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Proton exchange membrane fuel cells (PEMFC) could be an
important building block for a renewable-energy infrastruc-
ture, converting chemically stored energy (e.g., from solar
peak production) back into electricity for electric vehicles or
stationary off-the-grid applications. An unaccomplished pre-
requisite for such a development is the availability of cost-
efficient electrocatalyst materials, in particular for the oxygen
reduction reaction (ORR). Platinum-free catalysts made
from earth-abundant materials[1, 2] would be desirable, but
exhibit too high overpotentials. Nevertheless, the cost of Pt-
based catalysts can be reduced by tuning both the morphology
and electronic structure to maximize activity. Significant
enhancements can be achieved with bimetallic systems where
the Pt 5d band is shifted owing to strain and ligand effects.[3–11]

However, highly active carbon-supported Pt and Pt-alloy
nanoparticles have been successfully tested only on short time
scales, whereas degradation occurs under long-term operating
conditions through sintering, Pt dissolution, carbon corrosion,
and nanoparticle–support detachment.[12, 13] Furthermore, the
enhanced catalytic activity of bimetallic nanoparticles is often
achieved through a specific “core–shell” distribution of
constituents,[3, 14] which also lacks long-term stability.

Herein we present a study on the anodic oxidation of
small Pt islands supported on single-crystal rhodium (111)
and gold (111) substrates, using in situ X-ray absorption
spectroscopy (XAS) in the high-energy resolution fluores-
cence detection (HERFD) mode. By depositing ultrathin Pt
layers onto a M(111) substrate, we mimic the strain and
vertical ligand effects that also occur in Pt alloys, but with
better control of structure and element distribution and the
highest possible surface sensitivity of the bulk-penetrating
hard X-ray probe. Metallic Pt and different Pt oxides can be
clearly identified by the shape and intensity of the character-
istic maximum (“white line”) near the Pt L3 absorption edge

due to 2p!5d transitions.[15–17] The spectral resolution in
conventional XAS is limited by the Pt 2p core hole lifetime
broadening (ca. 5.2 eV), but significantly sharpened spectral
features can be obtained with the HERFD technique.[18, 19]

The ORR activity for Pt overlayers on various transition-
metal substrates has been studied in detail with rotating disk
electrode (RDE) measurements,[4] and a volcano plot using
the adsorption strength of atomic oxygen as descriptor has
been established using density functional theory (DFT).[5,20]

While the ORR activities of the two systems studied herein
are of the same order of magnitude, they lie on opposite sides
of the volcano, exhibiting weaker (Pt/Rh(111)) and stronger
(Pt/Au(111)) oxygen adsorption than pure Pt.

However, there is an apparent discrepancy between the
theoretically predicted trend[5] and experimentally deter-
mined ORR activities for a number of Pt/M(111) systems
prepared by redox displacement of underpotential-deposited
Cu.[4, 21] This disagreement can be explained if, instead of the
uniform two-dimensional (2D) monolayers assumed in DFT
calculations, redox displacement yields three-dimensional
(3D) Pt islands. Indeed, 3D island growth has been confirmed
with in situ scanning tunneling microscopy for electrochemi-
cally deposited Pt/Au(111).[22, 23] On Rh(111), a 2D Pt layer
can be grown by ultra-high-vacuum evaporation onto a
heated substrate,[24] and we recently studied electrochemical
surface oxide formation on such a 2D Pt/Rh(111) sample with
in situ HERFD XAS and extended X-ray absorption fine
structure (EXAFS) analysis.[25] In contrast, the redox-dis-
placement technique also results in small 3D islands for Pt/
Rh(111); this is evident from in situ EXAFS studies (see the
Supporting Information). We use this 3D Pt/Rh(111) sample
in our comparison with Pt/Au(111) in order to provide a
similar Pt morphology.

Interestingly, not only the d-band shifts and corresponding
oxygen affinities for Pt/Au(111) and Pt/Rh(111) but also the
surface energies of the substrate metals in these systems differ
substantially. Au has a significantly lower surface energy than
Pt,[26] which explains why Pt cannot be grown on Au in a layer-
by-layer mode. Rh, in contrast, has a higher surface energy
than Pt. We find that surface and cohesion energies strongly
influence the redox chemistry of Pt islands at potentials above
1.0 V (vs. a reversible hydrogen electrode, RHE), where Pt
oxides and hydrated Pt cations become thermodynamically
stable. Such conditions can occur in various fuel cell operating
scenarios[12] and contribute significantly to catalyst degrada-
tion.

In situ HERFD XAS measurements on Pt/Rh(111)
(Figure 1a) and Pt/Au(111) (Figure 1b) show significant
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changes in the white-line region as the potential is increased
above 1.0 V. On both samples we initially observe a transition
from a narrow absorption maximum at 11566 eV to a much
broader peak around 11 567 eV; similar changes were
observed in our previous study of 2D Pt/Rh(111).[25] However,
while this new feature saturates on both 2D Pt/Rh(111) and
3D Pt/Rh(111) upon further increasing the potential, a second
transition occurs on Pt/Au(111) after 1.4 V is reached. At this
potential, a strong increase of the white-line intensity devel-
ops during a time-scale of approximately 40 min, and the
absorption maximum shifts to 11 568 eV.

By comparison with ab initio multiple-scattering calcu-
lations using FEFF8.4[27] for various platinum oxides
(Figure 2), it is clear that the high white-line intensities
observed for Pt/Au(111) above 1.4 V can only be explained
with the formation of PtIV. The broader appearance and
weaker peak intensity in the experimental spectra as com-
pared with the calculations for PtO2 can be attributed to

either additional Pt in lower oxidation states or to a
disordered PtO2 structure.

The potential dependence of the amount of oxide
formation can be monitored using integrated white-line
intensities as shown in Figure 3a. Oxide formation on Pt/
Rh(111) appears sluggish throughout the potential range

studied. Similar behavior was found with XAS on 2D Pt/
Rh(111)[25] and with in situ X-ray diffraction on Pt(111),[28]

and a Pt–O place-exchange mechanism was proposed.[28, 29] In
contrast, a sharp increase of the average Pt oxidation state can
be seen for Pt/Au(111) at 1.4 V, pointing towards a signifi-
cantly faster phase transition at this potential. Moreover,
oxide formation on Pt/Au(111) coincides with Pt dissolution
(Figure 3b), whereas dissolution from Pt/Rh(111) is not
detectable within uncertainties arising from sample and
beam alignment. We conjecture that the rapid oxide growth
at 1.4 V is facilitated by an alternative oxidation pathway in
which Pt is dissolved as Pt2+ with subsequent further oxidation
of Pt2+ to Pt4+, which precipitates as oxide, thus avoiding
sluggish Pt–O solid-state diffusion.

The unusually strong tendency of Pt/Au(111) towards Pt
dissolution can be explained with a general destabilization of
Pt islands on Au surfaces arising from the surface energy
mismatch. Surface Pt tends to be removed in favor of
exposing Au, which has much lower surface energy, either
at high potentials by anodic dissolution[30] or by diffusion into
the Au substrate.[31–33] Pt oxide formation should follow a
similar thermodynamic dependence on Pt island stability as
dissolution; this relationship, however, may be obscured by
the complex kinetics of the Pt–O place exchange. In analogy

Figure 1. In situ Pt L3 HERFD XAS for a) Pt/Rh(111) and b) Pt/Au(111)
in 0.01m HClO4. Spectra were recorded in the order of increasing
electrochemical potential. For Pt/Au(111) we also show a time series
of single XAS sweeps at 1.4 V. m =normalized absorption.

Figure 2. a) Structure models and b) calculated HERFD XAS spectra of
different platinum oxides. Calculations were carried out with
FEFF8.4.[27]

Figure 3. a) Potential dependence of Pt oxide formation for Pt/Rh(111)
and Pt/Au(111); the increase of the integrated white-line intensity
indicates the extent of Pt oxidation. b) Pt coverage qPt determined
from relative fluorescence count rates at 11600 eV incident energy, as
a function of increasing potentials; note the anodic dissolution of Pt/
Au(111). ML= monolayer. Data in (a) and (b) are shown as dashed
lines with open circles for Pt/Rh(111) and as solid lines with diamonds
for Pt/Au(111).

10191Angew. Chem. Int. Ed. 2011, 50, 10190 –10192 � 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


to a trend shown for 4d transition metals,[34] increased Pt
cohesion in Pt/Au(111) owing to the d-band shift may
destabilize subsurface oxygen, a precursor to oxide formation.

In summary, our XAS results clearly show that anodic Pt
dissolution is promoted on a Au(111) substrate, whereas
anodic polarization of Pt/Rh(111) leads instead to passiva-
tion. We can expect Pt/Rh(111) or Pt/Rh nanoparticles to
provide good long-term stability under ORR conditions.
However, the catalytic activity is suboptimal, and several
other substrates with high surface energy, for example,
iridium and ruthenium, also shift the Pt 5d band too far
toward the weak Pt–O interaction side of the fuel cell volcano
plot. Therefore, it may be necessary to find a compromise in
ORR catalyst design between high activity and long-term
stability.
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