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ABSTRACT: During the electrochemical reduction of oxygen,
platinum catalysts are often (partially) oxidized. While these
platinum oxides are thought to play a crucial role in fuel cell
degradation, their nature remains unclear. Here, we studied the
electrochemical oxidation of Pt nanoparticles using in situ XPS.
When the particles were sandwiched between a graphene sheet
and a proton exchange membrane that is wetted from the back, a
confined electrolyte layer was formed, allowing us to probe the
electrocatalyst under wet conditions. We show that the surface
oxide formed at the onset of Pt oxidation has a mixed Ptδ+/Pt2+/
Pt4+ composition. The formation of this surface oxide is
suppressed when a Br-containing membrane is chosen due to
adsorption of Br on Pt. Time-resolved measurements show that
oxidation is fast for nanoparticles: even bulk PtO2·nH2O growth
occurs on the subminute time scale. The fast formation of Pt4+ species in both surface and bulk oxide form suggests that Pt4+-
oxides are likely formed (or reduced) even in the transient processes that dominate Pt electrode degradation.

1. INTRODUCTION

Fuel cells play a central role in the transition to a sustainable
society, allowing us to use the energy stored in renewable
carrier molecules such as hydrogen, methanol, or ammonia.
With its high efficiency, compact design and modest operating
temperature, the proton exchange membrane fuel cell
(PEMFC) is of particular interest.1 As a catalyst for the
multielectron reactions involved in the electrochemical fuel
combustion, platinum has shown unique activity. To enable
widespread implementation of PEMFCs with such a scarce
metal, it is essential to minimize the Pt loading. A major hurdle
toward this goal is catalyst degradation, which forces engineers
to use a surplus of catalyst material to ensure long device
lifetime.
Under the corrosive conditions present on the cathode side

of PEMFCs, where the oxygen reduction reaction (ORR) takes
place, platinum is prone to dissolution.2 In particular, transient
electrode potentials3−8 and the combination of low pH and
high oxygen pressure3,9 are detrimental. The importance of
oxygen in the dissolution process suggests that platinum oxides
are involved. Indeed, it was shown that the surface of Pt
cathodes is (partially) oxidized at ORR potentials, particularly
in the presence of oxygen.3,10−15

To understand the dissolution process, it is essential to
identify which oxides are formed under ORR conditions. It has
been established that Pt oxide formation starts with surface
roughening at around 1.0 VRHE.

13,16,17 The roughening

originates from the place exchange between Pt atoms in the
surface and O(H) adsorbates. The surface oxide saturates at 2
monolayers of oxygen (based on the passed charge density),
from which it was assumed that an O−Pt−O−Pt layer is
formed.17 However, the disorder in the surface structure
precludes a clear assignment of the key structural elements and
their oxidation state using common methods such as cyclic
voltammetry, electrode mass analysis, scanning tunneling
microscopy, and X-ray scattering. The onset of bulk oxidation
is thermodynamically predicted around 1.0−1.2 VRHE,

18,19 yet
is usually observed only at significantly higher potentials due to
kinetic limitations.17 A strongly hydrated and porous oxide
evolves,17,20,21 which was shown to contain Pt4+ using ex situ
X-ray photoelectron spectroscopy (XPS).21,22 A detailed
spectroscopic characterization was precluded due to decom-
position of the oxide in vacuum.22

To provide a detailed speciation of the electrochemically
formed oxides on Pt, there is a clear need for in situ X-ray
spectroscopy methods, which can identify the chemical state of
the disordered structures in an element-specific manner.
However, spectroscopy under electrochemical conditions
constitutes a major challenge, particularly for the identification
of surface species. Nonetheless, hard X-ray absorption studies
have been able to monitor the amount of oxidized platinum
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formed on various Pt catalysts as a function of potential.10,14,15

X-ray photoelectron spectroscopy (XPS) allows for a more
surface sensitive and detailed speciation of the oxide yet faces
the technical challenge of dealing with the limited escape depth
of electrons in liquid. Pioneering efforts toward electro-
chemical XPS have been made through the study of gas-
phase electrochemistry on membrane-electrode assem-
blies,23−25 providing insight into the operation of high-
temperature fuel cells. To enable studies under the more
usual wet, low-temperature operation conditions, hard X-ray
photoelectron spectroscopy has been employed.26−28 In
another approach, the catalyst was probed through an array
of microscopic graphene windows.29,30 While very promising,
obtaining high-quality spectroscopy in these approaches
remains challenging.
Inspired by Frevel et al.,31 we combine the methods above

into a graphene-capped membrane-electrode assembly in order
to obtain high-quality XPS and X-ray absorption spectroscopy
in the soft energy range under wet electrochemical conditions.
When Pt nanoparticles are sandwiched between a back-wetted
proton exchange membrane and a graphene layer, a large-area
confined electrolyte layer is formed. The graphene layer serves
both as an electron transparent window and as a contact to the
Pt nanoparticles, allowing for a single layer of separated
particles to be investigated. Using this methodology, we study
the reversible oxidation of Pt0 up to Pt4+ at potentials from
0.05 to 1.85 V vs RHE.

2. METHODS
For this work, an in situ cell developed earlier25,32 has been modified
with a graphene capping layer. As shown in Figure 1a, a monolayer of

graphene is placed on top of the catalyst, which is supported by a
proton exchange membrane. Behind the membrane is an electrolyte
flow channel, which houses the Ag/AgCl (saturated KCl) reference
electrode and the Pt counter electrode. The flow channel ensures
wetting of the proton exchange membrane, which in turn leaks
electrolyte to the catalyst side. The graphene capping layer provides a
barrier against water evaporation from the catalyst surface into the
vacuum of the ambient pressure XPS chamber. With the steady flow
of water arriving to the catalyst layer through the membrane and the
diminished evaporation rate from the catalyst layer due to the
graphene, the partial pressure of water around the catalyst is pushed
up. As will be shown in the section 3, this can lead to water
condensation (see also ref 31), so that the catalyst can be probed
under wet electrochemical conditions. As shown in previous
work,29,30,33,34 the graphene layer is transparent to X-rays and
electrons (>300 eV kinetic energy), therefore allowing for spectros-
copy to be conducted. In addition, the graphene provides electrical
contact, so that isolated nanoparticles can be studied (see Figure 1b).
The sample area, roughly 1 mm2, is much larger than the beam spot
(100 μm × 200 μm). Therefore, the photon flux can be used more
efficiently than in previous work with microscopic graphene
windows,29,33,34 facilitating high quality spectroscopy with acquisition
times down to the subminute scale. Finally, we should stress that the
method is robust and inexpensive and can be used in conjunction with
virtually any electrocatalyst. A deeper characterization of the cell will
be published elsewhere.

The Pt working electrode is sputter-deposited on the vacuum side
of the membrane. As shown in Figure 1b,c, the deposition resulted in
crystalline, somewhat dendritic particles. Due to this asymmetric
shape, the particles are best characterized by their typical surface-to-
core distance rather than their equivalent radius. Our analysis
indicates surface-to-core distances in the range of 1 to 2 nm. The
catalyst loading, expressed as layer thickness, was varied between 1
and 16 nm. Nafion 117 (Ion Power) and Fumasep FAD55

Figure 1. (a) Schematic representation of the electrochemical cell. (b) Transmission electron microscopy image of Pt nanoparticles sputtered on a
Nafion film deposited on a Quantifoil TEM grid. The coverage shown here is the lowest used in this work (area coverage 37%), equivalent to a 1
nm layer. (c) High-resolution image of the sample in panel b.

Figure 2. Effect of the graphene cover layer on electrolyte and oxidation properties of a 16 nm Pt layer on FAD55. (a) O K-edge spectra (PEY)
recorded at open circuit potential (0.05 V). (b,c) Pt 4f spectra acquired during stepwise anodization of the same samples as shown in panel a, with
an excitation energy of 580 eV and 0.1 M H2SO4 electrolyte. Each potential was held at least 5 min prior to acquisition. Potentials are shown versus
RHE.
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(Fumatech) were used as proton exchange membranes. For Nafion
117, only water and protons can pass the membrane, whereas FAD55
also allows anions to diffuse to and from the working electrode. More
details on the sample preparation and characterization can be found in
ESI section S1.
The electrochemical cell was mounted on the near-ambient

pressure XPS end station (NAPXPS1) of the ISISS beamline at the
BESSY II/HZB synchrotron facility in Berlin, Germany. No gases
were dosed to the cell chamber other than the leakage from the cell,
leading to chamber pressures of 0.05 mbar to 0.15 mbar. For near-
edge X-ray absorption fine structure (NEXAFS), electrons were
collected on the analyzer nozzle to obtain the total electron yield
(TEY) signal, while a partial electron yield (PEY) signal was
simultaneously collected in the analyzer at a kinetic energy of 385 eV.
This energy corresponds to the inelastically scattered background of
the O KLL Auger peak, which combines good signal intensity with
effective elimination of gas phase contributions from the PEY signal,
in particular when a potential (90 V) is applied to the analyzer
nozzle.35 To prevent beam damage effects, each spectrum was
recorded on a fresh spot on the surface. All potentials were converted
to the RHE scale. Details on the analysis procedure and beam effect
studies can be found in ESI sections S2 and S3, respectively.

3. RESULTS

As a first step, we established the degree of wetting on the Pt
nanoparticles. Figure 2a shows O K-edge spectra for a 16 nm
Pt layer on FAD55, with and without graphene cover layer.
Both spectra are dominated by the contribution from the FAD
membrane around 537.5 eV (see Figure S7a in the ESI for
blank FAD). The most notable difference is the presence of a
peak at 535 eV for the graphene-covered sample. A comparison
of Figure 2a to the O K-edge spectrum of graphene deposited
on gold via the same procedure indicates that this change is
not due to oxygen functionalities on the graphene (see Figure
S7b and its discussion in the ESI). Rather, the peak can be
ascribed to the pre-edge feature of water with unsaturated

hydrogen bonds.31,36−38 The relative intensity of this feature in
the spectrum suggests that more than one layer of water has
condensed on the catalyst, implying 100% relative humidity in
the catalyst layer. Consistent with this, the O 1s spectrum
(Figure S8 in the ESI) shows some increase around 533−534
eV, where multilayer H2O is expected to appear.36 Unfortu-
nately, the many closely spaced contributions in the O 1s
spectra and their attenuation by graphene preclude a more
detailed analysis. Nonetheless, it is clear that the graphene
cover layer enables proper wetting of the Pt working electrode.
Figure 2b,c shows how wetting leads to a much more

pronounced electrochemical response in the Pt 4f spectra.
While the uncovered Pt layer only shows minor oxidation, even
at 1.85 VRHE, the graphene-covered sample is clearly oxidized.
The well-resolved peak at 76.7 eV indicates that a Pt(IV)
oxyhydroxide layer is formed (hereafter referred to as PtO2·
nH2O). Depth profiling (Figure S9 in the ESI) showed that the
oxidation occurs at the outer surface of the electrode for the
graphene-covered sample. In contrast, the uncovered sample is
oxidized at the FAD55−Pt interface. These results highlight
the importance of humidity for the electrochemical response in
fuel cells. Indeed, it is well-documented that the power output
of fuel cells is humidity-dependent.39,40 However, high
humidity also leads to increased catalyst degradation.41,42

The comparison in Figure 2b,c suggests that this may be
related to the increased degree of oxidation under wet
conditions.
Further understanding of the electrolyte can be obtained

from C 1s, N 1s, O 1s, and S 2p spectra (see Figure 3). Except
for the oxygen species, one does not expect significant
chemical changes. However, the observed binding energy
shifts 1:1 with the electrostatic potential of the emitting atom.
This can be exploited to identify the location of various
electrolyte species. As shown schematically in Figure 3a, the

Figure 3. Influence of the local electrostatic potential on XPS peak positions. (a) Schematic representation of the electrostatic potential around the
Pt particles. ΔU designates the difference in applied potential between the two depicted situations. The potential drop in the electrolyte can adopt a
variety of functional forms but is shown as simple Gouy−Chapman exponential decay here. (b) Survey spectra of 16 nm graphene-covered Pt on
FAD55 at open circuit potential (0.05 V) and 1.65 V, with an excitation energy of 1100 eV and 0.1 M H2SO4 electrolyte.
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electrostatic potential of the species belonging to or adsorbed
on the (grounded) working electrode is zero versus the
electron analyzer. If a nonconductive oxide is formed on the
working electrode, a potential drop will occur in this layer.
However, the constant Pt4+ peak position in Figure 2c suggests
that this effect is negligible. In contrast, the electrostatic
potential of electrolyte species will shift significantly depending
on their proximity to the working electrode and the applied
potential. As shown in Figure 3a, the electrostatic potential
drops in the electrolyte. At the positive (anodic) potentials
applied here, the electrolyte potential is negative with respect
to the working electrode, leading to lower apparent binding
energies.
For instance, the N 1s peak belonging to the FAD

membrane has shifted 1.7 eV at 1.65 VRHE with respect to
open circuit potential (OCP, 0.05 VRHE), hence close to the
expected bulk electrolyte shift. In contrast, the C 1s peak is
shifted by only 0.5 eV, because it contains contributions from
both FAD (electrolyte) and graphene (working electrode).
Accordingly, the peak shape has clearly changed. Similarly, the
O 1s peak shows an incomplete shift of 1.2 eV and a shape
change, which can be explained as a mixed response of
adsorbed water, graphene functionalities, bulk water, sulfate
ions, and the FAD membrane. The S 2p peak also shows an
incomplete shift (1.3 eV) and a clear broadening, suggesting
that the sulfate anions are found in both the adsorbed and free
form. Finally, we note that the shoulder around 69.3 eV in
Figure 2c originates from Br 3d electrons from the FAD
membrane. Similar to the case of the S 2p peak, the Br 3d
shoulder does not shift as a whole but rather broadens toward
lower binding energy. This suggests that Br species can be
found both as adsorbates and free electrolyte species. Thus, we
identify sulfate, Br-species, and O-species as the adsorbates in
the Pt−FAD system and the N-functionalities and sulfate as
bulk electrolyte species. An analogous analysis on Nafion is
presented in Figure S10 in the ESI.
For both FAD and Nafion, we observe an intensity increase

for membrane species during anodization (Br 3d peak in

Figure 2c and S 2p peak in Figure S11 in the ESI), implying
that the membranes redistribute within the catalyst layer. In
agreement with this, the signal-to-noise ratio of the Pt 4f
spectra decreases at elevated potential. When the potential is
lowered back to 0.25 VRHE, the Br 3d peak disappears (not
shown), yet the Pt signal loss is only partially reversed. This
implies that some particles detach from the graphene during
anodization and become completely encapsulated by the
membrane. It has been suggested that the membrane
redistribution occurs in order to screen the increasing
electrode potential using membrane species43 (see section S7
in the ESI for further discussion). Such a rearrangement of
charged species will require solvation, which explains the
absence of a rising Br peak in the case of a poorly wetted
catalyst (Figure 2b).
Having established the general behavior of our samples, we

turn our attention to the detailed evolution of the Pt particles
during anodization. To eliminate mass and charge transport
limitations in the electrolyte, we investigated low-coverage
samples with isolated nanoparticles (see Figure 1b), covered
with graphene. We first discuss the oxidation of Pt on FAD55.
To prevent any memory effects from air exposure, the working
electrode was cycled 10 times between −0.15 VRHE and 1.25
VRHE at 50 mV/s. Subsequently, the sample was anodized in
steps, while recording the spectra shown in Figure 4. The data
were fitted using Pt0 (Pt 4f7/2 at 71.0 eV), Ptδ+ (71.8 eV), Pt2+

(72−72.7 eV) and Pt4+ (73.7 eV) doublets (details in ESI
section S2).
At OCP (0.05 VRHE), a large Ptδ+ contribution is observed.

Since the OCP lies well below the oxidation potential of
platinum, the Ptδ+ peak must be adsorbate-induced. In
agreement with this, hard X-ray absorption spectroscopy
data10,15 showed broadening of the Pt L-edge white line in this
potential range. At higher potentials, the L-edge white line was
found to sharpen. Similarly, the Ptδ+ contribution decreases
when moving to 0.85 VRHE and 1.05 VRHE in our measure-
ments. These observations suggest a change in the adsorbate
structure that reduces the adsorbate−Pt dipole. Although a

Figure 4. Stepwise anodization of graphene-covered, isolated Pt nanoparticles on FAD55 in 0.1 M H2SO4 electrolyte. (a) Pt 4f spectra acquired
with an excitation energy of 600 eV and fit model using Pt0 (green), Ptδ+ (yellow), Pt2+ (blue), and Pt4+ (red) doublets. (b) The according O K-
edge spectra.
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detailed description of these adsorbate structures is beyond our
measurement capabilities at this point, one could explain this
as the result of an exchange between sulfate (2 charges per
adsorbate) and bromine species (1 or fewer charges per
adsorbate) on the surface, or as the result of hydrogen
(co)adsorption at low potentials.
The O K-edges up to 1.05 VRHE in Figure 4b show little

change with respect to OCP. This suggests that little to no
adsorbed O(H)44,45 or surface oxide phases44 are formed, in
contrast to literature for H2SO4 electrolytes.17,21 An explan-
ation comes from the rise of the Br 3d peak (69.3 eV). As
noted in our analysis of the electrolyte species, these Br species
adsorb on the Pt particles. Studies on halide adsorption have
shown that the Pt−Br interaction is sufficiently strong to
outcompete O(H) adsorbates, thereby thermodynamically
suppressing surface oxide formation.8,46,47 At sufficiently high
potential, Pt will nonetheless oxidize. Indeed, an onset of oxide
formation is observed at 1.25 V, through a minute rise in the
Pt4+ component. The Pt4+ formation is accompanied by an
increase in the O K-edge spectrum between 529.5 and 532 eV,
consistent with PtO2.

44 Some contribution may come from the
oxidation of the graphene cover layer, although we expect this
to occur at higher potentials (see ESI section S8 and ref 31.
Further increasing the potential to 1.45 V induces the

formation of bulk PtO2·nH2O, as evidenced by the large Pt4+

contribution and the increased O K-edge peak at 531.5−532
eV. Since depth profiling implies a Pt0 core, Pt4+ shell situation
(see Figure S9 in the ESI), the increase in the Ptδ+ contribution
is attributed to the formation of a Pt−PtO2·nH2O interface.
The PtO2·nH2O layer grows further at 1.85 V, almost
completely consuming Pt0 (see also Figure S13 in the ESI
for a Pt 4f spectrum recorded with higher excitation energy).
Since the Pt−PtO2·nH2O interface is smaller in this situation,
the Ptδ+ component shrank along with Pt0. Similar to Figure 2,
the Pt4+ peak position and shape remain constant, suggesting
that there is (almost) no potential drop over the oxide layer,
even for the thick oxide generated here. This implies that the
hydrous PtO2 generated under electrochemical conditions is
more conductive than its crystalline anhydrous counterparts.48

Consistent with this, no charging was observed during XPS
studies on thick PtO2·nH2O layers.21,22

The oxidation of Pt on Nafion shows striking differences to
the case of Pt on FAD discussed above. Figure 5a shows the
stepwise oxidation of a single layer of Nafion-supported
nanoparticles. The onset potential for oxide formation lies
between 0.9 VRHE and 1.15 VRHE (in agreement with the
literature10,13−19), roughly 0.2 V lower than for Pt/FAD. Note
that this shift in oxidation onset is also present for thicker Pt
layers on Nafion. The initial oxidation of Nafion-supported Pt
is evident in the Ptδ+, the Pt2+, and the Pt4+ contributions for

Figure 5. Pt oxidation on Nafion. (a) Stepwise oxidation of a single layer of Pt nanoparticles in 0.1 M H2SO4, with fit model using Pt0 (green), Ptδ+

(yellow), Pt2+ (blue), and Pt4+ (red) doublets. Excitation energy: 480 eV. (b) Graphene-covered 4 nm Pt layer at 1.85 VRHE with 0.1 M H2SO4.
Excitation energy: 580 eV.

Figure 6. Kinetics and reversibility of oxide formation on graphene-covered Pt nanoparticles on FAD55 in 0.1 M H2SO4 electrolyte. (a)
Development of the PEY signal at 531.8 eV during anodization as shown in panel b. (c) Pt 4f spectra (hν = 600 eV) at OCP (0.05 VRHE) prior to
the voltage sweep shown in panel b, ∼2.5 min after reaching 1.85 V, and after returning to OCP.
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the Nafion-supported particles, whereas Pt4+ growth was
dominant for Pt/FAD. This observation shows that the Pt
surface oxide is not uniform but rather contains Pt in various
coordination environments, consistent with the rough surface
morphology observed by X-ray scattering13 and scanning
tunneling microscopy.16

At potentials where bulk oxidation can occur (i.e., 1.25 V),
the Pt4+ contribution becomes increasingly dominant, finally
completely replacing Pt2+ at 1.85 V (Figure 5b). In agreement
with bulk thermodynamics,18 this shows that bulk Pt2+ oxides
are unstable with respect to PtO2·nH2O formation.
The absence of Pt2+ on our nanoparticles at high potentials

differs from observations on planar bulk electrodes.22,26 This
contrast can be attributed to kinetically hindered oxygen/H2O
transport in planar electrodes. Indeed, creating a few
nanometers of oxide on planar Pt can require hours.17,26 In
our case, the response to applied potential is much more rapid.
Figure 6a shows the evolution of the oxygen pre-edge feature
of PtO2·nH2O during anodization, monitored using the PEY
signal at an excitation energy of 531.8 eV (see ref 31 for
technical details). The onset potential for oxidation is in good
agreement with the static measurements from Figure 4b. The
subsequent oxide growth nearly saturates in the following 2
min. Confirming this, a Pt 4f spectrum recorded roughly 2.5
min after reaching 1.85 V shows nearly completely oxidized
particles (Figure 6c). Similar to oxide formation, complete
reversal to the metallic situation can be achieved in a few
minutes (also for the Nafion-supported samples). Again, such
reversibility was not observed for planar electrodes.17,22,26

The facile bulk oxidation of platinum is quite specific to
isolated nanoparticles and is not observed for thin films. Figure
7 shows a series of depth profiling experiments performed on
catalyst layers of varying thickness. Already for a layer thickness
of 4 nm, significantly less oxide is observed at 1.85 VRHE.
Taking into account particle size effects using Shard’s
method,49 we estimate that the oxide is about 1.5−2 times
thinner than for the 1 nm sample. Conductivity measurements
on 4 nm samples indicate that (most of) the particles are
connected into a film. Clearly, this geometric difference from
the 1 nm sample is already sufficient to change the oxidation
behavior. To exclude that the film geometry hinders electrolyte
mass transport to and from the Pt surface on the graphene
side, we also investigated a 16 nm layer, for which this effect
should be more pronounced. No further decrease in the oxide
thickness is observed, indicating that electrolyte transport is
not a limiting factor. Rather, we explain the deeper oxidation of
the isolated nanoparticles as a result of their high surface-to-
bulk ratio or structural flexibility,50 which facilitates easy

penetration of oxygen or H2O into the particle core. Note that
irrespective of the layer thickness, the oxidation kinetics were
sufficient to oxidize any Pt2+ formed during the oxidation to
Pt4+ (note the lack of Pt2+ in Figure 7).
Our conclusions establish a clear framework for the

discussion of Pt dissolution. Electrochemically generated Pt
oxides range from mixed valence Ptδ+/Pt2+/Pt4+ surface oxide
to pure Pt4+ bulk oxide (see Figure 8), with fast kinetics

connecting these oxidic states with the metallic state for
nanoparticles. Transient dissolution, which dominates Pt
electrode degradation,3−8 can therefore occur during the
formation and reduction of both surface and bulk oxide, even
for short excursions to oxidative potentials. To relate our
results to fuel cells, we should point out that while our sample
geometry (nanoparticles on Nafion) and relative humidity
(100%) are representative, we have not introduced O2 into the
gas phase and our operating temperature is on the low side
(23−120 °C for fuel cells). Since O2 is capable of oxidizing Pt
even in the absence of applied potential,51 particularly at
elevated temperature, we expect these differences to lead to a
lower onset potential for oxide formation.

4. CONCLUSION
We have studied the electrochemical oxidation of platinum
nanoparticles using in situ XPS. Pt nanoparticles were
sandwiched between a proton exchange membrane and a
monolayer of graphene. While electrolyte can diffuse through
the membrane from the backside, graphene provides a barrier
for evaporation into the vacuum chamber. The appearance of a
distinct H2O peak in the O K-edge spectra indicates that this
geometry results in a well-wetted environment for the catalyst
nanoparticles, opening the way for the study of wet
electrochemistry using XPS and electron microscopy. We
show that the wetting leads to much stronger Pt oxidation at
high potentials, as compared to gas phase electro-oxidation.

Figure 7. Depth profiling analysis of graphene-covered Pt nanoparticles/layers of various thickness on FAD55 in 0.1 M H2SO4 electrolyte,
performed at 1.85 VRHE after a dwell period of at least 10 min. For fitting procedure, see section S2 in the ESI. The fraction of oxidic Pt was taken as
the combined Pt2+ and Pt4+ contribution to the fitted spectra.

Figure 8. Schematic representation of the electrochemical oxidation
of platinum. (a) Pristine metallic particles at open circuit potential.
(b) Surface oxidation. This stage is absent for Pt on FAD due to Pt−
Br interaction. (c) Bulk oxidation, which finally results in pure PtO2·
nH2O.

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.8b12284
J. Am. Chem. Soc. 2019, 141, 6537−6544

6542

http://pubs.acs.org/doi/suppl/10.1021/jacs.8b12284/suppl_file/ja8b12284_si_001.pdf
http://dx.doi.org/10.1021/jacs.8b12284


Measurements conducted on a single layer of nanoparticles
allowed us to probe the catalyst with minimal mass transport
limitations in the electrolyte. We show that the initial oxidation
of Pt on Nafion 117, between 0.9 VRHE and 1.15 VRHE, yields a
surface oxide with mixed Ptδ+/Pt2+/Pt4+ oxidation state. On the
alternative membrane, Fumasep FAD55, the formation of the
surface oxide is suppressed due to the interaction between the
Pt particles and Br species in the FAD membrane. For both
membranes, anodization to higher potentials yields pure PtO2·
nH2O (no PtO·nH2O) as thermodynamically expected.18 The
oxidation on our nanoparticle catalysts is much faster than for
(ultra)thin film or bulk electrodes, with significant bulk oxide
growth on the subminute time-scale.
Based on these results, it is clear that the full range of Pt

oxidation states (Pt0−Pt4+) should be considered in transient
dissolution phenomena, even at modest oxidation potentials
and subminute time scales. For transient potential excursions
to high potentials, bulk oxide is a possible precursor to
dissolution.
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