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ARTICLE INFO ABSTRACT

Keywords: Membrane-coated electrocatalysts offer a promising solution for current challenges in electrocatalysis, such as
Hydrogen oxidation the susceptibility of the hydrogen oxidation reaction (HOR) to impurities. However, the understanding of how
Pi(111) such coatings influence electrochemical processes remains limited. In this study, we present graphene-covered Pt
Graphene . (111) as a model system to investigate these effects. Graphene, known for its chemical stability and tunability,
Electrocatalysis

serves as a representative membrane, while Pt(111) is a well-known HOR catalyst that provides a useful com-
parison. The defect density in the graphene was systematically varied electrochemically and quantified using a
proton-permeation resistance, measured with electrochemical impedance spectroscopy. We found that signifi-
cant HOR activity is only obtained beyond a critical defect density. This suggests that molecular hydrogen
permeation requires larger defect structures compared to atomic-scale defects that facilitate proton transport.
Beyond this critical defect density the limitation of Hy mass transport is also observed. We also show evidence
that multi-layer graphene structures do not allow for effective HOR. Additionally, we observed a potential-
dependent change in catalytic performance: cycling below 1.0 V led to a decrease in HOR current, while
cycling to more positive potentials led to an increase. We attribute this behavior to potential-induced structural
changes in the graphene layer. This study thereby highlights the importance of understanding the dynamic

behavior of catalyst coatings in relation to their catalytic performance.

1. Introduction

Membrane-coated electrocatalysts are becoming an increasingly
popular strategy in improving the performance and stability of elec-
trocatalysts. In these systems, the active catalyst surface is covered with
a thin, often nanometer-scale, overlayer that alters the surface proper-
ties or tunes the access of different electrolyte species to the active
surface [1]. A particularly relevant reaction that may profit from a
membrane coating is the hydrogen oxidation reaction (HOR) on
platinum-group catalysts, since it is susceptible to poisoning by trace CO
impurities in the H2 feed gas [2,3]. Being able to control CO poisoning is
expected to enhance catalyst activity and life-time [4].

Common strategies to increase CO-tolerance typically utilize alloys
that either enhance CO oxidation through a bifunctional effect or
weaken CO binding through an electronic effect [5,6]. However,
recently, Tang et al. [7] used a RuO; shell on Ru, with the RuO; shell
physically blocking CO from reaching Ru and adsorbing. This work
demonstrated that a membrane-coated electrocatalyst could be a
promising catalyst design strategy for CO-tolerant HOR.

Among various membrane materials, graphene, a single layer of
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carbon in a honeycomb lattice, has gained special attention. Graphene is
chemically inert, mechanically robust, atomically thin, and can be
synthesized on a relatively large scale with a high level of control via
chemical vapor deposition (CVD) [8-12]. These properties make gra-
phene an interesting candidate for membranes in electrochemical sys-
tems. In particular, graphene's well-defined atomic structure makes it an
attractive model system for studying how reactions occur at
membrane-coated electrocatalysts [13,14].

Graphene has already demonstrated beneficial membrane properties
under electrochemical conditions. Initially, gas-phase studies showed
that graphene protects Cu surfaces from oxidation [15,16]. Later, this
effect was also shown for Cu and Ni under electrochemical conditions
[14]. In these cases, graphene acts as a barrier, physically blocking ox-
ygen from reaching the metal surface [14]. On a Pt(111) electrode, a
well-studied surface in electrochemistry, graphene acts as a
proton-selective membrane. Protons can reach the Pt(111) surface and
adsorb, while electrolyte anions are completely blocked [17]. Electro-
chemically, this proton transport was quantified using electrochemical
impedance spectroscopy by identifying the resistance to proton perme-
ation (Rpermeation) [18]. The magnitude of this resistance is directly
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related to the amount of defects in the graphene layer, suggesting that
defects are the main proton transport channel under these conditions
[18].

Interestingly, graphene-covered Pt(111) (Gr-Pt(111)) can also
enhance the electrocatalytic hydrogen evolution reaction compared to
bare Pt(111). DFT calculations predict that Gr-Pt(111) binds hydrogen
slightly more weakly than Pt(111), which, according to Sabatier’s
principle, should enhance HER activity [19-21]. However, this
enhancement is only observed when defects are present in the graphene
layer, suggesting that the proton transport through pristine graphene is
limiting the overall reaction. This kind of membrane permeation or
“accessibility” limitation is a common concern in membrane-coated
electrocatalysts [1].

In this work, we aim to expand our understanding of graphene-
covered electrocatalysts by examining the performance of Gr-Pt(111)
for the hydrogen oxidation reaction (HOR). This reaction, the reverse of
HER, involves the oxidation of hydrogen molecules into protons in
acidic media. Studying HOR on Gr-Pt(111) is compelling for several
reasons. First, as mentioned earlier, HOR is especially sensitive to gas-
phase impurities like CO, which graphene coatings may help mitigate.
Second, since HER has already been shown to be enhanced by graphene,
it is valuable to investigate whether similar behavior occurs for the
reverse process. Lastly, HOR involves molecular hydrogen as the reac-
tant, which is larger than protons and may display different permeation
behavior through the graphene overlayer.

To explore these aspects, we grow graphene on Pt(111) using an
established CVD method. The resulting Gr-Pt(111) electrodes are eval-
uated for HOR activity and stability using a rotating disk electrode
(RDE) setup. This study will not yet consider the role of CO, as HOR on
Gr-Pt(111) turns out to be sufficiently complex that it warrants a study
on its own. We demonstrate that, similar to HER, the activity of HOR is
closely linked to the presence of defects in the graphene layer. Addi-
tionally, we show that HOR performance is strongly affected by the
potential-dependent stability of the graphene overlayer.

2. Methods
2.1. Electrolyte and glassware

All glassware was stored overnight in a 1g/L KMnOj4 solution acidi-
fied with HzSO4. The glassware was removed from KMnO4 and
immersed in a dilute H,O5/H3SO4 solution for at least 5 minutes, after
which the glassware was rinsed and boiled in Milli-Q water five times.
Electrolytes were prepared using HySO4 (96%, Merck Suprapur) and
Milli-Q water (>18.2 MQ cm, TOC < 5 ppb). The electrolytes were
purged with Ar (5.0 purity, Linde) and H; (5.0 purity, Linde). CoHy (3.0
purity, Linde) was used for the synthesis of graphene.

2.2. Electrode preparation

A Pt(111) single crystal (MaTeck, 6 mm diameter, 99.999%) was
used as the working electrode. Before each experiment, the electrode
was prepared based on the Clavilier method [22]. The crystal was flame
annealed in two butane torches for 4 minutes and cooled in Ar/H,
(80:30 ml min™!) to clean the surface and remove previously grown
graphene layers. The graphene layer was prepared using ambient pres-
sure chemical vapor deposition (CVD) with induction heating according
to the method of Fu et al. [17]. In this work, we preheat the crystal to
~1000°C in 200 ml min~! pure Hy for 5 minutes before dosing 2 ml
min~! CoH, for 4 minutes. After these 4 minutes, the CoH, bottle was
closed, but the heat and Hj stayed on for 1.5 minutes to allow for Hy
etching of the multilayers [23-25]. Subsequently, the heat was switched
off and the crystal was cooled down for a minimum of 3 minutes in pure
Hj before transferring to the electrochemical cell.
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Fig. 1. CVs of bare Pt(111) and Gr-Pt(111), pristine and defective, measured at
50 mV/s in 0.1 M H5SOy,.

2.3. Electrochemical methods

Electrochemical experiments were performed in a three-electrode
system using a Biologic SP-300 potentiostat. Pt(111) (with graphene)
served as the working electrode, a Pt wire (99.99%) was used as the
counter electrode, and a reversible hydrogen electrode (RHE, Hydro-
Flex, Gaskatel) was employed as the reference. A 10 pF shunt capacitor
was connected between the reference and an additional Pt wire
(99.99%) to reduce high-frequency noise. Electrode rotation was
controlled using an MSR rotator (Pine Research Instrumentation) with a
custom tip to attach the single crystal disk to the shaft.

The electrolyte was purged with Ar for at least 10 minutes prior to
electrochemical experiments to remove oxygen. The working electrode
makes contact with the solution in a hanging meniscus configuration
under potential control of 0.05 V vs RHE. Cyclic voltammetry between
0.05 and 0.85 V on bare Pt and 0 to 0.95 V on Gr-Pt(111) was used as
electrochemical characterization. Electrochemical impedance spectros-
copy (EIS) was used to measure the hydrogen permeation resistance at
0.15 V vs RHE at frequencies between 10 kHz and 0.1 Hz and 5 mV
amplitude [18].

To generate defects in the graphene layers, the potential was cycled
between -0.1 and 1.3 V at 500 mV/s, where the positive potential limit
and the number of cycles depended on the effect, i.e., defect density, to
be achieved.

Before all hydrogen oxidation reaction experiments, the cell was
purged with Ar for at least 10 minutes to remove oxygen and then for at
least 10 minutes with Hy to saturate the solution. During measurements,
Hjy is continuously purged over the solution in the headspace of the
electrochemical cell. At the beginning of each HOR measurement, the
ohmic resistance was determined by EIS, which was 85% compensated
in the Biologic software. Ten Gr-Pt(111) samples were prepared for the
HOR activity study. Five samples in total were prepared to study the
potential dependent stability of Gr-Pt(111).

2.4. Graphene characterization

Raman spectra of Gr-Pt(111) were recorded on a WITEC alpha 300 R
Confocal Raman Imaging system with a 457 nm laser wavelength, with a
maximum 5 mW laser power. The graphene layer was imaged using a
Thermo Scientific Apreo scanning electron microscope operating at 2
keV and 0.1 nA beam current.

Gold deposition is performed by cycling between 0.0 and 0.6 V in a
solution containing 0.1 M HzSO4 + 5 uM AuHCl4 (99.995% trace metal
basis, Sigma-Aldrich) [18,26,27].
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Fig. 2. (A) Forward scan of CVs for HOR, recorded between -0.05 and 1.2 V vs RHE at 10 mV/s and 1600 RPM in Hj saturated 0.1 M H,SO4. Curves compare bare Pt
(111) (dotted line) with Gr-Pt(111) at different defect densities. Current density at (B) 0.01 V and (C) 0.3 V vs. Rpermeation-

3. Results and discussion
3.1. The Gr-Pt(111) electrode

The quality of both the bare Pt(111) surface and the graphene-
covered surface was assessed using cyclic voltammetry (CV) in 0.1 M
HSO4. As shown in Fig. 1, the CV of bare Pt(111) shows the charac-
teristic features of the hydrogen under-potential deposition (Hypd) be-
tween 0 and 0.35 V vs RHE and the “butterfly” adsorption feature of
sulfate between 0.35 and 0.55 V. The CV of Gr-Pt(111) is different
depending on the state of the graphene layer. The pristine Gr-Pt(111)
exhibits an asymmetric Hypq region and an HER onset below 0 V vs.
RHE, both of which indicate high resistance to proton permeation
(Rpermeation)- In contrast, the defective Gr-Pt(111), prepared using
oxidative-reductive cycling, shows a more symmetrical Hypq feature
consistent with a lower Rpermeation. [18,28]. Notably, both Gr-Pt(111)
samples show no sign of the characteristic sulfate adsorption features
between 0.35-0.55 V. This means that the graphene layer specifically
inhibits anions (in this case sulfate) from adsorbing on the Pt(111)
surface, while hydrogen adsorption is still possible. This shows that the
graphene layer acts as a selective membrane (although there is evidence
that anions interact with the defects [18,28]). The reproducibility of the
CV for different CVD growths can be found in SI Fig. 1, together with a
representative Nyquist plot and the equivalent circuit used to obtain
Rpermeation- TO further characterize the surface, SEM, Raman spectros-
copy, and Au deposition were used, shown in SI Figs. 2-4. These tech-
niques consistently confirm that the surface is covered with a layer of
graphene with relatively low defect density. Additionally, multilayer
spots are observed, which account for approximately 20% of the surface.

3.2. HOR activity and graphene defects

The forward scans of HOR CVs for Gr-Pt(111) with different defect
densities, compared to bare Pt(111), are shown in Fig. 2A. Before each
HOR experiment, defects were created using potential cycling, which
lowers Rpermeation- The number of cycles was varied to obtain a range of
Rpermeation values. The CV of bare Pt(111) exhibits the well-known
behavior, where the current initially increases strongly, as Pt is a good
catalyst for HOR. Around 0.1 V, the current reaches a plateau, from
which potential the current is potential independent and fully limited by
mass transport [29]. This diffusion-limited current can be predicted
using the Levich equation for different rotation rates [29,30]. From
Fig. 2A, it is clear that the HOR activity strongly varies with the gra-
phene defect density, as expressed in Rpermeation- However, none of the
measured samples reach the predicted diffusion-limited current for
HOR, while a plateau is still present. This indicates that mass transport
limitations alone do not fully account for the observed behavior. The
rotation-rate dependent mass transport limitations of this system will be
described in more detail in the next section. The fact that this plateau is
not perfectly flat, like on bare Pt(111), is hypothesized to originate from
the accumulation of anionic species around defects, since we also
observe the steep current density decrease around 0.9 V on both bare Pt
(111) and Gr-Pt(111). On Pt, this steep decay is explained by the
adsorption of oxide species on the Pt surface [29,31]. We expect the
origin of this decrease on Gr-Pt(111) to be similar in nature, where an
anionic species is blocking the surface at or near defect sites, which
lowers the activity.

To further investigate the dependence of HOR activity on defect
density, we plot the HOR activity at 0.3 V, in the mass transport limited
regime, and 0.01 V, before mass transport limitations, as a function of
Rpermeation in Fig. 2B and C. At both potentials, two regimes appear to
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Fig. 3. Dependence of current density at 0.3 V on rotation rate for bare Pt(111)
compared to Gr-Pt(111) surfaces with increasing defect density.

exist. In the first regime, samples with high values of Rpermeation Show
negligible HOR activity that is independent of Rpermeation- This suggests
that the graphene layer blocks hydrogen from reaching the Pt surface to
perform the reaction. Additionally, introducing more defects does not
facilitate HOR in the same way it does for proton permeation. As Rper.
meation LOWETS, protons experience less resistance to permeate and adsorb
on Pt, but the results in Fig. 2B and C indicate that this is not necessarily
true for the hydrogen molecule.

Below an (apparent) threshold value of Rpermeation We enter a second
regime where the HOR activity rapidly increases and strongly correlates
with Rpermeation- This suggests the existence of a critical defect density for
HOR to be significant. This behavior is observed at both potentials,
meaning there is a similar effect on the kinetically- and diffusion-limited
current. The trend is less pronounced at 0.01 V, which can be attributed
to a greater variability in current profiles across samples at low
overpotentials.

It is important to note that Rpermeation reflects proton permeation
resistance rather than molecular Hy permeation resistance. The size
difference between protons and Hy molecules may therefore explain the
observed relationship between the HOR current density and Rpermeation-
Proton permeation through graphene has been hypothesized to occur
via atomic-scale point defects that are either inherently present or
generated in the lattice [17,28]. In pristine graphene, the dominant
defect sites, and thus the primary permeation pathways, are grain
boundaries between graphene domains [18]. The results presented in
Fig. 2 indicate that these grain boundaries are sufficient for proton
transport but insufficient to enable significant Hy permeation. Due to
their larger size, Hy molecules are expected to require either a higher
local defect density or larger defect structures for permeation [32,33].

Oxidative-reductive cycling introduces additional point defects into
the graphene layer [18]. Fig. 2 suggests that beyond a certain degree of
oxidative-reductive cycling, Ho permeation becomes sufficient, consis-
tent with the formation of defect structures capable of accommodating
permeation of molecular hydrogen. We hypothesize that above a critical
defect density, reflected by a sufficiently low Rpermeation, these point
defects created larger openings or undergo chemical modification (e.g.,
incorporation of oxygen functional groups, see section Potential
dependent stability), thereby altering their atomistic structure and
enabling Hy permeation. However, resolving the precise atomic nature
of graphene defects at varying defect densities under electrochemical
conditions requires specialized characterization techniques. Apparently,
such defect structures only appear beyond a critical defect density,
leading to the two distinct regimes observed in Fig. 2.

Electrochimica Acta 550 (2026) 148131
3.3. Rotation rate dependence on HOR activity

To further investigate the apparent diffusion limitation of the HOR
current and to make a comparison with the uncovered surface, we
studied the effect of rotation rate. As discussed, HOR on bare Pt(111)
reaches a diffusion-limited current, which can be described by Levich
equation:

. 2 11
Jji = 0.62nFD3v 6w2c,

with n being the number of electrons transferred (n = 2 for HOR), F the
Faraday constant, D the diffusivity of hydrogen, v the kinematic vis-
cosity of the electrolyte, @ the rotation rate of the electrode, and ¢, the
hydrogen concentration [30]. Here, the current scales with the square
root of the rotation rate, with a theoretical slope of 6.54*10~2 (mA
cm’z)*RPM’I/ 2 [29,30]. In our experiments with bare Pt(111) shown in
Fig. 3, a slope of 6.58%*1072 (mA cm 2)*RPM~ 2 can be extracted, in
agreement with theory.

The influence of rotation rate on the current in the (apparent)
plateau region was also investigated for Gr-Pt(111), as shown in Fig. 3.
For samples with low current densities, the measured current is largely
independent of rotation rate, further indicating that permeation through
the graphene layer, rather than solution diffusion, is the primary
limiting factor. However, as the defect density increases, and we enter
the second regime described in the section before, the current becomes
increasingly dependent on the rotation rate. The linear dependence of
the current density on the square root of the rotation rate suggests mass-
transport control. The slope with the strongest dependence is 4.45*102
(mAcm 2)*RPM 1/ 2, which is 32% lower than the theoretical Levich
slope. The magnitude of the current density measured for Gr-Pt(111)
compared to bare Pt(111) is between 28 and 35% lower for the
different rotation rates. The fact that the scaling of the slope and
magnitude of the current density are similar confirms the idea that in
this regime, the current is mass-transport limited.

This deviation from bare Pt(111) can possibly be explained by an
overestimation of the surface area used to normalize current to current
density. The current was normalized by the geometric surface area of the
electrode, which, for the atomically flat Pt(111) is a reasonable
assumption of the active surface area. Also, on Gr-Pt(111), the charge of
the Hypq reaches a full monolayer of hydrogen and does not change
significantly between samples with different defect density [17]. How-
ever, as discussed before, this apparent lower active surface area can be
caused by the limited permeation of the molecular hydrogen molecules,
meaning that the surface area active for HOR is specifically different
from that active for Hypq.

A possible origin of these blocked surface sites is the presence of
multilayers of graphene. As can be seen in the SEM images in SI Fig. 3,
there are spots of multilayer graphene. These spots make up around 20%
of the total surface, fluctuating slightly between samples. We used Au
deposition, a technique where Au selectively deposits on graphene
defect sites [18,26,27], to visualize the defect formation on our samples.
SI Fig. 4.2 clearly shows that the number of Au particles on multilayer
sections is less than on the single layer sections, even after significant
reduction of Rpermeation- We therefore hypothesize that the multilayer
sections of the graphene covered surface are the cause of the reduced
surface area deduced from Fig. 3.

To summarize our hypothesis of how Hy permeation and Hy mass
transport control the HOR activity of Gr-Pt(111), we combine the ob-
servations of Figs. 2 and 3. In the low current regime, the defect density
(or size and structure of defects) is insufficient to facilitate Hy perme-
ation for significant HOR activity, and thus the current is entirely limited
by slow Hy permeation. As a result, the current is independent of the
proton permeation resistance Rpermeation and the electrode rotation rate.

As the defect density decreases below an apparent critical defect
density, the limitation of Hy permeation is lowered to allow significant
HOR activity. In this regime, further increasing defect density increases
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Fig. 4. (A) Relative change in current density at 0.4 V (in the forward scan) after six cyclic voltammetry (CV) cycles between 0 V and the upper potential limit
indicated on the x-axis. (B) Relative change in current density at 0.4 V (in the forward scan) in CVs recorded before and after a 5-minute potential hold at the
indicated potential on the x-axis. All measurements represent independent experimental repeats and were performed at 1600 RPM in H>-saturated 0.1 M H2SOa. Panel

(A) was recorded at a scan rate of 20 mV/s, and panel (C) at 50 mV/s.

the Hy permeation and therefore, enhances HOR activity. As HOR be-
comes faster, the mass transport limitation of Hy start to form a signif-
icant limitation to the activity. However, the multilayer sections of the
surface remain largely impermeable to hydrogen molecules, which leads
to an effectively lower active surface area, which is reflected in a devi-
ation of the total mass transport limited current and the slope of the
Levich plot.

3.4. Potential dependent stability

Following the observation that Gr-Pt(111) exhibits structure-
dependent activity for the hydrogen oxidation reaction (HOR), we
investigated how this activity evolves as a function of time and electrode
potential. To this end, the upper potential limit of the cyclic voltam-
metry (CV) scan was varied. In each experiment in Fig. 4A, the CV was
cycled between 0 V and a defined upper limit for six times, and the
current at 0.4 V in the next positive-going scan was compared to the
current in the first scan. When the upper limit remained below 1.0 V, the
HOR current progressively decreased with each cycle. Interestingly, this
trend reversed around 1.0 V, with cycling to 1.2 V leading to an
increased activity. In a similar experiment, applying a potential for 5
minutes has the same effect on the CV current measured at 0.4 V in the
following positive-going scan, as shown in Fig. 4B. Both observations
indicate a pronounced potential dependence of the structure of the
graphene on Pt(111) [33]. Having previously established that graphene
defects are the main pathway for transporting reactants and products,
leading to enhanced HOR activity, we hypothesize that a loss of activity
is related to a lowering of the number of defect sites, or otherwise a
change in the defect structure leading to lower activity. Potential causes
include the accumulation of blocking species at the defects or structural
changes that reduce access to the underlying Pt surface.

The only electrolyte species present are water, protons, and sulfate/
bisulfate ions. Because the solution is already strongly acidic, the effect
of protons generated during HOR is expected to be negligible. An effect
of anions blocking the surface is expected to increase at higher potentials
since anions will be more attracted to a more positive surface. However,
our experiments show the opposite effect, with more positive potentials
eventually showing an increase in activity. Therefore, we also exclude
the blocking of anions as the main explanation for this effect.

Another plausible explanation is a potential-dependent structural
transformation of graphene itself. Considering that our approach to
create defects in the graphene layer involves cycling to these positive
potentials, we assume that oxidation of defect sites or carbon atoms
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Fig. 5. Relative change in current density over a 5-minute chronoampero-
metric (CA) potential hold at the corresponding potential shown on the x-axis.

occurs [32,33]. While the full oxidation of carbon to CO5 (or CO) is
unlikely to be reversible, there is evidence that graphene can form ox-
ygen functional groups in the lattice at oxidative potentials [33]. These
functional groups, having similar characteristics to graphene oxide,
could then be electrochemically reduced [33,34]. It is likely that sites
like these have a different hydrogen permeability compared to a pristine
lattice [35]. Using Au deposition, Arulmozhi et al. [18] showed that
oxidative reductive cycling created more point defects in the graphene
in addition to existing grain boundaries. In contrast, at lower potentials,
graphene may slowly "heal" or restructure in a way that inhibits
hydrogen permeation pathways, diminishing activity. Considering the
observed changes are strongly potential dependent and taking into ac-
count the suggestion of reversible oxidation in literature, we hypothe-
size a role of oxidation and reduction of parts of the graphene lattice,
however the exact mechanism at the atomic level cannot be resolved
through electrochemical techniques alone. Therefore, extensive mate-
rial characterization would be necessary to elucidate the possible role of
the graphene structure or electrolyte effects in the observed
phenomenon.

Although the CVs recorded before and after the potential hold show a
potential-dependent trend, as discussed above, the current during the 5-
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minute hold itself consistently decreases at all potentials (Fig. 5). This
seems contradictory, considering that cycling to and holding the po-
tential at 1.0 and 1.2 V leads to an increased activity measured at 0.4 V.
This contrast suggests that the effect of potential during CV cycling
differs from a time effect during potential holding.

One possible explanation for why, at high positive potentials, the
current does not increase over time is the accumulation of species, such
as anions or oxides, at the surface. This could lead to a poisoning effect
that suppresses the current, even as the surface does undergo defect
formation or restructuring. Even though the graphene layer prevents the
direct adsorption of anionic species, it has been shown that the presence
of anions changes the hydrogen adsorption/desorption kinetics [18].
This suggests that anions can block permeation through the defects by
being present (or adsorbed) close to or within defects sites on the gra-
phene surface. When the potential is subsequently cycled back toward
0V, these accumulated species may be desorbed or displaced, effectively
"cleaning" the surface. As a result, when the current is extracted at 0.4 V,
the previously formed or restructured defect sites are now more acces-
sible, potentially explaining the observed increase in HOR activity.

Alternatively, it is possible that the formation or restructuring of
defect sites requires both oxidative and reductive conditions to change
into the permeable form needed for the reaction. However, these
mechanistic hypotheses cannot be confirmed solely through electro-
chemical data. Further investigation using complementary material
characterization techniques would be needed to support this
explanation.

We also investigated the effect of changing the negative potential
limit. The results are shown in Fig. 6. Below 0 V, the hydrogen evolution
reaction (HER) takes place, producing Hj at the surface. Hydrogen
bubbles can delaminate graphene from its metal substrate [36,37]. It is
therefore expected that, without additional protection, graphene will be
damaged by the formation of these bubbles [28]. Fig. 6A shows a strong
increase in HOR current after performing HER. Additionally, Fig. 6B
shows how the blank CV has changed, with the HER onset having shifted
significantly, indicating that the graphene is more defective [18,28].
However, no features in the anion adsorption region have appeared,
meaning that no delamination of larger pieces of the graphene layer took
place.

4. Conclusions

In this work, we investigated both the activity and stability of the
hydrogen oxidation reaction on graphene-covered Pt(111) to elucidate
the role of the graphene layer as a catalyst coating. Our results
demonstrate that the HOR activity on Gr-Pt(111) is strongly dependent

on the defect density of the graphene layer. These defects serve as
permeation pathways for Hz, enabling access to the underlying Pt sur-
face. By correlating the measured proton permeation resistance Rper.
meation With HOR current densities, we identified two distinct regimes.

At low defect density (high Rpermeation), the current is limited by the
permeation of Hy molecules through the graphene layer. The atomic-
scale defects that facilitate proton transport are insufficient for molec-
ular H. permeation. As the defect density increases (Rpermeation de-
creases), a second regime emerges where HOR activity sharply increases
and the current becomes mass-transport limited. The nonlinear depen-
dence of Hz permeation on defect density suggests that not only the
defect density changes, but also the permeation ability (e.g. size) of the
individual defects.

We further show that HOR activity is strongly influenced by the
applied potential. Cycling the potential below 1.0 V reduces activity,
while cycling potentials above 1.0 V increases activity, likely due to
dynamic potential-dependent opening of the graphene layer. During
prolonged potential holds, the current gradually decreases, which we
attribute to accumulation of anions or oxide species near defects.
Additionally, performing HER prior to HOR enhances activity, further
suggesting that graphene damage increases Hy permeation.

Overall, our findings highlight that graphene coatings affect catalytic
performance by changing reactant permeation and active site accessi-
bility, while also exhibiting potential-dependent changes in stability
over time.
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