinguish the silver particles from the
carbon, the small bright particles can be identified as silver.
SEM images at lower magnification were also taken (Figur-
es S3a, b). In the case of 68% Ag/C, large particles consisting of
silver, several hundred nanometers in size, can be detected.
However, in the case of 22% Ag/C, no such large particles can
be seen, as all silver particles are less than 100 nm in size. A
high silver-to-carbon ratio in the synthesis seems to lead to
more substantial Ag particle agglomeration.

The X-ray diffraction (XRD) patterns of the three commercial
Pt/C and the two synthesized Ag/C catalysts reveal a face-
centered cubic structure of platinum and silver (Figures 2a, b).
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Additionally, a broad reflection at around 25° can be detected,
which can be assigned to graphite. The metal reflections
become more prominent as the metal content in the sample
increases, whereas the graphite reflection almost vanishes. No
further reflections can be noticed, which testifies to a high
purity of the catalysts. The mean crystallite size was determined
via the Scherrer equation[45] with a shape factor k of 0.89 using
the Pt(111) and the Ag(220) reflection. Mean crystallite sizes of
5.7 nm, 3.8 nm, and 5.0 nm were calculated for 20%, 40%, and
60% Pt/C, respectively. These values are in the same size range
(2–10 nm) as other commercial Pt catalysts.[46] The mean
crystallite sizes of Ag/C are larger with sizes of 25.1 nm and
31.9 nm for 22% and 68% Ag/C, respectively. This result
explains the more defined reflections than that of Pt/C. The
values are in a similar order of magnitude as the 15.0 nm

obtained by Garcia et al. for the 10% Ag/C.[28] This indicates that
the smaller the silver-to-carbon ratio, the smaller the crystallite
size.

The silver-to-carbon ratio was determined by thermogravi-
metric analyses (TGA), as shown in Figure S4. The theoretical
values for the Ag/C catalysts defined by the stoichiometry of
the reactants were 20% and 60% Ag/C, but the corresponding
values obtained from the TGA were 22% and 68%, respectively.
In addition, the carbon support of the Ag/C catalyst decom-
poses at a significantly lower temperature compared to pure
carbon black (CB), indicating that Ag catalyzes the combustion
of CB. This observation has been described in previous
publications.[47,48]

Figure 1. SEM images of a) 20% Pt/C, b) 40% Pt/C, c) 60% Pt/C, d) 22% Ag/C, and e) 68% Ag/C. The red arrows indicate exemplary silver particles.

Figure 2. XRD patterns of a) Pt/C and b) Ag/C catalysts with different metal-to-carbon ratios.
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2.2. RRDE Measurements

Figure S5a shows the cyclic voltammetry (CV) scans of a Pt disk
electrode in an electrolyte with different KOH concentrations.
All three CV scans correspond to the typical CV shape of a
polycrystalline Pt electrode in an alkaline electrolyte.[49–51] The
change in KOH concentration strongly affects the hydrogen
underpotential deposition (HUPD) peaks in the potential range of
0.2–0.4 V. The HUPD oxidation peaks decrease and the peak
corresponding to the (100) facet slightly shifts towards more
negative potential with increasing KOH concentration. However,
the HUPD reduction peaks show no clear trend with increasing
concentration. The changes in height and position of the HUPD

peaks indicate the sluggish hydrogen adsorption and desorp-
tion process on Pt. Similar observations were made by Wiberg
et al. when changing the scan rate.[49]

The oxidation peak close to 0.85 V becomes more defined
at higher concentrations, and the hydroxide adsorption on the
Pt surface starts at more negative potentials. In addition, the
total charge related to hydroxide adsorption and the oxidation
of Pt increases. The higher amount of hydroxide in the solution
increases the adsorption tendency. Even though the Pt
reduction peak at 0.82 V is almost identical in height and
position at different concentrations, the desorption of oxy-
genated species becomes more pronounced in the double-layer
region at higher concentrations. This observation illustrates the
increased irreversibility of Pt oxidation at higher concentrations.

The CV measurements on an Ag disk electrode shown in
Figure S5b were performed at identical KOH concentrations as
the Pt disk electrode. Only a few CVs of Ag in a nitrogen-
saturated alkaline electrolyte are reported in the literature,
which differ from each other and the ones shown here
regarding the number and position of peaks.[8,32,52] Different
crystal facets in the respective works might influence the
electrochemistry. The peaks for Ag only correspond to the
adsorption and desorption of hydroxide since the formation of
Ag2O would occur at potentials above 1.18 V.[32] All CVs of the
Ag electrode display only a few features but a higher capacitive
current compared to the Pt electrode. This observation is
consistent with the CVs reported in the literature.[8,32,52] The
capacitive current increases with higher KOH concentrations,
especially when comparing 0.1 M KOH and 1.0 M KOH. This
feature may be caused due to stronger adsorption of oxy-
genated species at higher KOH concentrations.

Furthermore, small peaks are visible at higher concentra-
tions. The CV in 1.0 M KOH contains a broad oxidation peak at
0.40 V and two reduction peaks at 0.35 V and 0.50 V. All peaks
shift towards slightly more positive potentials in 4.0 M KOH and
increase in size. In addition, an oxidation peak appears at
0.60 V. The shift of the peaks and their overall shape could
indicate a rather sluggish process of the hydroxide adsorption
and desorption on Ag compared to the process on Pt. This
result is consistent with the reported weaker affinity of
oxygenated species towards Ag and the higher reversibility of
the hydroxide adsorption on Ag compared to Pt.[32]

Figure 3a displays ORR polarization curves of Pt at a scan
rate of 50 mVs� 1 in 0.1 M KOH at various rotation rates. The

current curves are almost identical for both scan directions and
only display a hysteresis at around 0.8 V due to the adsorption
and desorption of oxygenated species. In addition, the negative
scan at a rotation rate of 100 rpm shows a peak at around 0.8 V,
which can be assigned to the desorption of oxygen species as
previously reported in the CV in nitrogen-saturated solution
(see Figure S5a). The background correction could not entirely
remove this peak. It seems that the Pt oxidation to PtO and its
reduction is enhanced in an oxygen-saturated electrolyte. A
spike can be observed close to 0.0 V, an artifact from the
background subtraction. In this potential region, an accurate
background correction is complex due to the onset of the
hydrogen evolution reaction (HER).

Figure 3a additionally displays the corresponding ring
current densities. They correlate with the share of formed
peroxide and the number of transferred electrons shown in
Figure 3b, which can be calculated via Equations (2) and (3).
Almost no peroxide formation (ca. 1%) is observed between 0.3
and 0.7 V, which implies almost exclusively a four-electron
pathway for the ORR in this potential window. However, two
potential regions can be identified where peroxide formation
occurs: at around 0.8 V, close to the onset potential of the
negative scan, and below 0.3 V in both scan directions. At
around 0.8 V, the desorption of oxygenated species starts. In
literature, it is widely described that the adsorbed oxygen
species on the electrode surface block and inhibit the oxygen
adsorption and favor the peroxide formation.[14,53,54]

Ramaswamy et al.[54,55] proposed a model to explain this
behavior in detail. They predicted that if the Pt surface is not
entirely covered with hydroxyl adsorbates, the oxygen could
reach the surface and bind to it via chemisorption to undergo
the four-electron pathway. In case of an increased coverage
with hydroxyl species, the dissolved oxygen cannot reach the Pt
surface anymore and is only loosely bound via a hydrogen
bond to a hydroxyl species, which is adsorbed on the electrode.
Due to less weakening of the oxygen bond, the oxygen will
preferably react to peroxide instead of hydroxide. Similar
observations were reported by Marković et al.[53] In addition,
they observed an influence of the facets. The Pt(111) facet
shows no peroxide formation in this region, unlike Pt(100) and
Pt(110). They assume different types of hydroxide adsorption,
reversible adsorption on Pt(111), and irreversible adsorption on
the other facets.

Furthermore, it can be seen in Figure 3b that the peroxide
formation at around 0.8 V is only visible in the negative scan
due to the substantial coverage of the surface with oxygenated
species when scanning from high potentials. In contrast, the
surface is almost free from oxygen species when scanning from
low potentials. Additionally, more peroxide is detected with
increasing rotation rate since the formed peroxide is more
easily detached from the electrode and will not undergo further
reduction by the 2e� +2e� pathway. In the mentioned potential
region, the share of formed peroxide amounts up to 20% when
measuring at a scan rate of 50 mVs� 1 and decreases to 10% at
200 mVs� 1. The increased exposure time of the Pt surface to
high potentials enhances Pt oxidation. Therefore, these obser-
vations indicate a correlation between the number of oxy-
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genated species adsorbed on the Pt surface and the share of
formed peroxide and thus seem to confirm the proposed
mechanism from the literature[54] described previously.

However, on closer inspection, this model does not fully
reflect the observations because the peroxide formation does
not correlate with the amount of adsorbed oxygen species but

Figure 3. a), c), e) Ring and disk current densities, b), d), f) the share of formed peroxide, and the number of transferred electrons as a function of the disk
potential with Pt as the WE. Scans were recorded at various rotation rates, and a scan rate of 50 mVs� 1 in different KOH electrolytes, with RE=DHE and
CE=carbon felt. The solid and the dashed line represent the negative and the positive scan, respectively.
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rather with its desorption (see Figures 3b and S5a). According
to the model, peroxide formation is highest at the onset
potential and significantly reduced when oxygenated species
desorption occurs. Instead, the highest peroxide values are
obtained at the desorption potential. Therefore, the pro-
nounced peroxide formation in the potential region above 0.7 V
mainly happens due to the desorption of oxygenated species,
which act as bridging ligands between the platinum electrode
and the solvated oxygen. During the sudden desorption of the
bridging ligands, some oxygen reacts only incompletely to
peroxide via the 2e� +2e� pathway. The formed peroxide is
then swept away from the disk electrode, producing a signal at
the ring electrode.

The second potential region with peroxide formation starts
at around 0.3 V, with the share of peroxide increasing towards
the more negative potential limit of 0.0 V. Since hydrogen
adsorption and desorption also happen in this potential region,
research groups have proposed that the adsorbed hydrogen
might block the oxygen adsorption, which will again favor the
two-electron pathway.[30,53] Another explanation is based on the
potential of zero total charge (PZTC) of Pt in aqueous electro-
lytes. The PZTC value of Pt is around 0.3 V, which causes the
polarization of the electrode to change at this potential.[56] Thus,
water molecules on the electrode surface will undergo a
molecular rotation when the PZTC is passed, and their
orientation will change from the oxygen end towards the
electrode (the flip-up state of water) to an orientation with the
hydrogen atoms towards the electrode (the flip-down state of
water).[54,56,57] In the second case, the hydrogen atoms are no
longer easily accessible, which changes the ORR reaction
path.[54] Like the previous potential range, an increased peroxide
formation can be observed at higher rotation rates (see
Figure 3b).

RRDE measurements were also performed at higher KOH
concentrations to understand the underlying mechanism of the
ORR reaction. Furthermore, these measurements are close to
technical cell conditions, using electrolytes with high alkaline
concentrations.

Figures 3c and e show ORR polarization curves at 50 mVs� 1

in 1.0 M and 4.0 M KOH, respectively. The current density is
strongly reduced due to significantly lower oxygen solubility at
higher KOH concentrations.[58] Furthermore, the curves are more
bent in the mixed controlled potential region than in 0.1 M
KOH. The curves in the negative scan direction initially indicate
a sharp drop coming from high potential, and at around 0.83 V
and 0.90 V in 1.0 M and 4.0 M KOH, respectively, a kink appears.
At these potentials, the peroxide formation is at its maximum
(see Figures 3d and f). Compared to 0.1 M KOH, the peroxide
formation in this potential range is doubled in 1.0 M KOH and
more than tripled in 4.0 M KOH. It reaches a share of up to 40%
and 70%, respectively. No apparent kink is visible in the positive
scan of the polarization curve. Instead, the curve has a lower
gradient mainly caused by the increased hydroxide adsorption
on the electrode surface, blocking active sites and thus
reducing the current density at potentials close to the onset
potential. In the positive scan, no increased peroxide formation
is visible. This observation confirms the previous assumption

that hydroxyl adsorbates are not the main reason for the strong
peroxide formation in this potential window but the desorption
of oxygenated species. Additionally, the increased peroxide
formation at higher concentrations can be explained by the
increased adsorption tendency of hydroxide, resulting in a
stronger desorption, which promotes peroxide formation.

Furthermore, the almost peroxide-free potential range
between 0.3 and 0.7 V in 0.1 M KOH (see Figure 3b) is decreased
to 0.3–0.6 V in 1.0 M and 4.0 M KOH (see Figures 3d and f). It
correlates with the broadening of the Pt reduction peak in
Figure S5a at higher KOH concentrations. In the mid-potential
region, a peroxide share of 5–10% and 10–30% is reached
depending on the rotation rate in 1.0 M and 4.0 M KOH,
respectively. This peroxide formation can be attributed to
irreversibly adsorbed oxygenated species on the electrode
surface, which leads to a change in the reaction pathway
toward the 2e� +2e� mechanism. Since more oxygen species
are irreversibly adsorbed in higher KOH concentrations on the
electrode surface, an increased peroxide share is reached.

Compared to 0.1 M KOH, the peroxide formation at
potentials below 0.3 V increases by approximately the same
value as that in the mid-potential range (0.3–0.6 V). This means
that irreversibly adsorbed oxygen species are responsible for
increasing peroxide formation at higher KOH concentrations at
potentials below 0.6 V.

Figure 4a displays the ORR polarization curves for an Ag
disk electrode at 50 mVs� 1 at various rotation rates. The limiting
current densities are similar to the Pt disk, indicating a four-
electron pathway. However, contrary to Pt, the current
decreases around 0.2 V. This effect is pronounced at higher
rotation rates. In addition, a peak of the ring current density
(see Figure 4a) and the highest share of peroxide formation of
up to 33% (see Figure 4b) is observed at this potential. The CV
in a nitrogen-saturated electrolyte displays no clear peak in this
region due to a very high capacitive current (see Figure S5b).
Literature data for different Ag catalysts show peroxide shares
between 1% and 20% over a similar potential range.[32,59]

Interestingly, increased peroxide formation can only be ob-
served in the potential range, where hydroxide adsorption and
desorption for the Ag electrode typically occur, and not at more
positive potentials, where hydroxyl adsorbates should still be
adsorbed on the electrode surface. Therefore, the mechanism
for peroxide formation does not depend directly on the
coverage of the electrode with hydroxyl species but rather on
the actual adsorption/desorption process, as previously de-
scribed for Pt as well. Unlike Pt, an increased peroxide formation
is also visible in the positive scan direction due to Pt and Ag’s
different adsorption and desorption behavior. In the case of Pt,
the adsorption/desorption of oxygenated species is irreversible,
which can be recognized by the distance between the
corresponding peaks (see Figure S5a). In contrast, hydroxide’s
adsorption/desorption process on Ag is known to be reversible
and thus occurs at the same potential value.[32] Therefore, the
increased peroxide formation in the positive scan in Figure 4b
could be explained by the high reversibility of the adsorption/
desorption of hydroxide on Ag since the adsorption of
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hydroxides in the positive scan coincides with its desorption
due to the dynamic equilibrium at that potential region.

Looking at the ring current density and the related share of
formed peroxide in Figures 4a and b, a shift of the curves for

the different scan directions can be observed. This effect is
especially pronounced for lower rotation and higher scan rates,
at which the ring current peak is shifted to lower potentials in
the negative scan and higher potentials in the positive scan.

Figure 4. a), c), e) Ring and disk current densities, b), d), f) the share of formed peroxide, and the number of transferred electrons as a function of the disk
potential with Ag as the WE. Scans were recorded at various rotation rates, and a scan rate of 50 mVs� 1 in different KOH electrolytes, with RE=DHE and
CE=carbon felt. The solid and the dashed line represent the negative and the positive scan, respectively.
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The system has more time to reach the equilibrium state at
lower scan rates and can reach the equilibrium faster at higher
rotation rates. Accordingly, the adsorption/desorption processes
and the peroxide formation are delayed at higher scan rates
and slower rotation rates. In addition, the share of peroxide
formation increases at higher rotation rates. As for Pt, this can
be attributed to the easier detachment of the formed peroxide
from the electrode surface at higher rotation rates, prohibiting
a subsequent reduction of the peroxide to the hydroxide
product. This behavior indicates that a sequential 2e� +2e�

pathway and a direct-four electron pathway could occur
simultaneously.

Figures 4c and e show the ORR polarization curves for the
Ag disk electrode in 1.0 M and 4.0 M KOH solution. At higher
KOH concentrations, the limiting current between 0.2 and 0.6 V
is less flat, and the current density strongly increases below
0.1 V. In the potential range of the limiting current (0.2–0.6 V),
an enhanced share of peroxide formation of 40% to 80% can
be observed (see Figures 4d and f), which strongly reduces to
around 10% to 50% at 0.0 V. Similar results were shown by
Adanuvor et al.[60] in 6.5 M NaOH. They measured down to
� 0.2 V and could detect two limiting currents, one closer to the
two-electron pathway and the other closer to the four-electron
pathway. They concluded these observations best fit a
sequential mechanism (2e� +2e� pathway). However, Kandas-
wamya et al.[8] have reported little peroxide formation over a
wide potential range in 11 M NaOH when using “pure” salt and
a significant increase of peroxide formation with “impure”
NaOH. According to the manufacturer, the main impurity is
sodium carbonate, which could be responsible for the changed
pathway. Nevertheless, the ORR measurement with “impure”
alkali salt probably represents the industrial conditions far
better.

The literature states that the ORR mechanism of Ag in
alkaline media is similar to that of Pt.[1,10] However, our measure-
ments conclude that Ag shows an enhanced peroxide forma-
tion over a larger potential range and a reduced peroxide
formation in the onset region compared to Pt, especially at a

rotation rate of 100 rpm (compare Figures 3f and 4f). Concern-
ing a possible industrial application, the onset region and a
rotation rate of 100 rpm are the most relevant factors since a
technical electrode operates close to the onset potential to
enable high voltages and does not experience any motion.

2.3. GDE Half-Cell Measurements

A GDE half-cell was used to study the ORR under technical
conditions. The temperature was set to 50 °C, and 4 M KOH was
used as an electrolyte, which is the condition identified by Xu
et al.[61] under which an aluminum–air battery performs best.

Figure 5a displays polarization curves for various Pt/C and
Ag/C catalysts. 60% Pt/C exhibits the best ORR performance.
Nevertheless, all Pt catalysts have a similar onset potential of
approximately 1.05 V, as shown in the logarithmic form of the
polarization curve (Figure 5b). The Pt/C curves at currents below
10 mAcm� 2 are similar, but catalysts with higher platinum ratios
perform better at higher current densities. The 60% Pt/C
catalyst follows the typical exponential function even at higher
current densities. In contrast, the 20% and the 40% Pt/C show
strong polarization losses below around 0.82 V. At that
potential, a change in the gradient can be seen in the
logarithmic representation of the polarization curve for the two
Pt/C catalysts, indicating a shift in the reaction pathway. The
reasons for this phenomenon will be discussed in detail later.

Above about 0.82 V, all Pt curves demonstrate the typical
shape of a polarization curve, and the trend of the ORR activity
is as follows: 20%<40%<60% Pt/C. This ORR activity trend
was observed for the identical Pt catalysts in the HT-PEMFC and
explained by facilitated mass transport of oxygen due to the
thinner catalyst layer for the 60% Pt/C. However, the polar-
ization curves in their studies have a regular shape.[62] Interest-
ingly, the ECSAs determined from the CVs measured in oxygen-
free media (refer to Figure S6a) are highest for 20% Pt/C with
38 m2g� 1 compared to 24 and 21 m2g� 1 for 40% and 60% Pt/C,
respectively. This trend does not correlate with the crystallite

Figure 5. a) Polarization curves of different catalysts implemented into a GDE with a metal loading of 0.3 mgcm� 2 and b) corresponding logarithmic
representation of the polarization curves. Measurements were performed in the GDE half-cell at 50 °C in 4.0 M KOH.
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size noted previously. The discrepancy may be explained by
particles formed from several crystallites or particle agglomer-
ations. Such agglomerations can be seen in the SEM image of
60% Pt/C (Figure 1c), resulting in a reduced ECSA compared to
20% Pt/C. Furthermore, there is no clear trend between the
activity and the crystallite size. Nevertheless, the highest activity
observed for the 60% Pt/C might be attributed to the facilitated
oxygen transport due to the thinner catalyst layer and differ-
ences in the particle size distribution.

The silver catalysts show a lower activity than the platinum
catalysts. The onset potential for the 22% and 68% Ag/C is
0.96 V and 0.93 V, respectively (Figure 5b). The 22% Ag/C
catalyst demonstrates better ORR catalytic activity than the
68% Ag/C throughout the measured current regime. SEM and
XRD results (Figure S3 and Figure 2b) indicate a lower mean
crystallite and particle size for the 22% Ag/C catalyst. Reducing
particle size is beneficial because it increases the ratio of surface
to bulk atoms, resulting in a higher electrochemically active
surface area. Contrary to the Pt/C, the thicker electrode
performs better since the effect of the particle size may
outperform the effect of the electrode thickness. Linge et al.[63]

studied the effect of particle size on Ag nanowires with different
diameters. They observed that a smaller Ag nanowire diameter
leads to increased ORR performance.

The polarization curves of both Ag/C catalysts exhibit the
typical exponential function, similar to 60% Pt/C (Figure 5a).
Furthermore, the logarithmic depiction reveals a nearly straight
slope for both catalysts (Figure 5b). This results in a more
positive potential for 22% Ag/C than 20% and 40% Pt/C at
� 250 mAcm� 2. 68% Ag/C has a more positive potential than
20% Pt/C at this current density. To our knowledge, this
observation is the first time that a superior ORR performance of
Ag compared to Pt has been reported under comparable and
technical conditions. So far, this has only been demonstrated
with an RDE setup for synthesized nanoporous Ag[64] and for
Ag/Pt alloys.[65]

We will analyze the two extremes, 20% and 60% Pt/C, in
more detail to better understand the reasons for the strong
polarization losses observed for the 20% and 40% Pt/C shown
in Figure 5.

Figures 6a and b show the 20% and 60% Pt/C polarization
curves. Both curves are nearly identical in the activation
polarization region at currents below 10 mAcm� 2. However, at
larger current densities, the polarization curve for the 60% Pt/C
catalyst still follows an exponential function, while a kink is
observed for the 20% Pt/C catalyst. Such behavior was not
detected in any publications for Pt catalysts studied in GDE
half-cells in acidic electrolytes.[16–18,22] Furthermore, it cannot be
explained by the mass transport limitation usually observed at
high current densities since the applied current densities are
moderate with a strong excess of oxygen supply. Moreover, the
slope increases again at the last measurement point, indicating
a higher gradient if the current is further increased.

Electrochemical impedance spectroscopy (EIS) measure-
ments were performed at different current densities to gain
deeper insights (Figures 6c, d). Specific measurement points on
the polarization curve are highlighted, as they are recorded at

the same current density as the corresponding EIS measure-
ments. In Figure 6d, the semicircles observed in the Nyquist
plot for the 60% Pt/C continuously decrease in size as the
current density increases. The increased overpotential explains
the decrease of the ORR charge transfer resistance on Pt at
higher current densities, which was previously observed in
proton exchange membrane fuel cells (PEMFC).[38,66] This trend
reverses at high current densities because mass transport
resistivity dominates. Since mass transport limitations are not
reached under these operating conditions, the trend for 60%
Pt/C fits perfectly with reports from the literature.[38,66]

A different behavior is observed for the impedance
measurements with 20% Pt/C (Figure 6c). From the first to the
second measured current density, the semicircle decreases, the
third impedance spectrum slightly increases, and the fourth
exhibits the largest semicircle. The impedance decreases when
the current density is further increased, just like it was observed
for 60% Pt/C. The Nyquist plot displays the same behavior as
the polarization curve and thus confirms it. Additionally,
inductive loops at low frequencies are present in the impe-
dance measurements of the two highest current densities. This
pseudo-inductive behavior has already been reported for fuel
cells and originates mainly from the ORR.[67] Such a behavior
can be explained by the slow removal of a site-blocking species,
which leads to the unblocking of active metal sites. This reduces
the charge transfer resistance of the ORR, particularly pro-
nounced at low frequencies.[68,69] The impedance measurements
at � 30 and � 50 mAcm� 2 also indicate some instabilities in the
low-frequency region.

These observations fit well with the results from the RRDE.
The RRDE data show increased peroxide formation at around
0.8 V in the negative scan (Figure 3b), which coincides with the
desorption of oxygenated species (Figure S5a). At a similar
potential, the potential drops sharply in the polarization curve,
and the resistance increases in the EIS data for the 20% Pt/C
catalyst. Therefore, these trends can be linked to increased
peroxide formation in that potential region due to the
desorption of oxygenated species. Additionally, the inductive
loops in the impedance measurements in Figure 6c at current
densities of � 100 and � 150 mAcm� 2 indicate that oxygen
species’ desorption takes place. The instabilities at low
frequencies observed in the Nyquist plots at � 30 and
� 50 mAcm� 2 could be attributed to dynamic adsorption and
desorption of oxygenated species.

The potential curve of the 60% Pt/C does not show a kink
since the potential at which desorption of oxygenated species
and simultaneously increased peroxide formation start is not
reached in the examined current range. This is confirmed by
the absence of inductive loops at low frequencies. This
observation again emphasizes that it is not the adsorbed
oxygenated species itself but rather the dynamic adsorption/
desorption process of oxygenated species, especially hydrox-
ides, responsible for the increased peroxide formation and thus
leads to an increased polarization loss in this specific potential
region. Besides the change in reaction mechanism to the two-
electron pathway, the desorption of oxygenated species results
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in an overall hindered ORR, leading to an activity decrease in
this potential region.

It must also be considered that for the Pt/C catalysts in the
GDE half-cell, the desorption occurs at around 0.59–0.89 V
(Figure S6a), while for the Pt-RRDE it takes place at around
0.65–0.97 V (Figure S5a). The peroxide formation is most likely
shifted by a similar potential. This result can explain the minor
discrepancy in the potential for the appearance of increased
peroxide formation at the RRDE and the anomalies at the GDE
half-cell.

Furthermore, DRT analysis of the EIS measurements was
performed (Figures 6e, f). The most prominent peak can be
assigned to the ORR charge transfer resistance since it is the
primary process. In addition, it is in a frequency range where
the ORR was observed for the PEMFC.[38,66] A small peak at
0.1 Hz, which was unreliably detected, is likely caused by noise
due to an unstable potential at low frequencies. A diffusion
resistance was observed in air-operated PEMFCs between 1 and

10 Hz.[38,39,66] However, in the study by Weiß et al.[38] no mass
transport-related peak could be identified when the high-
temperature PEMFC (HT-PEMFC) was operated under pure
oxygen at 300 mAcm� 2. The authors used the identical 20% Pt/
C catalyst in their work. The absence of an increase in this peak
at higher currents in this work suggests the absence of mass
transport resistance in the current regime studied.

At higher frequencies, another peak is visible (see zoomed-
in diagrams in Figures 6e, f), which shows the same trend as the
prominent peak assigned to the ORR. Two ORR-related peaks
have been identified for the HT-PEMFC,[38,39] while only one ORR
peak is reported for the low-temperature PEMFC (LT-PEMFC).[66]

Similar to the HT-PEMFC, the second peak could also be ORR-
related and is probably linked to the interaction of an adsorbing
anion during the ORR. In summary, the slope of the presented
potential curves can only be attributed to the ORR kinetics
itself, and the polarization loss observed at the 20% Pt/C is not
mass transport driven.

Figure 6. Comparison of 20% and 60% Pt/C catalysts implemented into a GDE with a platinum loading of 0.3 mgcm� 2 in the GDE half-cell at 50 °C in 4.0 M
KOH using: a), b) Polarization curves, c), d) Nyquist plots, and e), f) DRT analysis.

Wiley VCH Freitag, 06.12.2024

2499 / 384720 [S. 11/16] 1

ChemElectroChem 2024, e202400563 (11 of 15) © 2024 The Authors. ChemElectroChem published by Wiley-VCH GmbH

ChemElectroChem
Research Article
doi.org/10.1002/celc.202400563

 21960216, 0, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/celc.202400563 by K
arlsruher Institut F., W

iley O
nline L

ibrary on [23/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Interestingly, the prominent peak is shifted by almost one
order of magnitude from 1–4 Hz for 20% Pt/C to 6–80 Hz for
60% Pt/C, indicating that the 60% Pt/C catalyzes the ORR faster.
The 60% Pt/C electrode is thinner than the 20% Pt/C since the
platinum loading of 0.3 mgcm� 2 is identical. Therefore, the
shorter oxygen diffusion paths within the catalyst layer enable a
quicker oxygen supply to the catalytically active sites, allowing
a faster ORR. Additionally, the different carbon support of both
catalysts may affect oxygen diffusion or electrolyte distribution
in the GDE, thereby accelerating the ORR process.

Furthermore, the ORR peak for the 20% Pt/C follows the
same trend as the corresponding impedance data and polar-
ization curve. The impedance values for the studied current
regime are 1.0–2.9 Ωcm2 and 0.1–1.8 Ωcm2 for 20% and 60%
Pt/C, respectively. The ORR of 20% Pt/C is significantly inhibited
at current densities of � 30 and � 50 mAcm� 2, exhibiting up to
nine times higher impedances than 60% Pt/C. This current
range corresponds to a potential region between 0.82 V–0.77 V,
where an increased ORR charge transfer resistance is observed.
The 60% Pt/C potential remains above 0.82 V in the inves-
tigated current range.

These results confirm the previous finding that the
desorption of oxygenated species on Pt affects the slope of the
polarization curve. The desorption causes a change in the
reaction path toward the peroxide formation and inhibits the
ORR at potentials below 0.82 V.

Additional measurements were conducted to investigate
the behavior of 20% Pt/C. The reproducibility of the polar-
ization curve was studied by repeating it five times in a row
over four hours. The polarization curves are shown in Figure 7a,
and the first five measurements (No. 1–5) exhibit high
reproducibility over the entire examined current range. All five
curves show a similar onset potential of approximately 1.05 V in
the logarithmic representation and the previously discussed
shape at higher current densities (Figure 7b). This result
indicates mostly reversible adsorption and desorption of oxy-
genated species. At high potentials, particularly hydroxide,
adsorption occurs while desorption occurs below 0.82 V,
resulting in a weakened ORR.

In the second step, the setup was left to rest for 15 hours
without applying any current. Afterward, three polarization
curves (No. 6–8) were conducted. These curves show a decrease
in ORR performance, as indicated by a shift toward more
negative potentials (Figure 7a). Interestingly, the onset potential
remains almost identical, and the curves in the logarithmic
representation exhibit similar slopes with a gap to the
previously measured curves (Figure 7b). Flooding as a cause can
be excluded, as it would alter the polarization curve during
several hours of galvanostatic cycling and significantly affect
the onset potential. Instead, the electrode’s exposure to open
circuit potential in a highly concentrated alkaline electrolyte
appears to have a much stronger effect than galvanostatic
cycling. It is important to note that apart from a slight
improvement in activity between the sixth and the following
two curves at currents of around 10� 5–10� 3 mAcm� 2, all three
curves follow the same course. Irreversible oxidation occurs for
20% Pt/C at open circuit potentials in 4 M KOH. This oxidation
is reversible only to a small extent, probably when hydroxyl
adsorbates are eliminated by cycling towards more negative
potentials, as in the sixth polarization curve.

In the final step, the setup was left for another 18 hours.
The resulting polarization curve (Figure 7a, No. 9) shows a
significant decrease in ORR activity. The curve has a typical
shape, and in logarithmic form, it demonstrates a nearly straight
slope with a barely recognizable kink at around 0.82 V (Fig-
ure 7b). The onset potential has decreased to 1.02 V, indicating
a strong oxidation of Pt. The observation can be confirmed by
examining CVs in oxygen-free media (Figure S7). The peak
height exhibits continuous reduction from the initial CV over
the CV after the first break until the last step. Similarly, the ECSA
of Pt is reduced from initially 32 m2g� 1 to 26 m2g� 1 and then to
21 m2g� 1. Zhang et al.[70] have reported a similar reduction of
ECSA after performing accelerated stress tests in perchloric acid
by cycling in different potential regions. They determined Pt
oxidation to be the main issue. However, Pt oxidation occurs
through pure chemical oxidation without applying any current
or potential in this work. Nevertheless, it still has a strong
impact even in moderate time scales. This may be due to the

Figure 7. a) Polarization curves of 20% Pt/C implemented into a GDE with a metal loading of 0.3 mgcm� 2 and b) logarithmic representation of the polarization
curves. Measurements were performed in the GDE half-cell at 50 °C in 4.0 M KOH.

Wiley VCH Freitag, 06.12.2024

2499 / 384720 [S. 12/16] 1

ChemElectroChem 2024, e202400563 (12 of 15) © 2024 The Authors. ChemElectroChem published by Wiley-VCH GmbH

ChemElectroChem
Research Article
doi.org/10.1002/celc.202400563

 21960216, 0, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/celc.202400563 by K
arlsruher Institut F., W

iley O
nline L

ibrary on [23/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



oxidative nature of the electrolyte. The strong irreversible
oxidation can result from the so-called place-exchange con-
version to PtO2, which starts already at 0.6 V in the presence of
oxygen.[71]

Furthermore, the polarization curves (Figure 7a) are im-
pacted between 0.85 V and 0.7 V. The potential decay observed
in this region was previously linked to the desorption of
oxygenated species. However, this effect becomes less pro-
nounced after resting as the Pt increasingly irreversibly oxidizes,
reducing adsorbate desorption. Additionally, the change in
slope in the logarithmic form (Figure 7b) becomes less
apparent. However, the kink that indicates a change in slope is
still slightly observable at around 0.82 V.

The impedance spectroscopy measurements support the
observations at � 100 mAcm� 2. The Nyquist plot in Figure S8a
shows a decrease in pseudo-inductive behavior over time,
confirming the decrease in desorption of oxygenated species.
The corresponding DRT plot reveals the absence of any
significant mass transport resistance (Figure S8b). Flooding can,
therefore, be excluded as a possible reason for the altered ORR
performance. Instead, a decrease in ORR charge transfer
resistance and an increase in frequency after each break can be
observed. These results indicate that converting Pt metal to Pt
oxide accelerates the ORR and reduces impedance. This is due
to the decrease in the desorption of oxygenated species in this
potential region, resulting in a reduced inhibition of the ORR.
However, it is important to note that Pt oxidation also leads to
decreased ORR activity.

Finally, the Pt/C and Ag/C catalysts are compared in detail
by EIS measurements at � 100 mAcm� 2 (Figure 8a). The Nyquist
plot reveals pseudo-inductive behavior for the 20% Pt/C and
the 68% Ag/C, while the 40% Pt/C displays some instabilities at
low frequencies. The 60% Pt/C and the 22% Ag/C do not show
distinctive features at low frequencies. The pseudo-inductive
behavior clearly indicates a slow desorption process of site-
blocking species.[68,69] As previously mentioned, the instabilities
observed at low frequencies may be due to a dynamic
adsorption/desorption process. However, unlike 20% and 40%

Pt/C, the 68% Ag/C exhibits a typical polarization curve shape
(see Figure 5a). The higher reported reversibility of hydroxide
adsorption on silver may explain this difference[32] and therefore
reduced ORR inhibition during desorption. In addition, the
RRDE detects significantly less peroxide formation on Ag than
Pt near the onset potential at 100 rpm (compare Figures 3 and
4).

Furthermore, DRT analysis was performed, and the values
corresponding to the ORR charge transfer are presented in
Figure 8b. The prominent peak attributed to the ORR is almost
exclusively visible, indicating that the impedance of every
catalyst has only kinetic contributions in the examined current
region. The ORR charge transfer resistance at � 100 mAcm� 2 is
highest for 20% and 40% Pt/C with 1.37 Ωcm� 2 and
1.16 Ωcm� 2, respectively. This is closely followed by 68% Ag/C
with 1.15 Ωcm� 2. Compared to the other Pt/C catalysts, 60% Pt/
C has the lowest charge transfer resistance of 0.18 Ωcm� 2.

The dimension of the impedance values of the different Pt/
C catalysts depends on whether the potential remains above
0.82 V. For 20% and 40% Pt/C, the corresponding potential
values are 0.700 V and 0.780 V, respectively, while for 60% Pt/C
it is 0.836 V. If the potential falls below 0.82 V desorption of
oxygenated species starts, which inhibits the ORR and promotes
peroxide formation.

Furthermore, the ORR charge transfer frequency obtained
from the DRT analysis differs significantly for the different Pt/C
catalysts (Figure 8b). The 20% and 40% Pt/C show a frequency
of the ORR process below 6 Hz, while the 60% Pt/C exhibits one
order of magnitude faster ORR kinetics at 54.9 Hz. The slower
ORR process for the 20% and 40% Pt/C reflects the significant
losses observed at the polarization curve in Figure 5a and
supports again that the ORR is inhibited due to the desorption
of oxygenated species. The catalyst layer thickness has little
influence on the ORR kinetics, as the ORR frequencies of 20%
and 40% Pt/C differ marginally. A value closer to 22% Ag/C
would be expected without disturbances.

The Ag/C catalysts show an ORR frequency of 27.4 Hz and
69.2 Hz for 22% and 68% Ag/C, respectively, and are in the

Figure 8. Comparison of Pt/C and Ag/C catalysts implemented into a GDE with a metal loading of 0.3 mgcm� 2 in the GDE half-cell at 50 °C in 4.0 M KOH using
a) Nyquist plots and b) the ORR charge transfer resistance and the ORR characteristic frequency extracted from DRT analysis at � 100 mAcm� 2.
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frequency range of 60% Pt/C (Figure 8b). The 68% Ag/C
displays an almost twice as fast ORR process as the 22% Ag/C.
The thinner catalyst layer enhances the supply of oxygen within
the catalyst layer. However, the charge transfer resistance
values reflect an opposite behavior. The values amount to
0.62 Ωcm� 2 and 1.15 Ωcm� 2 for the 22% and 68% Ag/C and
can be explained by the smaller particle size in the 22% Ag/C
case, which results in an increased number of active sites. This
leads to improved ORR performance despite the slower ORR
kinetic.

3. Conclusions

This work combines RRDE and GDE half-cell measurements to
compare the ORR characteristics of Pt and Ag in alkaline media.
The GDE half-cell results reveal substantial polarization losses
below 0.82 V for the Pt catalysts, affecting the polarization
curve’s slope. In that potential range, DRT analysis detects an
increase in charge transfer resistance and a decrease in the
characteristic frequency of the ORR. In addition, the Nyquist
plot reveals instabilities and an inductive loop at low frequen-
cies, which is related to the desorption of adsorbed species. In
the corresponding RRDE measurements, the polarization loss is
correlated with an increased peroxide formation, which is
especially pronounced in this potential range. Moreover, the
peroxide formation and polarization slope change occur at
potentials where oxygenated species desorb. The primary cause
for increased peroxide formation and the associated polar-
ization loss is more likely related to the desorption of hydroxyl
adsorbates than the presence of adsorbed oxygenated species.
This desorption alters the reaction mechanism towards the two-
electron pathway and impedes the overall ORR process. A
measurement of 20% Pt/C kept at open circuit potential for
several hours reveals significant irreversible Pt oxidation. Due to
the reduced desorption, a conversion towards a typical polar-
ization curve occurs, although a loss of catalytic activity
accompanies this process. In contrast, Ag does not show these
polarization losses since the potential range where peroxide
formation occurs is below the typical operating potential,
particularly when considering a rotation rate of 100 rpm.
Therefore, Ag/C catalyzes the ORR more effectively than some
Pt/C catalysts at high current densities in high alkaline media.
This was demonstrated under practical battery operating
conditions.

A 60%>40%>20% Pt/C trend was determined for the
catalytic activity in alkaline media. A thinner catalyst layer
shows a beneficial behavior due to shorter oxygen pathways. In
addition, different particle size distributions may affect the
catalytic activity. On the other hand, a different catalytic
behavior, 22%>68% Ag/C, was observed for the Ag catalysts,
where the smaller particle size outweighs the effect of the
electrode thickness due to the larger electrochemically active
area.

In this work, the DRT analysis was implemented as an
analytical tool to separate different physicochemical processes.
It determines the ORR charge transfer resistance and the

characteristic frequency of the ORR. Under the experiment
conditions, the reaction kinetic was the dominating contribu-
tion for the half-cell impedance. Furthermore, our study
presents a general approach for evaluating ORR catalysts and
investigating the reaction mechanisms under realistic operating
conditions.
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In this study, the oxygen reduction
reaction on Pt and Ag is investigated
in alkaline media using fundamental
and technical approaches. Strong dif-
ferences at high currents are
observed, leading to better perform-

ance for Ag under certain conditions.
The underlying mechanistic electroca-
talytic processes responsible for these
phenomena are investigated and
detected.
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