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ABSTRACT

Proton exchange membrane fuel cell (PEMFC) electrodes comprise multiple functional components whose interplay critically
influences both performance and long-term stability. In this article, the interaction between ionomer and catalyst materials was
investigated using electrochemical quartz crystal microbalance with dissipation monitoring, enabling detection of potential-
dependent changes in mass and viscoelastic properties. Measurements were conducted on platinum, carbon, and gold electrodes,
with and without a Nafion overlayer, in 0.5M H,SO, and 0.1 M HCIO,. Additionally, a representative catalyst layer (CL) was
fabricated by spray-coating PEMFC catalyst ink onto quartz crystals and examined under identical electrochemical conditions.
Enhanced hydration of Nafion on a platinum electrode was observed during potential cycling, attributed to electrochemical reac-
tions at the platinum surface, rather than being a direct consequence of the applied potential as this behavior was not observed on
crystals with Nafion-covered carbon electrodes. Changes in viscoelastic properties and mass uptake was shown to be influenced by
the choice of electrolyte solution, particularly the nature of the anions. Importantly, the response of the spray-coated PEMFC-CL
aligns closely with the behavior observed for Nafion-coated planar platinum, validating the simplified model approach and pro-
viding deeper insight into ionomer behavior under dynamic fuel cell conditions.

1 | Introduction Particularly, the choice of catalyst is decisive for the performance
of the fuel cell [3, 4]. In commercial applications, platinum nano-
particles (NPs) are commonly employed, with electrical contact
facilitated by a porous carbon support. Similarly, the electrolyte
material of the proton exchange membrane (PEM) as well as the
ionomer material, predominantly composed of perfluorosulfonic
acid (PFSA) polymers, play a critical role in the fuel cell efficiency
[5]. The ionomer, together with the PEM, enables proton conduc-
tion, while maintaining hydration in the catalyst layer (CL) and
still allowing gas access to active sites. Achieving an optimized
balance between the key functions of the ionomer remains
The performance of a PEMFC is strongly influenced by its one of the central challenges in the continued development of
constituent materials and the interactions between them. PEMFCs, as these functions are inherently interdependent and

To mitigate the consequences of anthropogenic climate change,
society must transition from fossil fuels to renewable energy
sources, thereby significantly reducing greenhouse gas emissions.
However, such a societal shift necessitates the development of
advanced energy storage solutions, including the establishment
of a robust hydrogen economy [1, 2]. This encompasses the devel-
opment of efficient technologies for energy recovery from pro-
duced hydrogen, for which the proton exchange membrane
fuel cell (PEMFC) is one such technology.
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can influence each other in complex ways. For instance, the ion-
omer must facilitate efficient gas transport to the active sites, par-
ticularly at the cathode, which requires high O, permeability.
Simultaneously, the polymer structure must support effective
proton conduction to sustain electrochemical activity. Moreover,
an excessive ionomer-to-catalyst or ionomer-to-carbon (I/C) ratio
can negatively impact overall performance by hindering the gas
diffusion and blocking or poisoning active sites [6-8]. In this con-
text, a detailed mechanistic understanding of ionomer—catalyst
interactions and the processes occurring at their interface is
essential. Such insight is critical for designing CLs that strike
the right balance between these competing requirements and
thereby maximize the fuel cell efficiency.

Over the past decades, the influence of individual PEMFC electrode
components on the overall performance has been extensively stud-
ied. The insights gained have enabled identification of several key
contributors to performance limitations at the beginning of life,
paving the way for development of targeted optimization strategies.
One notable example is the optimization of water management
through modifications of the electrodes’ fine structures, allowing
precise control of the hydration of the PEM and ionomer and
thereby enabling a more reliable cell performance [9]. Although
these improvements have positively impacted operational routines,
the application in PEMFC systems continues to reveal the existence
of yet unidentified sources for performance loss. That especially
applies to the process of activating PEMFCs. The activation proto-
cols often involve cycling of either temperature, voltage, humidity,
or combinations of these parameters to break in the fuel cell and
ultimately improve initial performance [10], but what exactly is
causing the performance increase upon activation of PEMFCs is
often unclear. This is partly based on the fact that many studies
focus on single components and often neglect the interactions
between them, meaning that investigations of such interfacial
interactions remain an underexplored area.

Beyond initial performance optimization, ensuring long-term
durability remains another critical challenge for PEMFC technol-
ogy. Despite the operational excellence and stability of individual
components under harsh operating conditions, deactivation and
degradation of PEMFC electrodes over time continue to limit
operational lifetime and impede a broader commercialization
of this technology [11]. A gradual decline in the performance
of a PEMFC can occur through a range of various mechanisms,
with a major contributor being the loss of catalyst material, such
as platinum NP dissolution, migration, coalescence, and detach-
ment, which significantly diminish the active surface area. These
processes are either facilitated or induced by the corrosion of the
carbon support material [12-17]. Degradation is, however, not
confined only to the catalyst and support. A further key factor
is the deterioration of the PEM or ionomer material, driven in
part by the formation of hydrogen peroxide within the fuel cell
at cathode potentials below 0.696 V vs. the standard hydrogen
electrode or as a result of oxygen crossover to the anode
[18, 19], leading to reactive radical species attacking the side
chains or terminal groups of the polymer backbone, and ulti-
mately degradation of PFSA polymer [20-22]. Comparable dam-
age can furthermore arise from electrochemical and mechanical
stress associated with hydration cycling [23], where repeated
changes of the structure within the material lead to internal
stresses and embrittlement. When the polymer structure deteri-
orates, proton conductivity between anode and cathode is

impaired, causing a progressive increase in the intrinsic ohmic
resistance of the fuel cell. However, also in degradation studies
these mechanisms are often examined at the level of individual
components, frequently overlooking the complex interactions at
material interfaces. Yet, these interfacial phenomena likely play a
decisive role in both activation behavior and long-term degrada-
tion, and remain insufficiently understood.

In particular, little is known about the interactions between the
ionomer and the catalytic platinum NPs or carbon support within
the CL. Due to the complexity of this system, computational stud-
ies are a common means of gaining an understanding of the pre-
vailing interfacial conditions. Several of these studies predict the
formation of an interfacial water layer, where the equilibrium
state of the interfacial water molecules critically influences the
morphology of the ionomer at this interface [24, 25]. Further
work has also shown that the local electrode potential plays a
crucial role in this context [26, 27]. In contrast, experimental
studies have lagged behind. Several extensive studies have char-
acterized the ionomer ex situ using techniques such as electron
microscopy combined with X-ray spectroscopy, providing valu-
able insights into its morphology under controlled conditions
[28, 29]. However, these approaches cannot capture the dynamic
structural changes that occur during operation. To address this,
in situ methods like atomic force microscopy (AFM) measure-
ments have been explored and were able to reveal a lamellar
structure of the ionomer film in the CL of a membrane electrode
assembly after testing [30]. Yet, there is still a lack of experimen-
tal investigations on how changes in electrode potential affect the
morphology of the ionomer material.

An alternative in situ technique to AFM for probing morphologi-
cal changes is the quartz crystal microbalance with dissipation
monitoring (QCM-D). This method tracks shifts in frequency
and energy dissipation of a quartz crystal oscillating at resonance.
Changes in resonance frequency can be correlated with mass var-
iations at the electrode, while the dissipation describes the amount
of energy dissipated due to damping of the quartz crystal oscilla-
tion. The magnitude of dissipation is typically determined from the
decay time of an induced oscillation. Finally, the combined obser-
vation of frequency and dissipation changes allows conclusions to
be drawn about the viscoelastic properties of the electrode.
Therefore, QCM-D has become a widely used tool in biological
and polymer science to characterize thin films on sensor surfaces
[31, 32]. When coupled with electrochemical measurements
(electrochemical quartz crystal microbalance with dissipation mon-
itoring, EQCM-D), this approach enables the analysis of potential-
dependent processes and their effects on surface characteristics.
This technique has been employed in earlier studies to investigate,
for example, the Pt/electrolyte interfaces in different electrolytes
[33, 34] as well as the impact of potential changes on the dissolu-
tion behavior of platinum electrodes in both acidic and alkaline
environments [35, 36]. Further it also has been used to examine
the catalytic role of platinum NPs in accelerating the corrosion
of carbon electrodes [37]. Other previous EQCM studies have elu-
cidated the potential-dependent adsorption and desorption of per-
fluorosulfonated ionomers on noble metal electrodes from solution
[38, 39]. However, the dynamic interaction of a predeposited ion-
omer thin film in direct contact with platinum and carbon electro-
des under electrochemical cycling conditions remains insufficiently
characterized, particularly with respect to the ionomer’s structural
evolution and hydration state.
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In this work, EQCM-D measurements were performed during
cyclic voltammetry (CV) on platinum, carbon, and gold electrodes
coated with a 30 nm Nafion layer to investigate the influence of
electrode material and electrolyte composition on the interfacial
behavior of ionomer films. Experiments were carried out in both
0.5M H,SO, and 0.1 M HCIO, under otherwise identical condi-
tions, as these acids and concentrations are commonly employed
in the evaluation of PEMFC catalysts in half-cell setups. This choice
was made to ensure an applicable and meaningful comparison with
literature data and practical catalyst testing environments. The
results reveal that the viscoelastic properties of the Nafion film
exhibit dynamic responses to potential cycling. This response indi-
cates the polymer film’s sensitivity to potential-induced modifica-
tions of the electrode/ionomer interface, particularly the surface
state of the electrode during oxidation and reduction. In the case
of measurements on platinum electrodes in H,SO,, repeated poten-
tial cycling led to a pronounced increase in polymer hydration, sug-
gesting dynamic changes in interfacial structure as a driving factor.
In contrast, distinct responses in HC1O, underline the influence of
the electrolyte composition on the structural response of the ion-
omer layer. To assess the relevance of these findings to practical
fuel cell electrodes, additional measurements were performed on
spray-coated PEMFC electrodes. The observed potential-dependent
hydration dynamics closely mirrored those of a planar Nafion-
coated electrode, thereby implying that the same structural changes
in the ionomer film are likely to occur in real fuel cell electrodes as a
result of the surface reactions on platinum in response to potential
variation. Moreover, these results demonstrate that EQCM-D is a
relevant tool for providing mechanistic insights into ionomer behav-
ior within practical electrode architectures.

2 | Results and Discussion
2.1 | EQCM-D Measurements in H,SO,

Figure 1 shows the data from CV alongside the corresponding
mass and dissipation changes measured simultaneously via
QCM-D for three different electrode materials. Electrodes of plat-
inum, carbon, and gold were tested, each with and without an
additional Nafion coating. The Nafion coating was applied by
spin coating and the thickness and homogeneity of the coating
was checked by a surface profiler, AFM, and optical microscopy
(more detailed information can be found in the Supporting infor-
mation). All data was recorded at 25°C in 0.5 M H,SO, with a
scan rate of 50mVs™'. Since a detailed comparison between
the cases with and without Nafion across the different electrode
materials is not the primary focus of Figure 1, we refer interested
readers to the Supporting Information, where an additional plot
is provided that specifically highlights these differences providing
data for in-depth analysis. The mass changes reported through-
out refer to the Sauerbrey mass, calculated using the Sauerbrey
equation in liquid medium [40].

For the Pt-only electrode (Figure 1a), the characteristic electro-
chemical behavior of polycrystalline platinum surfaces and the
associated potential-dependent mass and dissipation changes
are in good agreement with previous reports [36, 41]. The mass
response observed during CV can be divided into four key
regions: (i) hydrogen interaction (0.05-0.4 V vs. reversible hydro-
gen electrode, RHE), (ii) double-layer charging (0.4-0.6V vs.
RHE)), (iii) OH adsorption and platinum oxidation during the for-
ward scan (starting at ~0.8 V vs. RHE to 1.25 V vs. RHE), and (iv)
platinum oxide reduction during the reverse scan (1.25-0.6 V vs.
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FIGURE1 | Comparison of CV (black), Sauerbrey mass (blue), and dissipation (red) response during EQCM-D measurements of platinum, carbon,

and gold electrodes with and without an approximately 30 nm thin layer of Nafion. The measurements were performed at 25°C in 0.5 M H,SO, with a

scan rate of 50 mV s, In the upper row, (a) presents the data for the Pt-only electrode, (b) for the C-only electrode, and (c) for the Au-only electrode. In
the lower row, (d) shows the data for the Pt/Nafion electrode, (e) for the C/Nafion electrode, and (f) for the Au/Nafion electrode.
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RHE). Each region of the mass response thereby reflects distinct
surface processes, including (i) displacement of interfacial water
during hydrogen adsorption [42, 43], (ii) gradual mass increase
due to anion and water coadsorption [34], and mass changes
associated with (iii) oxide formation and (iv) reduction. A minor
net mass loss is observed when comparing the Sauerbrey mass
signal at the beginning and the end of the cycle at the same
potential (—0.05V vs. RHE), caused by platinum dissolution
occurring mainly during the platinum oxide reduction [44].
No significant changes in the dissipation of the quartz crystal
oscillation were detected throughout the scan, indicating negli-
gible changes in the viscoelastic properties of the surface, which
in this case can be interpreted as no changes in the platinum sur-
face structure, i.e., roughness [45].

For the C-only electrode, very small electrochemical currents cor-
responding to capacitive charging/discharging of the electro-
chemical double layer and virtually no relevant changes in the
resonance frequency or dissipation can be detected within the
tested potential range (Figure 1b). This observation aligns with
earlier studies reporting that surface redox processes, such as the
reversible conversion between hydroquinone and quinone
groups, may occur below 1.35V vs. RHE, but their electrochemi-
cal and gravimetric signatures are minimal compared to the
prominent features observed for metal electrode surfaces [46].

For the Au-only electrode (Figure 1c), the mass and dissipation
response was recorded over the extended potential range from
0.05 to 1.8 V vs. RHE. This potential window was selected for
all gold electrode measurements in this study to encompass both
oxidative and reductive conditions relevant to gold surface
processes (results for EQCM-D measurements recorded in a sim-
ilar potential range as for the measurements of the Pt-only elec-
trodes, namely 0.05-1.25V, can be found in the Supporting
Information). The aim was to investigate the response of a
Nafion film during electrochemical reactions on another noble
metal surface to enable comparison with the behavior observed
for the Pt/Nafion electrode. The mass response of the Au-only
electrode can be categorized into three main regions [47, 48]:
(i) double-layer charging (0.3-1.0 V vs. RHE), (ii) anodic oxida-
tion of the gold surface (1.0-1.8 V vs. RHE), and (iii) subsequent
oxide reduction (1.8-1.0V vs. RHE). (i) In the double-layer
region, a continuous increase in mass is observed, attributed
to the strong specific adsorption of sulfate and bisulfate anions
along with the coadsorption of water molecules. (ii) Upon the
onset of gold oxidation, the mass increases further, reflecting
the formation of hydrated gold oxide species. (iii) During the
reduction phase, the mass decreases gradually as the oxide is
reduced, with the process being largely reversible.

Figure 1d-f displays CV, Sauerbrey mass and dissipation
response for the three different electrode materials after each
was coated with an approximately 30 nm thin layer of Nafion.
Compared to Figure 1a—c, it becomes evident that the voltammo-
grams do not differ significantly, suggesting that the electro-
chemical processes occurring at the electrode surface are not
substantially affected by the presence of a thin Nafion layer.
In contrast, the mass and dissipation responses exhibit pro-
nounced differences.

For the Pt/Nafion electrode (Figure 1d), the general characteris-
tics of the potential-dependent mass changes are still observable.
However, the hysteresis between mass increase due to oxidation

and mass decrease due to reduction of the platinum surface
appears smaller compared to the Pt-only electrode. The specific
potential at which the mass change occurs does not shift notice-
ably, but rather magnitude of the mass change is reduced. More
precisely, the increase in Sauerbrey mass due to oxidation of the
platinum surface appears to be approximately 30 ng cm™2 lower
for the Pt/Nafion electrode compared to the Pt-only electrode.
Accordingly, the mass loss during the reduction of the platinum
oxide surface is also slightly reduced compared to the case with-
out Nafion. While these differences are relatively small, they are
systematic and reproducible across multiple cycles during CV
after conditioning of the electrode surface. Additional details
and supporting data are provided in the Supporting Information.

We hypothesize that the sulfonic acid groups of the ionomer
influence the structure of the water—platinum interface during
the platinum oxidation. Previous studies have demonstrated that
the hydrophilic side chains of the ionomer can disrupt the struc-
ture of the electrical double layer at the water—platinum interface
[38, 49, 50], thereby reducing both the density and adsorption of
water at this interface [43, 51]. It is therefore reasonable to
assume that this disruption of the double layer has a significant
local influence on the morphology of the water coupled to the
oxidized platinum surface. In previous studies, it has been shown
that electrode surfaces can undergo pronounced roughening dur-
ing oxidation, which typically leads to an overestimation of the
mass change at the electrode surface in EQCM measurements
based on the shift in resonance frequency [52, 53]. A substantial
portion of the observed mass change arises from water being
trapped within cavities of the roughened, oxidized surface. At
this stage, it appears plausible that the presence of the Nafion
layer, along with its interaction with the metal surface, contrib-
utes to a partial suppression of the surface roughening effect and
water trapping.

The so-called Gibbs-Donnan effect might provide another poten-
tial reason for the observed behavior [54]. This effect describes
the presence of an electrostatic barrier within a polymer film
caused by fixed charged groups. In the specific case of Nafion,
the negatively charged sulfonate groups in the hydrated state
must be balanced by positively charged ions. This leads to an
unequal distribution of ions between the polymer phase and
the bulk electrolyte, creating an electrostatic potential at the
polymer-electrolyte interface [55, 56]. Such a potential can act
as a barrier for anions, making it more difficult for, e.g., sulfate
ions from the electrolyte solution to migrate through the polymer
film. It is therefore probable that this effect also impedes the
specific adsorption of sulfate ions, which could manifest as
the reduced mass increase during oxidation, and consequently,
the diminished hysteresis. This assumption is supported by the
observation that specific adsorption of sulfate ions can contribute
to an overestimation of mass increase in EQCM-D measurements
of this system [34].

An alternative or complementary explanation, however, may be
found in the changes in viscoelastic properties of the Nafion layer
itself, which becomes apparent upon closer inspection of the dis-
sipation signal. Particularly striking in this regard is the strong
potential dependence observed in the measured dissipation
changes on the Pt/Nafion electrode (Figure 1d). While on the
Pt-only electrode (Figure 1a), the dissipation is constant during
cycling, a Nafion film on platinum causes the dissipation to
clearly change during the cycle and the response can be divided
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into four regions: in the range of approximately 0.05 to 0.2V vs.
RHE (i), there is a pronounced decrease in dissipation, which
then stabilizes in the range of 0.2 to 0.8V vs. RHE (ii).
Subsequently, a further decrease in dissipation is observed
between about 0.8 and 1.25V vs. RHE (iii). During the cathodic
scan, an increase in dissipation is apparent in the range from 1.25
to 0.6 V vs. RHE (iv), and it is noteworthy that this increase is not
reversible, as it significantly exceeds the initial level. It is also
striking that these changes in the dissipation of the quartz crystal
oscillations closely correlate with certain features of the CV.
Region (i) appears to coincide with the first hydrogen adsorption
peak, (ii) represents the double-layer region up to Pt oxidation,
and (iii) as well as (iv) correspond to subsequent oxidation and
reduction processes, respectively. Since measurements on a C/
Nafion electrode (Figure 1e) do not exhibit any comparable fea-
tures, it can be ruled out that the observed dissipation changes in
Figure 1d are due to a potential-dependent response of the
Nafion layer itself. Instead, it appears that the Nafion layer
responds directly to electrochemical reactions or changes on
the platinum surface and the water—platinum interface during
measurements.

We argue that in the case of a Pt/Nafion electrode the most plau-
sible explanation is that the changes in dissipation during CV are
attributed to structural changes in the Nafion layer and likely also
an increased water uptake in the Nafion, arising from the diffusion
of water molecules and sulfate ions to and from the platinum sur-
face as a result of the electrochemical processes on the platinum
surface. This interpretation is primarily based on the well-
established observation that the dissipation of quartz crystal oscil-
lations in QCM measurements of polymer films is highly sensitive
to changes in hydration [57]. A variation in the water content of a
polymer film alters its viscoelastic properties: a film with lower
water content behaves more rigidly with respect to oscillatory
motion compared to a respective film with higher levels of trapped
water. This change in shear modulus of the polymer layer directly
affects the damping of the oscillation of the quartz crystal, which
in turn is expressed through the dissipation signal [31, 45, 58].
Consequently, dissipation responds strongly to variations in the
viscoelastic properties of the film, which scale with the polymer’s
water content [59, 60]. During the oxidation of the platinum sur-
face, which can be described as [61]

Pt+H,0—-PtOH,4+H* +e~ @
PtOH,4—PtO+H™* +e~ 2
PtO+ H,0—>PtO, +2H™ +2e~ 3)

Water molecules are consumed from the interfacial region, effec-
tively lowering the water content within the adjacent Nafion
layer, while at the same time protons are generated which will
be solvated by additional water molecules to form the well-
known hydration shell structure [62]. This results in a stiffening
of the layer, reflected by a decrease in dissipation in region (iii).
This reduction in water content within the Nafion layer and its
surrounding environment may also offer an explanation for the
previously noted discrepancy in mass increase of approximately
30 ngcm ™2 observed during surface oxidation between the Pt-
only and Pt/Nafion electrodes. More precisely, a portion of the
water participating in the oxidation reaction may already be

confined within the Nafion layer and thus mechanically coupled
to the oscillation of the quartz crystal prior to the onset of oxida-
tion. As a result, the additional water mass detected during the
reaction appears smaller compared to the Pt-only electrode,
where all water involved originates from the bulk electrolyte
and contributes more directly to the observed mass change.
Conversely, during the subsequent reduction of the oxide layer
(region iv), water is released back into the surrounding Nafion,
increasing its hydration and thereby its viscosity, which mani-
fests as an increase in dissipation. The irreversibility of this
response of the Nafion film on a platinum surface to interfacial
electrochemical reactions can be explained by the net water
transport during the oxidation step. Water and anions appear
to diffuse along the gradient through the Nafion layer toward
the electrode surface to maintain ionic coordination in the elec-
trolyte [63]. However, not all of this water seems to be expelled
from the polymer matrix during the reverse (reductive) process,
resulting in a net increase in mass due to an increased water con-
tent in the Nafion film.

A similar behavior is observed for the Au/Nafion electrode
(Figure 1f). In the oxidation region (1.35-1.65V vs. RHE), a pro-
nounced decrease in dissipation is evident, while in the reduction
region (1.25-1.00V vs. RHE), a strong increase in dissipation
occurs. In this case as well, the dissipation rises significantly
above the initial value following reduction. However, additional
pronounced dissipation changes are observed in the double-layer
region. During the anodic scan, a distinct increase in dissipation
begins at approximately 0.8 V vs. RHE. During the cathodic scan,
immediately following the reduction of the gold oxide surface
(below 1.0V vs. RHE), a slightly weaker increase in dissipation
is seen, followed by a sharp drop at applied potentials below 0.6 V
vs. RHE. At low applied potential, the dissipation returns to its
initial value, suggesting that the dissipation changes during a sin-
gle CV cycle are fully reversible.

The response of the dissipation to the oxidation and reduction of
the gold surface closely resembles that of the Pt/Nafion electrode,
although appearing significantly more pronounced, and can be
similarly explained by a depletion of interfacial water and subse-
quent stiffening of the Nafion layer during oxidation, as well as
rehydration and increased viscosity during reduction according to:

2Au + 3H,0—Au,0; + 6H* +6e~ @

The behavior in the double-layer region, on the contrary, differs
significantly from that of platinum. In the case of the Au/Nafion
electrode, substantial dissipation changes are observed in this
region, in some cases exceeding those caused by electrochemical
reactions happening at the metal surface. These dissipation
changes can be explained by the distinct nature of interfacial pro-
cesses occurring at gold electrodes in sulfuric acid between 0.05
and 1.2V vs. RHE. Under these conditions, adsorption of sulfate
anions and coadsorption of water molecules take place. The for-
mation of hydrogen bonds between sulfate ions and water leads
to the development of highly ordered adsorbate layers at the
electrode surface [64, 65]. Ataka et al. [66] reported a potential-
dependent restructuring of these adlayers, identifying two
characteristic potentials at which the interfacial water layer
undergoes significant rearrangement. These structural changes
occur at electrode potentials around 0.5 and 0.8V vs. RHE. In
our experiments, we also observed dissipation changes at these
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potentials, which we attribute to the response of the Nafion layer
to restructuring of the adsorbed sulfate/water layer at the gold
surface.

A direct comparison between measurements on gold electrodes
with and without Nafion reveals that the frequency change stem-
ming from the mass increase typically associated with the forma-
tion of surface oxides during the anodic scan is significantly
attenuated by the polymer layer. Specifically, in the potential range
between 1.25 and 1.75V vs. RHE, no measurable mass change is
detected. This behavior mirrors previous observations made for
platinum electrodes, where a diminished mass response was
attributed to Nafion-induced alterations of the metal surface prop-
erties, most likely through specific interactions at the polymer—
electrode interface, or to the partial preconfinement of reactive
water within the Nafion layer, which is already mechanically cou-
pled to the QCM sensor prior to the onset of oxidation. In the case
of gold, an additional contribution may stem from enhanced dis-
solution of gold or the partial desorption of specifically adsorbed
sulfate anions during the anodic process. This would result in a
compensating mass loss that counteracts the expected mass gain
due to oxide formation, thus leading to an apparent net-zero mass
change within this potential window. In a similar way, the previ-
ously discussed Donnan-effect might contribute by limiting the
accessibility of sulfate ions to the gold surface, thereby reducing
their specific adsorption in a manner similar to what was described
for platinum electrodes. Moreover, during the cathodic scan, the
decrease in Sauerbrey mass proceeds only gradually once the elec-
trode potential drops below 1.25V vs. RHE. A pronounced mass
loss is observed only at potentials more negative than 0.5V vs.
RHE, which coincides with a sharp reduction in dissipation.
This behavior strongly suggests that, between 1.25 and 0.5V vs.
RHE, additional water remains trapped within the interfacial
region of the crystal and remains coupled to its oscillation. The
final release of this water appears to be associated with the
potential-driven reorganization of the electrical double layer at
the gold surface, which likely disrupts the hydrogen-bonding net-
work and enables water expulsion from the Nafion matrix.

To illustrate the differences between measurements on electrodes
without and with Nafion, Figure 2 shows plots of the Sauerbrey

a
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mass change versus charge, following the approach used in pre-
vious studies [34, 67]. The plotted data correspond to the forward
scan of the EQCM-D measurements shown in Figure 1. For the
Pt-only electrode (Figure 2a, dark blue curve), the plot can be
divided into four distinct regions, each associated with specific
electrochemical surface processes: The linear trend observed
in Region (i) is attributed to the desorption of adsorbed hydrogen
atoms from the platinum surface. The positive mass change has
been investigated in previous studies and explained by a gradual
increase in water molecule adsorption on the platinum surface as
hydrogen atoms desorb [33, 34]. A similar effect is observed dur-
ing double-layer charging, represented by Region (ii). In this
region, the steep slope indicates a significant mass increase with
only minimal charge transfer, which is likewise explained by
additional water adsorption at the surface [36]. Some studies also
consider the possible contribution of adsorption of anions from
the electrolyte solution [34, 67]. In region (iii), the slope of the
curve decreases markedly as oxidation of the platinum surface
begins, resulting in substantial charge transfer. Jerkiewicz
et al. proposed a two-step oxidation mechanism [36]: (1) partial
discharge of the adsorbed water layer accompanied by chemi-
sorption of oxygen on the platinum surface; (2) discharge of
the remaining part of the water monolayer, during which chem-
isorbed oxygen atoms undergo interfacial site exchange due to
repulsive dipole-dipole interactions, leading to the formation
of a PtO lattice on the electrode surface. The second step of this
oxidation process is represented by Region (iv) in the plot. While
Jerkiewicz et al. excluded sulfate anion interactions during oxi-
dation [36], other studies interpret discrepancies in mass increase
as a contribution from specific anion adsorption from the elec-
trolyte [67]. Given the slight variations in previously reported
mass changes across these regions, we do not discuss detailed
adsorption mechanisms here. Instead, we note that the mass
changes observed in our study relative to the transferred charge
are in good agreement with previously reported data [34, 36, 67].

More interesting, however, is how this relationship changes in
the presence of a Nafion film. The data for the Pt/Nafion elec-
trode are shown in light blue in Figure 2a and generally exhibit
a similar overall trend to the Pt-only electrode, but with notable

b
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FIGURE2 | Comparison of Sauerbrey mass change vs. charge plots for (a) Pt-only and Pt/Nafion electrodes, and (b) Au-only and Au/Nafion electro-

des during a CV in at 25°C in 0.5 M H,SO, with a scan rate of 50 mV s™". The plots were obtained from the data shown in Figure 1 during the respective

forward scan.
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differences in specific regions: In Region (i), the curve for the Pt/
Nafion electrode is not linear. In the start of Region (i), the
Sauerbrey mass changes very little, but toward the end of the
region, the mass change increases progressively with transferred
charge, reflected in the steepening slope. This suggests that the
mechanism during hydrogen desorption differs from that of the
Pt-only electrode and that water adsorption does not proceed in
the same manner. As discussed earlier, this is likely due to inter-
actions between the polymer film and the interfacial water layer
[25-27]. In Region (ii), so the double-layer charging region, the
slope for the Pt/Nafion electrode is higher than for the Pt-only elec-
trode. Since this region is associated with water (and possibly
anion) adsorption, it is reasonable to assume that the Nafion film
influences the composition of the adsorption layer. Adsorption of
sulfonate groups and resulting conformational changes of the poly-
mer film cannot be excluded [39]. In Regions (iii) and (iv), the
lower slope for the Pt/Nafion electrode compared to the Pt-only
electrode indicates a smaller increase in Sauerbrey mass during
platinum surface oxidation. This effect, previously discussed in
relation to Figure 1, can likely be explained by the following factors:
consumption of water molecules from the overlying Nafion layer,
which due to trapping in the polymer were already coupled to the
quartz crystal oscillation prior to oxidation, and possible inhibition
of sulfate ion adsorption from the solution due to the Donnan
effect, reducing mass increase and thus the slope. The exact cause
remains speculative, as the interpretation of Sauerbrey mass
changes is limited by simultaneous changes in dissipation.
Consequently, frequency shifts, and thus changes in Sauerbrey
mass, must be interpreted in terms of changes in the viscoelastic
properties of the electrode [31, 45, 58]. Therefore, the Sauerbrey
mass changes only indirectly reflect electrochemical processes,
complicating the identification of adsorbed species.

Figure 2b shows the corresponding plots of change in Sauerbrey
mass versus transferred charge for gold electrodes, with the
Au-only electrode represented in dark blue and the Au/Nafion
electrode in light blue. The curve for the Au-only electrode can
be divided into distinct regions similar to platinum, although in
this case only three clearly different regions are observed, as no
electrochemical processes related to hydrogen desorption occur
on the gold surface. Region (i) corresponds to the double-layer
charging, where the mass increases due to adsorption of sulfate
ions and water molecules, while only minimal charge transfer is
observed. Regions (ii) and (iii) both exhibit lower slopes compared
to Region (i), with Region (iii) showing a steeper slope than Region
(ii). This behavior essentially mirrors that of the Pt-only electrode
during surface oxidation and can therefore be interpreted in a sim-
ilar manner. Overall, the trend observed for the Au-only electrode
is in good agreement with previous studies [68, 69].

The difference in curve profile for the Au/Nafion electrode, how-
ever, is substantial. Here, only two regions can be identified:
Region (i), representing the double-layer charging, and Region
(ii), corresponding to the oxidation of the electrode surface.
Notably, no mass change is observed during the entire oxidation
process. In contrast, the mass increase in Region (i) is significantly
larger than for the Au-only electrode. This observation, previously
discussed in relation to Figure 1, can be interpreted in several dif-
ferent ways. It is reasonable to assume that the presence of the
Nafion layer alters the interactions of water and anions, thereby
influencing their adsorption at the surface. The Donnan effect may
also play a role. Additionally, the mass change is likely affected by

the fact that part of the reacting water is already coupled to the
quartz crystal oscillation through trapping in the Nafion film prior
to oxidation. As in the platinum case, it is important to note that
simultaneous changes in Sauerbrey mass and dissipation indicate
that the observed mass change may be only indirectly related to
electrochemical processes and is also influenced by variations in
viscoelastic properties.

The presented results demonstrate that the ionomer film depos-
ited on the electrodes is significantly influenced by potential-
dependent structural changes occurring both at the electrode
surface and within the electrical double layer. These changes lead
to pronounced fluctuations in the viscosity and therefore hydra-
tion state of the Nafion film. While these fluctuations appear to
be reversible in the case of Nafion on gold, Nafion on platinum
exhibits irreversible behavior, with dissipation ending up at a
higher value by the end of each CV cycle compared to its begin-
ning. To better visualize these changes in mass and dissipation
between CV cycles, Figure 3 presents the evolution of both
parameters over the course of ten consecutive CV cycles. The
data points were recorded at the end of each cycle, where one
cycle is defined as a full potential sweep from 0.05 to 1.25V
vs. RHE and back. For clarity and ease of comparison, the graphs
are arranged in the same layout as in Figure 1. Figure 3a—c shows
the reference measurements for the three electrode materials
without an additional ionomer layer, while Figure 3d-f displays
the corresponding measurements for electrodes coated with a
Nafion layer. All experiments were conducted under the same
conditions as those described for Figure 1.

The dissolution behavior of the Pt-only electrode is presented in
Figure 3a. The data reveal that, under CV conditions with an
upper potential limit (UPL) of 1.25 V vs. RHE, the electrode expe-
riences a consistent mass loss of approximately 7.5ng cm™> per
cycle, indicating platinum dissolution. This finding is in excellent
agreement with prior literature, which has established that the
majority of platinum dissolution occurs during the cathodic
sweep, specifically during the reduction of the surface oxide
layer, at potentials near 0.8 V vs. RHE [35, 44].

A similar trend of metal dissolution is observed for the Au-only
electrode (Figure 3c) during CV with an UPL of 1.8V vs. RHE,
although the extent of material loss is substantially greater, aver-
aging approximately 15 ng cm™ per cycle. This elevated dissolu-
tion rate is consistent with previous studies and is attributed to
the distinct electrochemical behavior of gold at high potentials
[70]. In contrast to platinum, gold dissolution was shown to occur
not only during the cathodic sweep but also during the anodic
scan at potentials exceeding 1.6 V vs. RHE [70, 71]. This process
is further facilitated by the formation of soluble gold-sulfate
adsorbates, which accelerate the rate of metal loss and account
for the observed discrepancy between the two noble metals [72].

As expected, C-only electrodes exhibit no significant mass
changes over successive cycles (Figure 3b), as no significant fara-
daic processes involving the electrode material occur under the
applied conditions. Consequently, the EQCM-D signal remains
stable throughout the CV scans. Moreover, across all three
electrode materials, the dissipation signal remains essentially
unchanged over the course of the ten consecutive CV cycles, indi-
cating that the viscoelastic properties at the electrode interface
are not significantly altered during the electrochemical processes
described above.
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FIGURE 3 | Comparison of Sauerbrey mass (blue) and dissipation (red) change over 10 CV cycles during EQCM-D measurements of platinum,
carbon and gold electrodes with and without an approximately 30 nm thin layer of Nafion. The measurements were performed at 25°C in 0.5M
H,SO, with a scan rate of 50mVs™ and the data points were taken at the end of each cycle (one cycle is defined as a full potential sweep from
0.05 to 1.25V vs. RHE and back). The potential range for measurements on platinum and carbon electrodes covered 0.05-1.25V vs. RHE and on gold
electrodes 0.05-1.8 V vs. RHE. In the upper row, (a) presents the data for the Pt-only electrode, (b) for the C-only electrode, and (c) for the Au-only
electrode. In the lower row, (d) shows the data for the Pt/Nafion electrode, (e) for the C/Nafion electrode, and (f) for the Au/Nafion electrode.

However, the observed response changes markedly upon the addi-
tion of a Nafion layer to the electrodes. On the Pt/Nafion electrode
(Figure 3d), the presence of the ionomer significantly affects both
the dissipation and the Sauerbrey mass response. Over the course
of ten consecutive CV cycles, a continuous increase in the mea-
sured mass is observed, eventually reaching a plateau between
cycles 8 and 10, with a total mass gain of approximately 105 ng
cm™2 The dissipation signal exhibits a similarly pronounced trend,
culminating in a total increase of 2.4x107° after ten cycles.
Notably, the most substantial changes in both mass and dissipation
occur within the first five cycles. The underlying mechanisms are
consistent with those discussed earlier. Specifically, the concurrent
increase in mass and dissipation can be interpreted as a change in
the viscoelastic properties of the Nafion film due to enhanced water
uptake. Again, this interpretation is based on the principle that
simultaneous changes in dissipation and Sauerbrey mass during
QCM-D measurements can be linked to variations in the viscoelas-
tic properties of the electrode [31, 45, 58]. For polymer films in par-
ticular, an increase in both dissipation and Sauerbrey mass is
commonly associated with enhanced viscoelasticity resulting from
an increased amount of water trapped in the polymer matrix
[59, 60]. As described earlier, these modulations in viscoelasticity
occur dynamically during individual CV cycles and correlate with
the oxidation and reduction processes at the metal electrode sur-
face. Importantly, these changes are partially irreversible, leading
to a cumulative shift in both dissipation and Sauerbrey mass over
multiple cycles. This net change in mass and dissipation reflects a
net alteration in the viscosity of the Nafion layer, consistent with a
net change in hydration of the polymer film. Therefore, these
observations suggest that the repeated oxidation and reduction
of the platinum surface exerts a ‘pumping’ effect on water within
the ionomer layer. In turn, this results in amplified hydration of the
Nafion film beyond its initial state. The additional water becomes
sterically confined within the film and is thus coupled to the

oscillation of the quartz crystal, registering as a Sauerbrey mass
increase. This amplified hydration is most pronounced during
the first five cycles, after which the mass and dissipation changes
approach a steady state, indicating that an equilibrium in the water
content of the Nafion film is reached relatively early during cycling.
Here, it should be mentioned that the mechanisms discussed may
also compete with other processes occurring over longer timescales
in polymers of this type. Although not clearly evident from the
present data, platinum dissolution is likely taking place. Dissolved
Pt ions can become trapped within the polymer matrix, as reported
in previous studies on aging of Nafion membranes [73]. Such incor-
poration of metal ions would ultimately lead to a progressive stiff-
ening of the polymer through physical cross-linking.

The results presented here are particularly intriguing in the con-
text of PEMFC activation protocols, which often involve deliberate
potential cycling to improve cell performance [10]. While the exact
mechanisms underlying PEMFC activation remain only partially
understood, it is common to presume that the activation, among
other aspects, improves the proton conduction in the CL, contrib-
uting to improved conductivity and overall performance. This acti-
vation of the polymer material is thought to involve multiple
processes, including hydration and structural reorganization of
the polymer, reorientation at the ionomer-catalyst interface,
and the removal of contaminants [10]. Of particular relevance
to the present study is the role of hydration. During initial condi-
tioning of the membrane or CL, water domains within the poly-
mer matrix have been observed to expand, promoting increased
proton transport [74, 75]. For instance, during hydrothermal treat-
ment of PEMs, irreversible changes in their viscoelastic properties
are commonly observed [76, 77]. These irreversible effects are typ-
ically attributed to morphological alterations within the mem-
brane and the formation of more crystalline domains, leading
to a more open porous structure and thereby providing more
accessible pathways for migration of protons through the material
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[78]. Thus, these previous observations with PEMs align very well
with the type of behavior observed here via EQCM-D measure-
ments. Consequently, the findings of this study may offer valuable
mechanistic insights into the dynamics of Nafion hydration during
PEMFC activation procedures.

The results obtained from measurements on a C/Nafion elec-
trode are shown in Figure 3e. Similar to previous experiments
on carbon electrodes, in this investigation, no significant change
in the mass or dissipation of the electrode is observed, and both
parameters remain largely constant over the course of ten cycles.
These findings are consistent with earlier observations and lend
further support to our hypothesis that the pronounced hydration
of the Nafion film observed on platinum electrodes is a direct
response of the polymer to electrochemical surface reactions
at the platinum interface rather than a direct consequence of
the applied potential. In the absence of such surface reactivity,
as is the case for carbon electrodes, no significant restructuring
or additional water uptake within the ionomer film is detected.

The final panel of Figure 3 (Figure 3f) presents the results of meas-
urements conducted on the Au/Nafion electrode. A clear, approx-
imately linear decrease in electrode mass is observed over ten CV
cycles. The rate of Sauerbrey mass loss in this case is approxi-
mately 16 ngcm™ per cycle, which is slightly higher than that
observed for Au-only electrodes. The dissipation remains relatively
constant throughout the cycling period. These findings indicate
that the response of Au/Nafion electrodes closely resembles that
of Au-only electrodes and contrasts distinctly with the behavior
observed for platinum electrodes, where a clear reversal of the
trends is observed between platinum electrodes with and without
a Nafion layer. This discrepancy is, however, not unexpected,
given that during voltametric cycling, the dissipation returns to
its initial value at the end of each cycle, suggesting that Nafion
on gold does not undergo the same water-pumping effect as
observed on platinum. Consequently, there is no net increase
in the hydration level of the polymer. Although the precise mech-
anism underlying this behavior cannot be directly deduced from
the present data, we hypothesize that it is related to the pro-
nounced response of the Nafion film to interfacial restructuring
of the electrical double layer within the potential window between
0.3 and 1.0V vs. RHE. As previously discussed, this restructuring
may facilitate the expulsion of water from the Nafion matrix,
thereby allowing the polymer film to revert to its initial hydration
state. Additionally, the response of the electrode assembly is likely
influenced by the presence of sulfate anions in the electrolyte.
These anions exhibit a high affinity for gold surfaces and may medi-
ate the dissolution of the gold electrode through the Nafion film. It
is also important to note that the sulfonic acid groups in Nafion
themselves possess a strong affinity for gold, thereby possibly con-
tributing to the slightly increased dissolution rate observed in this
configuration compared to gold-only electrodes. Together, these
observations provide initial insights into the potential role of elec-
trolyte anions and polymer-metal interactions in governing the
behavior of Nafion films on metallic electrodes.

2.2 | EQCM-D Measurements in HCIO,

To further investigate the influence of the anions in the electrolyte
solution on the mass and dissipation responses of the electrodes,
additional experiments were conducted in 0.1 M HCIO, using

platinum and gold electrodes, both with and without a Nafion
coating. Aside from the change in electrolyte, all measurements
were performed under identical conditions to the previous experi-
ments: at 25°C, using CV with a scan rate of 50 mV s~L. The cor-
responding results from the EQCM-D measurements are shown in
Figure 4. As with Figure 1, a version of Figure 4 that is better suited
for in-depth comparison between the cases with and without
Nafion is provided in the Supporting Information, for readers
interested in examining the data more closely.

For Pt-only electrodes (Figure 4a), the typical electrochemical
behavior of a polycrystalline platinum surface is observed. The
mass response during a CV cycle can be interpreted analogously
to the measurements conducted in H,SO,, as has been shown
previously [35]. Notably, the dissipation remains constant
throughout the entire CV cycle in perchloric acid, indicating
no significant viscoelastic changes in the interfacial region.

A similar pattern is observed for Au-only electrodes, as shown in
Figure 4b. From the data, the characteristic electrochemical
behavior of a polycrystalline gold surface can be observed, with
mass changes clearly tracking the faradaic processes occurring
at the metal surface. As with the measurements of Au-only electro-
des in H,SO,, the mass response can be divided into three regions:
double-layer charging (0.3-1.0 V vs. RHE; i), anodic oxidation of
the gold surface (1.0-1.8 V vs. RHE; ii), and subsequent reduction
of the formed oxide (1.8-1.0 V vs. RHE; iii). It can be noted that no
signs of specific adsorption of anions can be seen in the HCIO,
solution. This contrasts with the observations in H,SO,, and
the behavior is attributed to the considerably weaker adsorption
of ClO, -ions on polycrystalline gold surfaces compared to the
stronger interaction with SO,*-ions [79]. As a result, the mass
response in the double-layer region in HCIO, is more uniform.
Likewise, the dissipation remains constant throughout the mea-
surement, demonstrating no significant changes in the viscosity
properties of the electrode during cycling.

While the responses of electrodes without a Nafion coating mea-
sured by EQCM-D in HCIO, closely resemble those observed in
H,SO,, substantial differences emerge in the behavior of electrodes
coated with a Nafion layer. Figure 4c presents the EQCM-D results
for a Pt/Nafion electrode in 0.1 M HCIO,. While the cyclic voltam-
mogram exhibits the characteristic features of a polycrystalline
platinum surface and shows no significant deviation from the
response of a Pt-only electrode, the QCM-D signal reveals mass
and dissipation changes that differ markedly from those observed
in H,SO,. A pronounced peak in the Sauerbrey mass is detected in
both scan directions within the potential range of 0.1-0.3V vs.
RHE. This is accompanied by a significant increase in dissipation.
Above 0.3V vs. RHE, however, the dissipation remains largely
constant, while the mass signal shows the characteristic features
associated with the oxidation and reduction of the platinum sur-
face at potentials exceeding 0.6 V vs. RHE.

Similar to previous observations, the increase in mass and dissipa-
tion at low potentials can be associated with changes in the visco-
elastic properties of the Nafion film on the electrode surface. The
results here show that the interaction between the platinum surface
and the polymer film is strongly influenced by the choice of elec-
trolyte solution. The most apparent difference between perchlorate
and sulfate anions lies in their valency and resulting charge density,
which strongly influences their solvation behaviors in water
[80-82]: SO,*-ions, with their double negative charge, form strong
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FIGURE 4 | Comparison of CV (black), Sauerbrey mass (blue), and dissipation (red) response 0.1 M HCIO, during EQCM-D measurements of
platinum and gold electrodes with and without an approximately 30 nm thin layer of Nafion. The measurements were performed at 25°C with a scan

rate of 50 mV s™'. In the upper row, (a) presents the data for the Pt-only electrode, and (b) for the Au-only electrode. In the lower row, (c) shows the data

for the Pt/Nafion electrode, and (d) for the Au/Nafion electrode.

electrostatic interactions with water molecules, whereas
ClO,4 -ions interact only weakly. Consequently, sulfate ions typi-
cally possess a solvation shell containing nearly twice as many
water molecules compared to perchlorate ions. Moreover, sulfate
ions act predominantly as kosmotropes, meaning they exhibit a
strong organizing effect on the surrounding water structure. In con-
trast, perchlorate ions are generally chaotropic, which implies that
they disrupt the typical water structure. These characteristics result
in sulfate ions forming highly symmetric hydration shells, while
perchlorate ions form markedly asymmetric ones.

Beyond their interactions with water, these ions also exhibit
markedly different affinities for metal surfaces. For instance, sul-
fate ions are known to interact strongly with platinum surfaces,
whereas perchlorate ions show only weak interactions [83].
Which of these effects primarily drives the trends observed in
our measurements remains uncertain. Nevertheless, our data
clearly demonstrates that when evaluating PEMFC catalysts, such
as through rotating disk electrode measurements of catalysts with
ionomer, the choice of electrolyte must be made with great care to
ensure comparability of results. Although the electrochemical
processes themselves do not appear to be significantly affected,
non-faradaic processes and interactions between the various com-
ponents can change substantially. These changes are difficult to
discern from CV data alone and require more detailed insights into
the electrode surface environment to be properly understood.

A comparable response is observed for the Au/Nafion electrode,
as shown in Figure 4d. While the cyclic voltammogram retains
the characteristic features of a polycrystalline gold surface, subtle
deviations appear when compared to the Au-only electrode. Most
notably, the anodic peaks associated with gold oxidation, typi-
cally observed between approximately 1.3 and 1.65V vs. RHE,
appear broadened and less defined in the presence of the
Nafion layer. Additionally, two minor peaks can be discerned at
around 0.4 V vs. RHE in the anodic sweep and at around 0.3 V vs.
RHE in the cathodic sweep. The QCM-D response closely mirrors
the behavior previously observed for Nafion-coated platinum
electrodes (Figure 4c). At potentials higher than 1.0V wvs.
RHE, the mass changes correspond well to the oxidation and sub-
sequent reduction of the gold surface. However, the total mass
shift between oxidized and reduced states of the electrode is
approximately 2.5 times larger than that observed for the
uncoated Au-only electrode. At the same time, the dissipation
remains largely constant within this potential region. But at
lower potentials, specifically below 0.4 V vs. RHE, a pronounced
dissipation peak emerges, reflecting a behavior similar to that of
the platinum electrode presented in Figure 4c. This dissipation
change coincides with a substantial increase in Sauerbrey mass.
In the cathodic scan, this mass increase initiates at approximately
0.35V vs. RHE, while in the anodic scan, the corresponding mass
loss concludes around 0.45 V vs. RHE. These onset and endpoint
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potentials align with the additional peaks identified in the vol-
tammogram, suggesting a direct correlation between the electro-
chemical response and the observed mass and dissipation
changes.

At first glance, the response of a Nafion film on a gold electrode
appears similar to that observed on a platinum electrode in
HCIO,. In both cases, the behavior differs significantly from that
in H,SO,, as a pronounced increase in mass and dissipation is
observed at low potentials. Importantly, in these cases, the
response of the dissipation does not seem to be linked to oxida-
tion or reduction processes occurring at the electrode surface.
Changes in mass associated with faradaic processes, on the con-
trary, remain clearly identifiable and can be directly correlated
with the oxidation and reduction peaks in the CV data.
Overall, we interpret the simultaneous increases in mass and dis-
sipation at low potential in a similar manner to previous obser-
vations, namely, as a consequence of changes in the viscoelastic
properties of the Nafion film due to variations in water content
and the resulting reorganization of the polymer structure.
However, upon closer inspection, subtle differences emerge
between the measurements on platinum and gold electrodes:

First, in the case of the gold electrode, the changes in mass and
dissipation appear to coincide with additional, very weak fara-
daic processes. This suggests that adsorption/desorption of ionic
groups may occur at low potentials, leading to a reorganization of
the polymer structure. It is plausible that this involves the sul-
fonic acid end groups of the Nafion side chains, a behavior pre-
viously reported by Maduska et al. [39]. The absence of a similar
signal on platinum electrodes is likely due to the overlap with the
underpotential deposition of hydrogen atoms, which does not
occur on gold surfaces.

Second, discrepancies in mass increase due to surface oxidation
are observed between measurements with and without a Nafion
film on gold electrodes, which cannot be seen with platinum elec-
trodes. This is accompanied by changes in the CV data, suggest-
ing that the process of gold oxidation in HCIO, is influenced by
the presence of a Nafion film. While the exact mechanisms are
difficult to extract from the available data, it is reasonable to
assume that the strong affinity of sulfonic acid groups for gold
surfaces plays a key role in this behavior.

Taken together, these observations are consistent with the well-
established understanding that anion adsorption significantly
influences the properties of PGM-based catalysts [84, 85]. This
highlights the importance of carefully considering electrolyte
composition when evaluating PEMFC catalysts with ionomer,
particularly to ensure comparability between measurements con-
ducted in different electrolyte environments.

2.3 | EQCM-D Measurements of a PEMFC
Electrode

The investigation of interactions between individual PEMFC
electrode components has yielded valuable insights into how
these materials respond to changes in electrode potential. To gain
a more holistic understanding of the interplay between these pro-
cesses under realistic conditions, we characterized a full PEMFC
CL using EQCM-D. For this purpose, a quartz crystal with a
carbon-coated top electrode was modified by spray-coating it

with catalyst ink, followed by electrochemical characterization
in 0.5M H,SO, at 25°C using CV at a scan rate of 50mVs™ .

Scanning electron microscopy (SEM) images of an electrode pre-
pared in this manner are shown in Figure 5. Figure 5a shows a
top view of the electrode, revealing minor variations in the den-
sity of the CL. However, the overall coverage appears sufficiently
uniform. A cross-sectional view of the same electrode is shown in
Figure 5b, where the individual layers are clearly distinguishable.
At the bottom of the image, the quartz crystal is visible, coated by
a bright-contrast gold layer. Above this lies the carbon layer,
which appears darker in contrast followed by the PEMFC CL.
The morphology of this layer is largely dictated by the highly
porous carbon support structure. The average thickness of the
CL was determined to be 1.52 um, based on measurements at
25 arbitrarily selected locations, with a standard deviation of
0.43 pm.

The results of the EQCM-D measurements are shown in Figure 6.
Figure 6a displays the outcome of the EQCM-D measurement
during one cycle of the CV. The upper panel shows the voltam-
mogram, which exhibits the characteristic features of polycrystal-
line platinum, including well-defined oxidation and reduction
peaks. The lower panel presents the corresponding potential-
dependent Sauerbrey mass and dissipation changes. The mass
signal resembles that of a planar platinum electrode, with observ-
able, though slightly attenuated, mass changes associated with
the formation and reduction of platinum oxide at potentials

FIGURES5 | (a)Topview SEM image of a Quartz crystal with a carbon
top electrode spray-coated with PEMFC catalyst ink. The scale bar indi-
cates 10 pm. (b) Cross section SEM image of the same Quartz crystal with
a carbon top electrode spray-coated with PEMFC catalyst ink. The scale
bar indicates 1 pm.
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FIGURE 6 | (a) CV (black), Sauerbrey mass (blue), and dissipation
(red) response during EQCM-D measurements of a carbon electrode
spray-coated with PEMFC catalyst ink. (b) Sauerbrey mass (blue) and dis-
sipation (red) change over 10 CV cycles during EQCM-D measurements
of a carbon electrode spray-coated with PEMFC catalyst ink. All measure-
ments were performed at 25°C in 0.5M H,SO, with a scan rate of
50mVs.

around 1.0 and 0.8V vs. RHE, respectively. The hysteresis
between the oxidation and reduction phases is clearly visible
and reasonably matches the behavior observed in Figure 1d
for a Pt/Nafion electrode. A comparable trend is also apparent
in the dissipation response, which decreases during the forward
scan toward more positive potential and increases again during
the reverse scan, ultimately ending at a higher value than ini-
tially. Although fewer distinct features are discernible in the dis-
sipation trace, the overall behavior remains consistent with that
observed for the Nafion-coated platinum electrode.

This trend persists when examining the evolution of the
Sauerbrey mass and dissipation over multiple CV cycles. As
shown in Figure 6b, the Sauerbrey mass exhibits a pronounced
increase during the initial cycles, followed by gradual saturation.
Thus, it seems like the signal follows the general trend compared
to the samples with planar geometry, but stabilization requires a
larger total number of cycles. The dissipation increases steadily
throughout the measurement window in a similar way as
observed in Figure 3d. The absolute changes in mass and dissi-
pation, however, differ significantly in magnitude, which can

primarily be attributed to the fundamentally different morphol-
ogy of the electrode compared to the planar structure of the Pt/
Nafion electrodes. Generally, a quantitative analysis of the mass
change of the entire CL is not possible in this case, as the thick-
ness of the CL clearly exceeds the sensing depth of the QCM in
aqueous solutions [86]. It is therefore reasonable to assume that
the CL is not sensed uniformly by the QCM and that the numbers
presented here cannot be directly compared to the results of
the planar samples above. Nonetheless, the overall qualitative
behavior of the CL during CV remains in agreement with the
observations for the planar Pt/Nafion electrode. These results
support the conclusion that the observed mass increase arises
from amplified hydration of the Nafion phase embedded in
the CL. As previously proposed for the planar electrode, this
enhanced hydration is induced by the cyclic oxidation and reduc-
tion of the platinum surface, which appears to act as a pumping
mechanism, drawing additional water into the polymer phase.
However, due to the inherently porous structure of the CL,
the mass transport and hydration processes are likely more spa-
tially distributed and less well resolved in the QCM signal, there-
fore also requiring a higher number of potential cycles before
reaching equilibrium. Taken together, these findings underscore
the value of model electrode studies for isolating and understand-
ing the individual contributions of specific PEMFC electrode
components. The insights gained at the component level can sub-
sequently be translated into more complex, realistic systems such
as CLs, providing a clearer picture of the mechanisms at play in
operational fuel cell environments.

3 | Conclusion

This study provides detailed insights into the potential-
dependent interactions between Nafion ionomer and catalyst
surfaces relevant to PEMFC electrodes. EQCM-D measurements
of Nafion-coated platinum electrodes in 0.5 M H,SO, reveal pro-
nounced hydration dynamics of the ionomer film in response to
electrochemical surface processes. Adsorption phenomena, as
well as the oxidation and reduction of platinum, significantly
influence the water content of the Nafion layer, in some cases
irreversibly. Complementary measurements on carbon electro-
des confirm that the observed ionomer response is governed
by electrochemical surface reactions rather than the applied
potential itself. Corresponding experiments on gold electrodes
further support these findings, demonstrating pronounced but
fully reversible changes in Nafion hydration associated with
adsorption/desorption and redox processes and thereby suggest-
ing a material-specific ionomer-electrode coupling. These mod-
ulations in water content induced by cyclic potential changes
result, particularly on platinum, in a progressive and irreversible
increase in Nafion hydration beyond its initial state. Substitution
of the electrolyte with 0.1 M HC1O, highlights the substantial role
of anions in modulating these dynamics, with sulfate-containing
media enhancing the ionomer response via stronger specific
adsorption and interfacial restructuring. A comparison between
EQCM-D measurements on planar, Nafion-coated platinum elec-
trodes and an electrode spray-coated with a representative
PEMFC CL reveals highly similar behavior, indicating that,
based on the same mechanisms, amplified water absorption
occurs in the ionomer during the CV. Hence, this study eluci-
dates the nature of Nafion-catalyst interactions as a function
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of electrode potential using EQCM-D, and demonstrates the
value of simplified electrode architectures for probing fundamen-
tal interfacial phenomena. Our findings indicate that the struc-
ture and water content of the ionomer in a PEMFC electrode
strongly depend on the oxidation state of the catalyst surface.
Repeated variations in surface oxidation can induce a measurable
increase in ionomer water content, already after a limited num-
ber of cycles. While this effect was observed over a relatively
small number of cycles, its irreversible nature suggests that
repeated cycling during start-up or activation could significantly
alter ionomer properties, with potential implications for PEMFC
performance. Importantly, such hydration changes may be ben-
eficial during activation by improving proton conductivity and
facilitating initial electrode wetting, although their long-term
impact on durability remains to be clarified. Thereby, these
insights contribute to a deeper mechanistic understanding of ion-
omer behavior under dynamic fuel cell operating conditions and
offer meaningful context for optimizing activation protocols,
which rely on changes in electrode hydration and structure
induced by potential cycling.

4 | Experimental Section
4.1 | Quartz Crystal Preparations

The sample crystals were single-sided gold-coated quartz crystals
custom ordered from Biolin Scientific with a fundamental fre-
quency of 5 MHz. The backside was precoated with gold while
the working electrode top side arrived uncoated and was then
coated with gold, platinum, or carbon films via physical vapor
deposition (PVD). The gold and platinum electrodes were coated
with 200 nm thick layer of the respective metal as well as an
adhesion layer of 3 nm titanium. The coating of the Au and Pt
crystals was done in a Lesker PVD 225 by the Kurt J. Lesker
Company. The carbon crystals were coated with a gold base layer
(200 nm thickness), a carbon top layer (100 nm thickness), and
titanium (3 nm thickness) adhesion layers underneath the gold
layer and between the gold and carbon layer, whereby the carbon
layer was added in an AVAC PVD HVC600 unit. The coated area
was 0.227 +0.003 cm?, the sensitive area of the crystal is where
the top electrode overlaps the bottom electrode, resulting in an
active area of 0.197 cm? The crystals were cleaned before coating
by progressive sonication in acetone (Sigma-Aldrich), isopropa-
nol (VWR), and Milli-Q water (18 MQ) for 10 min each. The crys-
tals were then dried by nitrogen flow (N,, grade NG6.0,
Strandmellen). Additionally, the surface was pretreated by oxy-
gen plasma at 100 W for 2 min in a Plasmatherm batchtop m/95
reactive ion etcher.

Following the fabrication of the electrodes, a Nafion coating was
applied to the top side of some quartz crystals. For this purpose, a
5wt% solution of Nafion 117 (Sigma-Aldrich) was diluted with
isopropanol to a final concentration of 1 wt%. The resulting solu-
tion was uniformly distributed on the crystal surface via spin
coating at 7000 rpm for a minimum of 2min. After coating,
the Nafion film was dried under ambient conditions. The thick-
ness of the Nafion layer was determined using a Tencor Alpha
Step 500 surface profiler, while its homogeneity was assessed by
optical microscopy and AFM (Bruker Dimension ICON). Details
of the evaluation are provided in the Supporting Information.

4.2 | PEMFC Catalyst Ink Preparation and Spray-
Coating

PEMFC CLs were realized by applying a catalytic ink onto the
QCM crystal using an automated spraying machine (SonoTech)
in the laboratory of Applied Electrochemistry at KTH. The prepa-
ration of the ink consisted of adding a solution of Milli-Q water
and isopropanol (Sigma-Aldrich) with a 1:1 wt. ratio to the Pt/
C powder (40% Pt on Vulcan C, Fuel Cell Store) while stirring.
Once uniformly dispersed, the ionomer solution (Nafion in
5 wt.% solution, Aldrich) was added dropwise to the ink while
still stirring. The final ink was composed of 1 wt.% solid content
over the entire solution, of which the I/C ratio was 0.3.

The ink was then sonicated in an ice bath for an hour and
mounted onto the machine. To achieve a homogeneous coverage
while still maintaining a reasonable electrode thickness, two
layers of ink were deposited on the support one after the other,
while the hotplate holder was set to 80°C to ensure an adequate
solvent evaporation rate.

4.3 | EQCM-D Measurements

Prior to each measurement, the quartz crystals were thoroughly
rinsed with Milli-Q water (18.2 MQ cm), dried under a nitrogen
stream (N,, grade N6.0, Strandmellen), and subsequently mounted
into a dip holder from MicroVacuum. The dip holder, made of pol-
yether ether ketone (PEEK), was sealed using O-rings from fluori-
nated fluoropolymer elastomer (FFPM) by evenly tightening nylon
screws after carefully positioning the crystal. Electrolyte solutions
of 0.5 M H,SO,4 and 0.1 M HCIO, were prepared using concentrated
suprapure H,SO4 and HCIO, (Merck KGaA) diluted with Milli-Q
water. All electrochemical measurements were conducted in a
three-electrode configuration, with continuous argon (Ar, grade
N6.0, Strandmellen) purging of the electrolyte solution at standard
temperature (298.15K). The quartz crystal mounted in the dip
holder served as the working electrode. A Hg/Hg,SO, reference
electrode (B-3610+, SI Analytics) was used for all measurements.
The potential of the reference electrode relative to the RHE was
verified before each experiment using a platinum wire in a Hy-
saturated electrolyte. All potentials reported in this study were
converted to the RHE scale. A SPK-grade graphite rod (6.15 mm
diameter, Thermo Scientific Chemicals) was employed as the
counter electrode. CV measurements were performed using a
SP-300 potentiostat (Biologic), controlled via EC-Lab software
(Biologic). Simultaneously, the dip holder was connected to a
QSense Explorer frequency analyzer (Biolin Scientific) via a
custom-built adapter, enabling acquisition of data from the
QCM-D using QSoft401 software (Biolin Scientific).

At the beginning of each experiment, electrodes made of plati-
num, carbon, gold, and catalyst ink were subjected to electro-
chemical conditioning. This was performed by cycling the
potential between 0.05V vs. RHE and the respective UPL. The
scan rate during this conditioning CV was 100 mV s, applied
for a minimum of 10 and up to 50 cycles. This procedure served
to enhance the characteristic features in the voltammograms and
facilitated the acquisition of CV representative of the respective
polycrystalline metal surfaces. Subsequently, the actual measure-
ments were conducted as CVs over 10 cycles at a scan rate of
50 mV s~ within a potential window of 0.05V vs. RHE to the
corresponding UPL. For platinum, carbon, and catalyst ink
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electrodes, the UPL was set to 1.25 V vs. RHE, while for gold elec-
trodes it was 1.8 V vs. RHE. The lower potential limit was chosen
to ensure complete hydrogen underpotential deposition on plati-
num electrodes without inducing hydrogen evolution. The UPL
was adjusted to allow observation of oxide formation on plati-
num and gold electrodes, respectively.

Simultaneous QCM-D measurements were performed by track-
ing changes in the resonance frequency of the quartz crystal rel-
ative to the initial frequency using the frequency analyzer. At
least three overtones were monitored during each experiment.
For each overtone, the change in dissipation, representing the
energy loss due to damping, was also recorded for the respective
resonance oscillation. This dissipation tracking was likewise per-
formed using the Qsense Explorer, which determines dissipation
based on the decay time of an induced oscillation after removal of
the driving force. Mass changes were calculated from the fre-
quency shifts using the Sauerbrey equation [40].

Am= —Af, Vzi }’gq (5)

where Am is the mass change, Af,, is the frequency shift of the n-
th overtone, p, is the density, and y, is the shear modulus of an
AT-cut quartz crystal, and f, stands for the initial resonant fre-
quency. An average mass change was derived from the individual
overtones. To minimize systematic errors, electrochemical meas-
urements were initiated only after the frequency drift stabilized
to less than 1 Hz over 5min, corresponding to a mass drift of
approximately 0.06 ngs™, which is negligible compared to the
mass changes of interest. Synchronization of the electrochemical
and frequency signals was achieved via a trigger signal sent from
the QSoft401 software to the potentiostat, which initiated the
electrochemical measurement upon detection.

All glassware and laboratory equipment used in the experiments
were cleaned, where possible, by soaking in freshly prepared
piranha solution (4:1 concentrated sulfuric acid to 30% hydrogen
peroxide) for at least 3 h, followed by thorough rinsing with Milli-
Q water. More delicate components, such as the dip holder and
O-rings, were cleaned by rinsing with isopropanol and Milli-Q
water.
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section. Supporting Fig. S1: Optical (a, b) and AFM
(c, d) images of Pt electrodes on quartz crystals used for EQCM-D meas-
urements, both without (a, ¢) and with (b, d) a 30 nm Nafion layer.
Supporting Fig. S2: Comparison of CV (black), Sauerbrey mass (blue)
and dissipation (red) response during EQCM-D measurements of plati-
num, carbon and gold electrodes with and without an approximately
30nm thin layer of Nafion. The measurements were performed at
25°C in 0.5 M H,SO, with a scan rate of 50 mV s™. Here, the respective
case with and without Nafion layer are shown in the same plot.
a) presents the data for platinum electrodes, b) presents the data for car-
bon electrodes and c) presents the data for gold electrodes. Supporting
Fig. S3: Comparison of CV (black), Sauerbrey mass (blue) and dissipation
(red) response over 10 consecutive CV cycles during EQCM-D measure-
ments of platinum electrodes a) without and b) with an approximately
30nm thin layer of Nafion. The measurements were performed at
25°C in 0.5M H,SO, with a scan rate of 50 mV s™'. Supporting Fig.
S4: Comparison of CV (black), Sauerbrey mass (blue) and dissipation
(red) response during EQCM-D measurements of gold electrodes
a) without and b) with an approximately 30 nm thin layer of Nafion.
The measurements were performed at 25°C in 0.5M H,SO, with a scan
rate of 50 mV s~ in the potential range of 0.05V to 1.4 V or 1.3 V, respec-
tively. Supporting Fig. S5: Comparison of CV (black), Sauerbrey mass
(blue) and dissipation (red) response during EQCM-D measurements of
platinum and gold electrodes with and without an approximately 30 nm
thin layer of Nafion. The measurements were performed at 25°C in 0.1 M
HCIlO, with a scan rate of 50 mV s'. Here, the respective case with and
without Nafion layer are shown in the same plot. a) presents the data for
platinum electrodes and b) presents the data for gold electrodes.
Supporting Table S1: Thickness of a Nafion coating on a quartz crystal
for QCM as a function of Nafion solution concentration, measured using
a Tencor Alpha Step 500 surface profiler.
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