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Abstract: Pt dissolution has already been intensively studied in
aqueous model systems and many mechanistic insights have
been gained. Nevertheless, transfer of new knowledge to real-
world fuel cell systems is still a significant challenge. To close
this gap, we present a novel in situ method combining a gas
diffusion electrode (GDE) half-cell with inductively coupled
plasma mass spectrometry (ICP-MS). With this setup, Pt
dissolution in realistic catalyst layers and the transport of
dissolved Pt species through Nafion membranes were evalu-
ated directly. We observed that 1) specific Pt dissolution
increased significantly with decreasing Pt loading, 2) in
comparison to experiments on aqueous model systems with
flow cells, the measured dissolution in GDE experiments was
considerably lower, and 3) by adding a membrane onto the
catalyst layer, Pt dissolution was reduced even further. All these
phenomena are attributed to the varying mass transport
conditions of dissolved Pt species, influencing re-deposition
and equilibrium potential.

Introduction

Proton exchange membrane fuel cells (PEMFC) with Pt-
group metal (PGM) catalysts have already reached commer-
cialization level.[1] However, cost and durability remain the
two main obstacles towards broad implementation of
PEMFC-based power systems.[2] Therefore, extensive re-
search on Pt/C electrode stability has been conducted,
resulting in a series of excellent reviews in the field.[2,3] Pt
dissolution and carbon corrosion have been revealed as the

primary degradation mechanisms. They can initiate secondary
degradation processes such as Ostwald ripening, particle
migration, agglomeration and particle detachment.[3b] All
those mechanisms lead to a decrease in the electrochemically
active surface area (ECSA), which typically results in a lower
electrode activity and therefore power losses in the PEMFC.

Different techniques have been developed to evaluate the
degradation mechanisms in both aqueous electrolytes and
membrane electrode assemblies (MEAs).[4] While investiga-
tions in aqueous electrolytes enable fundamental insights into
degradation mechanisms, derivations to more realistic and
complex MEA systems remain challenging.[5] Therefore,
more applied systems that are closer to technical cell design
to evaluate catalyst degradation are required.[4a, 6] In contrast
to the secondary degradation mechanisms which have already
been evaluated well in realistic environments of MEAs, Pt
dissolution mechanisms are difficult to reveal in single cell
experiments, as reliable online measurements are not (yet)
feasible. However, Pt dissolution has been widely studied in
aqueous model systems. Especially the development of
electrochemical cells coupled to inductively coupled plasma
mass spectrometry (ICP-MS) enabling online evaluation of
catalyst dissolution opened the door for various important
insights on the dissolution mechanism.[7] The impact of
various parameters—ranging from catalyst characteristics
(crystal structure, particle size), catalyst layer properties
(catalyst support, Pt-support-ratio, loading) and operating
conditions (potential limits, sweep rate, temperature, electro-
lyte)—on Pt dissolution was investigated with those setups.
Thereby important fundamental insights into intrinsic Pt
dissolution have been revealed. The readers are referred to
dedicated reviews on Pt dissolution[6b,c] and electrochemical
online ICP-MS electrocatalyst research[8] for more details.

Besides intrinsic catalyst dissolution, the mass transport of
dissolved Pt species away from the electrode into the
electrolyte also plays a crucial role in net Pt dissolution
mainly by influencing the re-deposition of dissolved Pt
species.[9] Early rotating disk electrode (RDE) experiments
with ex-situ ICP-MS stated a minor impact of catalyst loading
on Pt dissolution.[10] Nevertheless, in recent flow cell experi-
ments it was observed that increasing the catalyst loading
leads to decreasing specific (normalized to active surface
area) Pt dissolution.[6c,11] This phenomenon can be explained
by the increased length of diffusion pathways for dissolved Pt
species out of a thicker catalyst layer into the bulk solution.
Therefore, the probability that the Pt ions remain trapped in
the porous catalyst support increases. As a consequence, (i)
re-deposition of dissolved Pt species is enhanced compared to
Pt dissolution and (ii) a higher concentration of dissolved Pt
species in the pores causes a shift in the equilibrium potential
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(Nernst equation).[11] Nevertheless, it has to be noted that this
phenomenon has yet mainly been investigated in model
systems with very low catalyst loadings. Hitherto, only a few
studies on the loading dependent degradation in MEAs have
been conducted.[12] Although in these single cell experiments
the contribution of the various degradation mechanisms could
not be deconvoluted, enhanced degradation with decreasing
Pt loading is confirmed in those studies.

Besides the Pt mass transport within the catalyst layer,
mass transport out of the catalyst layer into the bulk solution
is a critical factor for net Pt dissolution as well. From RDE
experiments Nagai et al.[10] revealed that Pt dissolution is
enhanced with increasing rotation rate. At higher rotation
rates, the diffusion layer thickness and therefore transport
resistance decrease, leading to facilitated mass transport of
dissolved Pt species away from the electrode and decreasing
re-deposition of Pt. These findings have been confirmed by
Gilbert et al.[5a] who indirectly measured catalyst dissolution
via in-operando small-angle X-ray scattering (SAXS) and
compared catalyst degradation in aqueous (stagnant and
flowing) and solid electrolyte (MEA). Further, via identical
location transmission electron microscopy (IL-TEM) Nikkuni
et al. found that degradation processes are less severe using
a solid compared to a liquid electrolyte. They hypothesized
this to be caused by a decreased mobility of dissolved species
in Nafion.[13] All those studies exhibit that the mass transport
of dissolved Pt species in the catalyst layer and the electrode–
electrolyte interface has a major impact on the examined Pt
dissolution. However, this mass transport of dissolved species
can be very different in real-world systems and aqueous
model systems. Therefore, understanding this phenomenon
will help to unravel the significant differences in catalyst
stability which have been observed in aqueous half-cells and
realistic single cells.[6c,14]

Gas diffusion electrode (GDE) half-cell setups have been
proposed as a suitable tool to bridge the gap between
fundamental electrochemical catalyst evaluation and applied
fuel cell research.[15] In this work, we extend this method for
fundamental catalyst dissolution studies. Coupling a GDE
half-cell[15d, 16] to an ICP-MS (Figure 1) we—for the first time
reported in the literature—describe time-resolved and direct
measurements of Pt dissolution in realistic catalyst layers and
through Nafion membranes. With this novel technique, the
impact of catalyst loading and Nafion membrane thickness on
Pt dissolution in GDEs is investigated. Thereby, new insights
into the mobility of Pt ions within Nafion and its impact on Pt
dissolution could be revealed. More detailed information on
the setup and the experimental procedure can be found in the
Supporting Information, Figures S1–S3.

Results and Discussion

When aiming at ultra-low Pt loadings for PEMFC, it is
crucial to discuss the impact of the catalyst loading on Pt
dissolution. Previous works in this field[10,11, 17] have always
been conducted on model surfaces. Realistic catalyst layers on
gas diffusion layers (GDL) with relevant loadings for fuel cell
applications have not yet been directly investigated. Figure 2

shows the impact of catalyst loading on the dissolution of Pt in
realistic catalyst layers studied with the novel GDE-ICP-MS
setup. The corresponding additional structural characteriza-
tion and electrochemical data can be found in Figures S4–S8.

In general, from Figure 2A–F, it can clearly be seen that
specific dissolution increases with lower catalyst loading.
These results match the findings of the catalyst dissolution
studies on model systems conducted using scanning flow cell
(SFC) experiments.[6c,11] The phenomenon has been explained
by hindered mass transport of dissolved Pt species in thicker
catalyst layers. This leads to impeded Pt ion mass transport
away from the electrode. Therefore, re-deposition of dis-
solved Pt species is facilitated and effective dissolution of Pt
decreased. Furthermore, the higher concentration of dis-
solved Pt species close to the catalyst surface lowers the
dissolution rate based on thermodynamics (Le ChatelierQs
principle, Nernst equation).[11]

In addition to the impact of loading, some general
characteristic features for Pt dissolution can be detected in
the dissolution profiles measured with online GDE-ICP-MS.
(i) Pt dissolution at the first slow CVs is much higher
compared to subsequent CVs after 40 degradation cycles
(Figure 2B,E). This could be attributed to initial dissolution
of low-coordination sites on fresh samples.[7f,18] (ii) Upon slow
potential cycling, firstly a smaller dissolution peak is observed
on the positive-going potential scan, followed by a signifi-
cantly higher second dissolution peak during the negative-
going potential scan (Figure 2 G). As already revealed in
earlier online ICP-MS studies, the peaks can be ascribed to
anodic dissolution due to Pt-oxide formation and cathodic
dissolution due to Pt-oxide reduction, respectively. Quantita-
tively, cathodic dissolution clearly exceeds anodic dissolu-
tion[6b, 7c,19] (iii) Nevertheless, it can also be observed that
anodic dissolution is more drastically decreased after fast
cycling compared to cathodic dissolution (Figure 2G), which
can again be explained with the initial (pre-dominantly
anodic) dissolution occurring at undercoordinated sites dur-
ing the first CVs.[7f, 18b] From (ii) and (iii), it can be concluded
that during unprotected start-up and shut-down events in fuel
cells (+ 1.5 V vs. RHE[20]), cathodic dissolution is the more

Figure 1. Scheme of the novel gas diffusion electrode (GDE) half-cell
setup coupled to an inductively coupled plasma mass spectrometer
(ICP-MS) used in the current work to detect catalyst dissolution.
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relevant catalyst dissolution mechanism and that Pt is slightly
stabilized after initial leaching of most energetic sites.

It has been discussed above that the catalyst–electrolyte
interface and therefore the mass transport of Pt species plays
a major role in Pt dissolution. To gain deeper insights into this
phenomenon and further approach realistic fuel cell con-
ditions, Nafion membranes in two different thicknesses were
hot-pressed onto the GDEs. With this modification, it was
possible to directly measure Pt dissolution in a polymer
electrolyte environment and evaluate the mobility of dis-
solved Pt species in a membrane for the first time reported in
the literature (Figure 3). The corresponding electrochemical
data for these experiments can be found in Figures S9 and
S10.

When comparing Pt dissolution in these different elec-
trode–electrolyte interfaces, a reduction of Pt dissolution by
a factor of approximately three can be observed when
a Nafion membrane is added on top of the catalyst layer
(Figure 3A–F). The results are in good agreement with
observations from early SEM experiments with Pt/WO3

[21]

and more recent IL-TEM studies on Pt3Co/C nanoparticles.[13]

This phenomenon can again be explained by a higher trans-
port resistivity for Pt ions in Nafion compared to aqueous
electrolyte resulting in enhanced re-deposition of dissolved Pt
species and a shift in the equilibrium dissolution potential.
Another possible explanation could be that dissolved plati-
num species are stabilized in micro-cracks within the ionomer
of the catalyst layer, as proposed in earlier works.[22] When the

amount of dissolved Pt species is compared, the impact of
membrane thickness seems to play a minor role (Figure
3D–F). However, qualitatively some differences can be
detected in the dissolution profiles. When fast degradation
cycles are conducted, a shift in the dissolution onset is visible
when membranes are added on top of the catalyst layer
(Figure 3C). This becomes even more explicit when dissolu-
tion profiles at slow CVs are compared (Figure 3G). A clear
peak tailing with thicker membrane can be detected in these
dissolution profiles (Figure 3G). This tailing is confirmed in
potentiostatic hold experiments (Figure 3 H), where shifts in
peak onset and the position of the peak maximum can be
detected as well as a general tailing of the dissolution peaks
after the maximum when different membranes are added on
top of the catalyst layer. This effect can be attributed to the
slower Pt diffusion through a membrane compared to the
electrolyte and is logically more pronounced for the thicker
membrane.

To attain a more profound understanding of the Pt
diffusion in Nafion membranes, various membrane thick-
nesses have been spray coated onto a Pt film sputtered onto
a Si wafer, and dissolution behavior was tested in an SFC
setup. The results are displayed in Figure S11. In accordance
with the results obtained from GDE-ICP-MS, a clear peak
tailing can be observed when membranes are added on top of
the catalyst layer (Figure S9A). Similar to GDE-ICP-MS
experiments, it is more pronounced with increasing mem-
brane thickness because the diffusion pathway for dissolved

Figure 2. Pt dissolution measured via gas diffusion electrode setup coupled to an inductively coupled plasma mass spectrometer (GDE-ICP-MS)
in 0.1 M HClO4. A–C) Pt dissolution profiles from Pt/C gas diffusion electrodes (HiSPEC 4000 on Freudenberg H23C8) with different loadings.
A) Whole protocol, B) slow cycling at 10 mVs@1 between 0.1 and 1.5 V vs. RHE, C) fast cycling at 200 mVs@1 in the same potential range.
D–F) Quantitative results for the Pt dissolution, respectively (E and F normalized per cycle). G) Qualitative comparison of 10 mVs@1 CVs before
and after degradation cycles. H) Cross-sectional scanning electron microscope (SEM) images of the corresponding GDEs with different loadings.
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Pt species is extended. To further investigate Pt transport
mechanisms within the membrane, the time shift induced by
the membrane was quantified using potentiostatic hold
experiments. After that, the time when dissolution signal hits
the half the total peak height after a reductive step from 1.5 V
vs. RHE to 0.1 V vs. RHE was compared (Figure 3H, dashed
lines). This membrane induced shift in the dissolution peak
from SFC and GDE experiments is compared to modeling
results in Figure 4.

To be sure, to consider transport mechanisms only within
the membrane and not at the membrane-electrode interface,
the time shift of the dissolution response was always referred
to the sample with the thinnest membrane (xmin,SFC = 5 mm and
xmin,GDE = 25.4 mm). Figure 4 shows an excellent agreement
between results obtained from SFC and GDE-ICP-MS
experiments. This indicates on the one hand side that the
different membrane structures (spray coated membrane in
SFC and commercial membrane hot-pressed onto the catalyst
layer in GDE experiments) do not have a significant impact
on the mobility of Pt species within Nafion. On the other
hand, it again proves the suitability of the newly established
GDE-ICP-MS approach for online catalyst dissolution stud-
ies. When those experimental values are compared to
numerical modeling results, a diffusion coefficient of around
4 X 10@11 m2 s@1 can be determined. To the best of our knowl-
edge, this is the first experimental determination of the
diffusion coefficient of dissolved Pt species in a Nafion

membrane. The diffusion coefficient determined in our online
ICP-MS experiments is well in line with the assumed or
calculated data in the literature (Table 1).

It has to be stated that diffusion coefficients of dissolved
Pt species are mostly assumed,[24] roughly calculated[25] or
fitted to match experimental single cell degradation data
to degradation models.[26,29] The values range from

Figure 4. Membrane-induced time-shift of the dissolution response on
reductive step (1.5 to 0.1 V vs. RHE) measured in scanning flow cell
(SFC) (red) and GDE-ICP-MS (blue) in comparison to the modeled
time delay for two different values of D in m2 s@1 (gray).

Figure 3. Pt dissolution measured via gas diffusion electrode setup coupled to an inductively coupled plasma mass spectrometer (GDE-ICP-MS)
in 0.1 M HClO4. A–C) Pt dissolution profiles from Pt/C gas diffusion electrodes (0.12 mgPt cm@2, HiSPEC 4000 on Freudenberg H23C8) without
membrane (blue) compared to similar samples with hot-pressed Nafion membranes of two different thicknesses (yellow: NR-211, 25.4 mm;
orange: NR-212, 50.8 mm). A) Whole protocol, B) slow cycling at 10 mVs@1 between 0.1 and 1.5 V vs. RHE, C) fast cycling at 200 mVs@1 in the
same potential range. D–F) Quantitative results for the Pt dissolution, respectively (E and F normalized per cycle). G) Qualitative comparison of
the first CV with 10 mVs@1. H) Comparison of peak tailing with potentiostatic hold, I) cross-sectional scanning electron microscope (SEM) images
of the corresponding GDEs with different membrane thickness.
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0.015 X 10@11 m2 s@1 to 10 X 10@11 m2 s@1. Hitherto, experimental
studies have only been conducted with either PtCl6

2@ [23] or
various bivalent metal cations[30] in fully hydrated Nafion 117
membrane. From the latter, diffusion coefficients for
Ba (DBa2þ : 1.46 X 10@11 m2 s@1)[30a] and Cu ions (DCu2þ :
2.9 X 10@11 m2 s@1)[30b] have been measured. Those values for
bivalent cations are in good agreement with the diffusion
coefficient of Pt species determined experimentally in this
study. However, it has to be stated that the diffusion
coefficients determined in all these studies (including the
present) display the diffusion of Pt species within a fully
hydrated Nafion membrane. In real fuel cell devices, also
lower membrane hydration states with probably lower
mobility of Pt species could arise.

The diffusion coefficient of Pt ions in water (D =

1 X 10@9 m2 s@1 [27]) is about one order of magnitude higher
compared to Nafion. Therefore, the mobility of Pt in aqueous
media is significantly enhanced in aqueous electrolyte com-
pared to Nafion. As discussed above, the change in Pt
mobility affects overall Pt dissolution drastically. This effect
leads to significant changes in measured dissolution in
aqueous model (SFC, RDE) and GDE systems as displayed
in Figure 5. Here total Pt dissolution in GDE setup and model
SFC system[6c,11] is compared and proposed transport mech-
anisms in both systems are depicted.

The comparison reveals that the relative trend of the
impact of catalyst loading on Pt dissolution is consistent
between dissolution data from GDE and previously reported
data from model systems measured in an SFC with flowing
electrolyte.[6c,11] However, the studies in the GDE-ICP-MS
setup reveal lower total dissolution rates of about one order
of magnitude. This can mainly be attributed to the difference
in the catalyst–electrolyte interface of the two systems,
affecting—as discussed—the mobility of dissolved Pt species
and therefore re-deposition and equilibrium potential. In SFC
experiments with model catalyst layers, the catalyst layer is
completely flooded (Figure 5, top). Hence, Pt nanoparticles
are in direct contact with acidic aqueous media. However, in
GDE experiments, the catalyst is not completely flooded
(Figure 5, bottom) as was shown in previous half-cell experi-
ments by achieving oxygen reduction reaction (ORR) current
densities of up to 2 Acm@2.[15b,d, 16] Thus, dissolved Pt species
can only be transported out of the catalyst layer into the liquid
electrolyte via the ionomer. As the mobility of Pt species in
ionomer is about one order of magnitude lower compared to

acidic media (see preceding discussion), it leads to increased
re-deposition and a shift in the equilibrium potential in GDE
or MEA setups compared to model systems.

Unfortunately, a direct comparison between catalyst
dissolution in SFC or GDE-ICP-MS and a real fuel cell is
impossible as there is no dissolution data for single cell
experiments. Yet, dissolution in an SFC system has been
compared to dissolution in a PEM electrolyzer. This compar-
ison revealed a drastically higher dissolution of Ir for the SFC
model system.[14] Besides possible differences in local pH, this
was mainly attributed to transport phenomena in realistic
catalyst layers in single cells. We therefore suggest that the
GDE-ICP-MS setup with its realistic catalyst layer should
mimic a real device—with its solid electrolyte—better
compared to flow cell experiments. Additionally, this novel
technique opens up opportunities to unravel catalyst degra-
dation phenomena which cannot be investigated completely

Table 1: Comparison of different diffusion coefficients stated in literature.

D [W 10@11 m2 s@1] Method Comments on the method Reference

0.18 Experimental Permeation experiments with PtCl6
2@ in Nafion 117 Kang 1999[23]

10 Theoretical Assumed arbitrarily to be a factor of 10 lower than in water Darling 2005[24]

8 Theoretical Mobility of Pt2+ in the ionomer derived from calculation,
based on the Pt-ion mobility in water and the volume fraction of ionomer etc.

Ferreira 2005[25]

0.015 Theoretical Model first run with assumed value from ref. 24
but did adjust to match experimental degradation data.

Bi 2008[26]

7 Theoretical Assumption diffusion coefficient is the same for all doubly ionized aqueous metal cations:
DPt2þ Pt2+&DCu2þ , DCu2þ from [27]

Holby 2012[28]

0.1 Theoretical Value calibrated to their model using experimental data with Nafion NR-212 membrane. Barrici 2018[29]

4 Experimental Measured via online ICP-MS This work

Figure 5. Comparison of Pt dissolution in GDE (this work) and model
system (scanning flow cell (SFC), data extracted from [6c,11]). The
difference in Pt dissolution can be explained by the varying mass
transport in model systems (RDE, SFC) with flooded catalyst layer
(top) and realistic catalyst layers (GDE, MEA, bottom).
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in aqueous model systems due to their mass-transport
limitations (e.g. enhanced non-precious catalyst degradation
in presence of O2

[31]). However, to further approach realistic
fuel cell conditions, the elevated temperature in fuel cell
applications needs to be considered as this leads to significant
increase of catalyst degradation.[32]

In general, it has to be stated that GDE half-cell
experiments offer unique opportunities to study catalyst
layers and their degradation by combining them with differ-
ent analytical methods such as identical location transmission
electron microscopy (IL-TEM),[33] operando X-ray and neu-
tron imaging,[34] small-angle X-ray scattering (SAXS),[35] mass
spectrometry for gaseous and volatile products,[36] and with
the present work also ICP-MS.

Conclusion

For the first time reported in the literature, both Pt
dissolution in realistic catalyst layers and the mobility of
dissolved Pt species in Nafion membranes were evaluated
directly by coupling a GDE half-cell to an ICP-MS. With this
novel method, it was possible to close the gap between
fundamental catalyst dissolution studies and real device
degradation behavior. The impact of catalyst loading and
the catalyst–electrolyte interface on Pt dissolution were
successfully investigated. Thereby, the following insights were
obtained: 1) specific Pt dissolution increased drastically with
lower Pt loading, revealing the need for stabilization or
mitigation strategies for Pt dissolution when aiming at low
loading PEMFC. 2) Compared to experiments on model
systems with flow cells, the measured dissolution in realistic
GDE catalyst layers was about one order of magnitude lower.
3) By adding a Nafion membrane on top of the catalyst layer,
Pt dissolution was reduced by a factor of three. All those
phenomena can be explained by the fact that impeded mass
transport of dissolved Pt species away from the catalytic
centers results in decreased net dissolution due to re-
deposition and a shift in equilibrium potential. These results
reveal the importance of Pt mass transport on Pt dissolution.
To gain deeper insights into the mass transport of Pt species in
Nafion, SFC experiments using different membrane thick-
nesses were conducted. In combination with numerical
calculations, the diffusion coefficient of dissolved Pt ions in
fully hydrated Nafion membranes was determined as
4 X 10@11 m2 s@1, which is more than one order of magnitude
lower compared to the diffusion of Pt species in aqueous
electrolyte. This difference between Pt mass transport in
aqueous media of fully flooded model catalyst layer and
ionomer in realistic catalyst layers explains the distinct
degradation rates in experiments conducted in aqueous flow
cells and real devices. In general, it can be concluded that
GDE half-cell experiments offer unique opportunities to
study catalyst layers and their degradation by coupling them
directly to analytical methods. These opportunities will
contribute significantly to bridge the gap between fundamen-
tal and applied fuel cell degradation studies.
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