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Gas diffusion electrodes enable oxygen reduction reaction studies at current densities beyond the limits of
rotating disk electrodes, yet the role of electrolyte proton availability remains unclear. Herein, oxygen reduction
polarization curve behavior was investigated using 0.1-2 M HClO4. While cyclic voltammetry and electro-
chemical surface area were consistent, current plateaus emerged at low acid concentrations. These results show
that proton transport can limit the achievable current density. Achieving current densities of 1 A em™~? required
at least 0.8 M HCIO4, while 2 M HCIO4 was necessary to reach 2 A cm 2. These findings provide practical

guidance for electrolyte selection in high-current gas diffusion electrode measurements and demonstrate that
they can serve as a platform for studying proton transport behavior.

Introduction

The global push for sustainable energy has placed proton exchange
membrane fuel cells (PEMFC) back at the forefront of electrochemical
research. A major part of this effort involves optimizing oxygen reduc-
tion reaction (ORR), which remains the primary source of voltage loss in
these devices. To study this reaction under industrially relevant condi-
tions, the field has increasingly moved toward systems like the gas
diffusion electrode (GDE). Such setups are essential because they allow
for current densities well above 1 A cm™2, far exceeding the mass
transport limited current densities of a traditional rotating disk electrode
(RDE) [1,2].

The choice of electrolyte concentration used in literature has become
a point of some variation. In RDE experiments, 0.1 M HClO4 is com-
monly, used because it provides a relatively weakly adsorbing bench-
mark electrolyte environment for kinetic studies [3,4]. Nevertheless,
electrolyte composition and proton-conducting environment are known
to influence ORR kinetics through changes in ionic conductivity, proton
mobility, and specific anion interactions with Pt surfaces [5-7]. How-
ever, in GDEs, researchers typically utilize much higher concentrations,
such as 1 M or 2 M HCIO4, to reduce ohmic resistance and better
simulate the pH environment of a polymer membrane. In some cases,
concentrations as high as 5 M have been tested to explore the limits of

catalyst loading and proton availability [8,9]. Alternative proton-
conducting environments, including concentrated phosphoric acid sys-
tems, have also been investigated in GDE studies under fuel-cell-relevant
conditions [10]. In others, due to the limitations of other instrumenta-
tion, the concentration was limited to only 0.1 M [11,12].

Despite the frequent use of different electrolytes, there is a lack of
data on how the transition from low to high concentrations of HCIO4
actually changes the behavior of the GDE. Although electrolyte effects
on ORR kinetics have been widely studied at the RDE level, systematic
investigations of proton transport limitations under high-current-
density GDE operation remain scarce. While it is generally understood
that acid concentration affects parameters such as ionic conductivity, a
systematic analysis of how this transition is reflected in ORR polariza-
tion curves at industrially relevant current densities is still lacking. We
note that, at the RDE level, perchlorate has been reported to specifically
adsorb on Pt(1 1 1), slightly inhibiting ORR kinetics at potentials above
approximately 0.8 V [13]. In addition, scan rate can also affect the
measured ORR response [14]. In this communication, we directly
compare ORR performance in a GDE setup across the 0.1-2 M HCIO4
range, focusing on high-current-density behavior below 0.8 V. The re-
sults show that proton transport, rather than oxygen transport, limits the
maximum achievable current density. More broadly, they demonstrate
that GDE setups can serve not only for catalyst screening, but also as a
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platform for probing proton transport limitations under membrane-
relevant conditions.

Experimental

Suspension was prepared using catalyst powder (50% Pt/C Johnson
Matthey), a solvent of 1:1 ratio of water and isopropanol, and with a 0.7
I/C ratio of Nafion® (5 wt% D520 Nafion® solution, Ion Power). The
prepared suspension was ultrasonicated with an ultrasonic horn (Bran-
son) for 15 min of total sonication time (2 s on, 1 s off). The suspension
was spraycoated onto a gas diffusion layer with a microporous layer
(Sigracet® 39BB, FuelCellStore) with an ultrasonic spray nozzle (Sian-
sonic). The surface area was limited to a 3 mm diameter circle (0.0707
cm?) using a mask. The total geometric Pt loading was determined using
X-ray fluorescence (ThermoScientific ARL™ QuantX EDXRF Analyzer)
to be 109 = 3 pgpy/cm?.

Electrochemical measurements were performed with a CS310X
(CorrTest) potentiostat with an in-house developed cell, similar to the
ones in literature [2,9]. The counter electrode was a mixed-metal oxide
mesh (Metakem). A Hg/HgSO4 (CorrTest) reference electrode was used.
All the potentials mentioned in this work are given vs RHE. Measure-
ments were performed in 0.1, 0.2, 0.4, 0.6, 0.8, 1.0 and 2.0 M HClO4
(Supra qualitat, ROTH) at room temperature.

Initially, the samples were cycled 50 times from 0.05 to 1.2 V at 200
mV/s to clean the surface of the catalyst. For the determination of
electrochemical surface area (ECSA) 3 cycles were performed at 50 and
100 mV/for each sample. The uncompensated resistance was deter-
mined by high-frequency resistance measurement at 10 kHz at 0.1 V vs
RHE. During electrochemical measurements, 85% iR compensation was
applied in situ, while the remaining 15% was corrected post-
measurement. 85% iR drop compensation was applied during the
measurement, with the additional 15% compensated post-mortem. To
ensure repeatability, three samples were measured for each concentra-
tion of acid. All samples showed very good reproducibility with a rela-
tive error of less than 10%. Gas flow was kept constant at 50 mL min~! to
minimize changes in oxygen mass transport and ensure that the
observed performance shifts primarily reflected the electrolyte envi-
ronment. The gases were humidified using a bubbler before reaching the
measurement cells.

Results and discussion

In a conventional RDE setup, the current is rapidly limited to
approximately 6 mA ecm 2 at 1600 rpm by the mass transport of dis-
solved oxygen to the catalyst surface. This limitation arises from the low
solubility of oxygen in aqueous electrolytes, which is only in the ppm
range. In contrast, GDE setups overcome this restriction by supplying
oxygen directly in the gas phase, thereby enabling current densities
above 1 A cm™2. Under these conditions, proton availability in the liquid
electrolyte can become rate-limiting. At low acid concentration, such as
0.1 M HClO4, a clear current-density limit is observed, indicating
insufficient proton transport to sustain higher ORR rates. In Fig. 1, we
show that the voltammogram does not change significantly when the
concentration of acid is between 0.1 M and 2 M HCIO4 [14]. This is also
supported in Fig. 2, where we can see that the ECSA does not change
significantly, and the ECSA of all acid concentrations are in the range of
errors of the triplicates. In contrast, Fig. 3 reveals a strong dependence of
ORR performance on acid concentration, with clear plateaus appearing
at lower HC1O4 concentrations. This decoupling between ECSA and ORR
activity indicates that proton availability is sufficient for hydrogen
underpotential deposition (Hupd) and surface area determination but
becomes limiting during ORR operation at high current densities. Unlike
ECSA measurements, which involve relatively small proton fluxes near
equilibrium conditions, the ORR consumes protons continuously and at
much higher rates. Consequently, proton transport limitations only
become apparent under ORR conditions, where the local proton demand
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Fig. 1. Cyclic voltammograms of Pt/C GDEs recorded in different HCIO4 con-
centrations at room temperature. The scan rate was 200 mV/s, the geometric Pt
loading was 109 =+ 3 pgp cmg, and 85% iR compensation was applied during
measurement with the remaining 15% corrected post-measurement.

exceeds the transport capability of dilute electrolytes.

This behavior is consistent with previous studies on proton-coupled
electrochemical reactions, where local proton depletion near the elec-
trode surface has been shown to significantly alter reaction kinetics and
local pH under high reaction-rate conditions. Similar effects have been
reported for the HOR/HER on Pt electrodes, where proton consumption
or generation leads to substantial near-surface concentration gradients
even when the bulk electrolyte composition remains unchanged [15].
The present results suggest that an analogous local proton depletion
mechanism occurs during high-current-density ORR in GDE systems,
resulting in the observed transport-limited current plateaus at low
HCIO4 concentrations.

Since most GDE studies aim to access high-current-density ORR
operation, the results in Fig. 3 show that HCIO4 concentrations below
0.8 M lead to apparent proton-transport limitations before reaching 1 A
cm~2 under the present experimental conditions. Measurements tar-
geting 2 A cm ™2 require 2 M HCIO4 to avoid such limitations.

Although the present results clearly demonstrate proton transport
limitations in GDE measurements, several factors related to catalyst-
layer composition and transport mechanisms should be considered
when generalizing these findings. It should be noted that the present
study was conducted using a single commercial 50 wt% Pt/C catalyst,
and therefore the quantitative proton transport limitations observed
here may depend on the specific catalyst-layer architecture. Parameters
such as Pt loading, ionomer content, catalyst-layer thickness, and Pt
particle size can influence the local proton transport resistance and
water distribution within the catalyst layer, thereby affecting the onset
and severity of proton transport limitations.

Nevertheless, the observed current plateaus at low acid concentra-
tions are expected to be a more general characteristic of high-current-
density GDE measurements, since the ORR intrinsically requires signif-
icant proton flux to sustain large reaction rates. While the exact limiting
current densities may vary between catalyst systems, the overall trend of
increasing proton transport limitations with decreasing electrolyte
acidity should remain broadly applicable.

The proton transport limitation observed in this work likely arises
from a combination of proton diffusion and migration effects within the
electrolyte and catalyst layer. At high current densities, rapid proton
consumption near the catalyst surface can generate local proton con-
centration gradients, particularly at lower HClO4 concentrations, where
the available proton concentration and electrolyte conductivity are
reduced. Under these conditions, proton diffusion alone may become
insufficient to replenish consumed protons at the required rate, while
the reduced ionic conductivity also limits proton migration through the
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Fig. 2. Electrochemical surface area of Pt/C GDEs determined from Hypq voltammetry in different HCIO4 concentrations. Data represents three independently

prepared electrodes; error bars indicate one standard deviation.
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Fig. 3. ORR curves (5 mV s 1 of the samples in different concentrations of
HCIO,4. The curves are 100% iR drop corrected (85% in-situ compensated and
15% post-measurement). Each of the curves is an average of three measured
samples, while the shaded region indicates one standard deviation.

electrolyte.
Conclusions

This work provides a systematic comparison of ORR behavior in a
GDE setup using 0.1-2 M HCIO4. While cyclic voltammetry and ECSA
show little dependence on electrolyte concentration, the high-current
ORR response changes markedly, with distinct transport-limited pla-
teaus appearing at lower acid concentrations. These results show that
proton transport, rather than oxygen supply, limits the maximum
achievable current density. Accordingly, at least 0.8 M HC1O4 should be
used for studies targeting 1 A cm ™2, while 2 M HCIOy is required to reach
2Acm ™2

More broadly, the results show that GDE setups can serve not only for
catalyst screening, but also as a platform for probing proton transport
limitations under membrane-relevant conditions.

The present study was limited to a single commercial 50 wt% Pt/C
catalyst system. Future work should investigate how catalyst-layer

parameters such as Pt loading, ionomer content, catalyst-layer thick-
ness, and Pt particle size influence proton transport limitations and the
achievable current density in GDE measurements. Future studies should
also evaluate how alternative acidic electrolytes and proton-conducting
environments influence proton transport limitations in high-current-
density GDE measurements. In the proton-transport-limited regime,
the limiting current is expected to depend primarily on local proton
activity, or surface pH, which is governed by the balance between pro-
ton consumption and proton transport. Replacing HClO4 with other
electrolytes, such as H,SO4, would also change anion adsorption, con-
ductivity and double-layer structure, and would therefore probe acid-
identity effects rather than only proton availability.
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