
Justification 
 
This manuscript is intended for the special edition to mark the 100th anniversary of the Fritz Haber Institute.  
 
One of the major challenges in the development of clean energy fuel cells is the performance degradation of the electrocatalyst, 
which, apart from poisoning effects, can suffer from corrosion due to its exposure to a harsh environment under high potentials. 
In this communication, we demonstrate how interactions of Pt with a transition metal support affect not only, as commonly 
intended, the catalytic activity, but also the reactivity of Pt towards oxide formation or dissolution. We use two well-defined 
single-crystal model systems, Pt/Rh(111) and Pt/Au(111) and a unique x-ray spectroscopy technique with enhanced energy 
resolution to monitor the potential-dependent oxidation state of Pt, and find two markedly different oxidation mechanisms on 
the two different substrates. This information can be of great significance for future design of more active and more stable 
catalysts. 
 
 
 
 
 
 
 
 
 
 

Abstract 
We have studied the potential-induced degradation of Pt monolayer model electrocatalysts on Rh(111) and Au(111) single-
crystal substrates. The anodic formation of Pt oxides was monitored using in situ high energy resolution fluorescence detection 
x-ray absorption spectroscopy (HERFD XAS). Although Pt was deposited on both substrates in a three-dimensional island 
growth mode, we observed remarkable differences during oxide formation that can only be understood in terms of strong Pt–
substrate interactions throughout the Pt islands. Anodic polarization of Pt/Rh(111) up to +1.6 V vs. RHE (reversible hydrogen 
electrode) leads to formation an incompletely oxidized passive layer, whereas formation of PtO2 and partial Pt dissolution is 
observed for Pt/Au(111).  
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Proton exchange membrane fuel cells (PEMFC) could be an 
important building block for a renewable energy infrastructure, 
converting chemically stored energy – e.g., from solar peak 
production – back into electricity for electric vehicles or stationary 
off-the-grid applications. An unaccomplished prerequisite for such a 
development is the availability of cost-efficient electrocatalyst 
materials, in particular for the oxygen reduction reaction (ORR). Pt-
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 due 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.  
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Here, we present a study on the anodic oxidation of small Pt 
islands supported on single-crystal Rh(111) and Au(111) substrates, 
using in situ x-ray absorption spectroscopy (XAS) in the high 
energy resolution fluorescence 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 characteristic 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 (~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 here 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)) O adsorption than pure Pt. 

However, there is an apparent discrepancy between the 
theoretically predicted trend[5] and experimentally determined ORR 
activities for a number of Pt/M(111) systems prepared via 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 electrochemically deposited Pt/Au(111).[22][23] On 
Rh(111), a 2D Pt layer can be grown by UHV 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 EXAFS.[25] In contrast, the redox-displacement 
technique results in small 3D islands also for Pt/Rh(111); this is 
evident from in situ EXAFS (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 (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 degradation. 

In situ HERFD XAS measurements on Pt/Rh(111) (Fig. 1a) and 
Pt/Au(111) (Fig. 1b) show significant 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 11567 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 develops during a time-
scale of ~40 min and the absorption maximum shifts to 11568 eV.  
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By comparison with ab initio multiple-scattering calculations 
using FEFF8.4[27] for various Pt oxides (Fig. 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 Pt(IV). The broader 
appearance and weaker peak intensity in the measurement can be 
attributed to either additional Pt in lower oxidation states, or to a 
disordered PtO2 structure. 
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Figure 1. In situ Pt L3 HERFD XAS for a) Pt/Rh(111), b) Pt/Au(111) in 
0.01 M HClO4. Spectra were recorded in the order of increasing 
electrochemical potential. For Pt/Au(111) we also show a time-series 
single XAS sweeps at 1.4 V. 
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Figure 2. a) Structure models and b) calculated HERFD XAS spectra 
of different Pt oxides using FEFF8.4. 

The potential dependence of the amount of oxide formation can 
be followed using integrated white-line intensities as shown in Fig. 
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][28] 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 significantly faster 
phase transition at this potential. Moreover, oxide formation on 
Pt/Au(111) coincides with Pt dissolution (Fig. 3b), whereas 
dissolution from Pt/Rh(111) is not detectable within uncertainties 
arising from sample/beam alignment. We conjecture that the rapid 
oxide growth at 1.4 V is facilitated by an alternative oxidation 
pathway where Pt is dissolved as Pt2+, followed by further oxidation 
of Pt2+ to Pt4+ which precipitates as oxide, thus avoiding sluggish 
Pt–O solid-state diffusion.  
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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, 
determined from relative fluorescence count rates at 11600 eV 
incident energy, as function of increasing potentials; note the anodic 
dissolution of Pt/Au(111). 

The unusually strong tendency of Pt/Au(111) towards Pt 
dissolution can be explained with a general destabilization of Pt 
islands on Au surfaces due to the surface energy mismatch. Surface 
Pt tends to be removed in favour of exposing Au which has much 
lower surface energy, either, at high potentials, by anodic 
dissolution,[30][31] 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, however, may be obscured by the 
complex kinetics of the Pt–O place exchange. In analogy to a trend 
shown for 4d transition metals,[34] increased Pt cohesion in 
Pt/Au(111) due 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 an Au(111) substrate, whereas anodic 
polarization of Pt/Rh(111) leads instead to passivation. 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, 
e.g., Ir and Ru, 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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Supporting Information 

Methods 
Sample preparation. For the redox displacement of a Cu monolayer, Rh(111) (8 mm diameter, Surface Preparation 
Laboratory, Zaandam, The Netherlands) and Au(111) (4 mm diameter, MaTeck GmbH, Jülich, Germany) single crystals were 
prepared by flame annealing and subsequent cooling in a H2/N2 (5:95) atmosphere. The crystals were then transferred into a 
nitrogen-filled glovebag and mounted in a hanging meniscus flow cell which allows for a rapid exchange of the electrolyte 
under potential control. A Cu deposition voltammogram in 1 mM CuSO4 + 0.05 M H2SO4 solution was then recorded at a 
cathodic potential sweep rate of 10 mV/s starting from +400 mV (Ag/AgCl). Immediately after the completion of the Cu upd 
peak, the cell was flushed with the Cu-free supporting electrolyte (0.05 M H2SO4). Meanwhile, the cathodic potential sweep 
was continued to a final value of -400 mV in order to prevent any dissolution of the Cu monolayer. In analogy to previous 
experiments [1,2] which used the stabilization of a Cu upd layer on Au(111) in Cu-free electrolyte, we are able to verify with 
cyclic voltammetry that the Cu layer remains stable and has the desired coverage of 1 ML. After the deposition of 1 ML Cu 
and its stabilization in Cu-free supporting electrolyte, the M(111) samples were quickly transferred to a glass beaker where the 
polished surface was exposed to the Pt deposition solution (1 mM K2PtCl4 + 0.05 M H2SO4) for ca. 30 s.  

In situ x-ray electrochemical cell. Two different in situ x-ray electrochemical cells were used in this study. A “thin layer” 
cell similar to earlier in situ x-ray diffraction setups [3] was used with 6 μm mylar foil (Goodfellow) as x-ray window. For 
every change of the potential the cell was inflated and, at the new potential value, kept under thick-layer conditions for at least 
15 min in order to allow for potential-induced phase transitions to complete, before returning to the thin-layer mode for the 
next XAS measurement. Faster potential changes and higher electrochemical currents can be achieved in our “droplet” hanging 
meniscus cell [4], where a thick electrolyte layer is provided throughout the x-ray measurement. Both cells provide a three-
electrode configuration with Pt wire as the counter electrode and a leak-free Ag/AgCl reference electrode. All electrode 
potentials were converted to the scale of the reversible hydrogen electrode (RHE).  

All electrolytes were made from high-purity chemicals (70% HClO4, Trace Select Ultra, Sigma-Aldrich and 95% H2SO4, 
Trace Select, Sigma-Aldrich; 99.999% CuSO4·5 H2O, Sigma-Aldrich) and ultrapure water from a Millipore Gradient system.  

X-ray absorption spectroscopy. HERFD-XANES measurements were performed at SSRL Beam Line 6-2 using a Si(111) 
monochromator in combination with a Rowland circle analyzer spectrometer [5] consisting of three spherically bent Ge perfect 
crystals (R = 1 m). The crystals were aligned in a backscattering geometry using the (660) Bragg reflection at 80.0° to select 
the Pt Lα1 fluorescence line (9442 eV). The combined resolution of the monochromator and analyzer as determined by 
measuring the elastic scattering was 1.4 eV. Assuming an intrinsic monochromator resolution of ~1 eV, the analyzer 
resolution is estimated to be ~1 eV.  

The incidence angle of the x-ray beam to the Pt/M(111) surfaces was adjusted to the critical angle for total external 
reflection, thereby enhancing the fluorescence intensity up to fourfold [6]. The orientation of the electric field vector of the 
incident beam was perpendicular to the surface normal.  

Computational methods. FEFF 8.4 calculations of HERFD XAS spectra were performed using the same parameters as 
described in detail in a previous study [4]. 

 

EXAFS characterization of 3D Pt/Rh(111) 
During the deposition of Pt on Rh(111), one would expect, due to the high surface energy of Rh and attractive Pt–Rh 

interactions [7], that a growth mode of either the Frank-van der Merwe or Stranski-Krastanov type would be favored, i.e. at 
least up to a coverage of one monolayer, Pt would uniformly grow in a single 2D layer. Such a 2D Pt layer can actually be 
prepared under UHV conditions on Rh(111) [4,8]. However, significantly different results were obtained both with EXAFS 
when we prepared Pt/Rh(111) using the redox displacement of upd Cu. In Table S1, the latter sample shows a higher 
coordination number of Pt with nearest-neighbor Pt atoms and, more importantly, a significantly reduced Rh coordination, the 
latter indicating that a significant portion of the Pt atoms is not residing within the first layer above the topmost Rh(111) plane. 
Since at the same time the Pt–Pt coordination number is still significantly lower than the value of 12 for bulk Pt, we propose 
that the deposit consists of small three-dimensional islands. We conjecture that, under the growth conditions under electrolyte 
at room temperature, high kinetic barriers allow neither surface diffusion nor a dissolution-redeposition mechanism for a 
rearrangement towards the more stable two-dimensional morphology within the timescale of our experiment. For Pt/Au(111), 
we also assume a similar 3D morphology of the Pt deposit. This is favorable due to the much lower surface energy of Au 
compared to Pt [7]. Furthermore, three-dimensional growth has been demonstrated for the direct electrochemical deposition of 
Pt on Au(111) [9], and with HERFD XAS we find no significant difference in the potential-dependent behavior of Pt/Au(111) 
samples prepared either by direct electrodeposition or by the redox-displacement technique.  
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Table S1.  In Situ EXAFS Fitting Results for 1 ML Pt/Rh(111) Samples Prepared in UHV and by Redox-Displacement 
 Pt/Rh(111), 

evaporated,  
E = 0.0 V 

Pt/Rh(111), redox-
displacement,  

E = 0.1 V 
NPt–Pt 6.5 ± 0.8 7.3 ± 0.7 

dPt–Pt (Å) 2.72 ± 0.02 2.74 ± 0.02 
σ2 (Å2) 0.005 0.005 
NPt–Rh 3.2 ± 0.7 1.4 ± 0.5 

dPt–Rh (Å) 2.72 ± 0.02 2.68 ± 0.05 
σ2 (Å2) 0.005 0.005 
R factor 0.0282 0.0238 
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