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This program proposes fundamental, molecular-level studies of the electrocatalytic reactions such as oxygen-reduction reaction relevant to energy conversion devices such as fuel cell cathode and anode. The structures, chemical states of reactants, products, and reaction intermediates formed on these electrocatalysts will be studied in addition to the kinetic parameters of the reaction. The most advanced x-ray techniques available at the Advanced Photon Source, complemented by electrochemical techniques, scanning probe microscopy, and theoretical modeling, will be used. We will investigate the whole system, namely, the mono- or sub-monolayer sensitive molecular orientation and short- and long-range structures of oxygen and other molecules, reaction intermediates, poisons, spectators, and the chemical states and core-binding energy shift of surface atoms on electrocatalyst itself. The electrocatalysts include model catalysts and realistic catalysts of platinum and platinum alloys. The unique and versatile synchrotron x-ray techniques enable us to carry out an in-situ, systematic study of electrocatalytic systems with varying degrees of complexity, ranging from single crystals, to designed nano-arrays, to real fuel cell catalysts, and to single nanoparticles. The basic knowledge obtained from this study can be used to guide the development of future electrocatalysts with little or no platinum.
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	b. Publications

There have been 6 publications from FWP 58601 in FY2006.

c. Purpose: 

· Advance fundamental understanding of electrocatalytic reactions such as oxygen reduction reaction on the surfaces of model and real electrocatalysts.

· Design novel and innovative model catalysts suitable for molecular-level studies using advanced lithographic techniques available at Center for Nanoscale Materials.

· Study and compare the model catalysts and real catalysts using surface-science tools, optical and scanning probes, and state-of-art x-ray techniques available at Advanced Photon Source.

· Use density functional theory and self-consistent tight-binding calculation to model and simulate the experimental results and provide further experimental directions.

e. Approach:

 H. You (30%), N.M. Markovic (10%), P. Zapol (50%), G. Karapetrov (10%), K.C. Chang, D. Hennessy, P. Pankowski, M. Pierce, M. Smith, A. Tchernatinsky (postdocs) (100%), D. Myers (CMT, 10%), W. Halley (U. Minn) (10%), Y. Tolmachev (Kent State) (10%), R. Hoover (Student, Kent State) (100%).

f. Technical Progress: 

1d and 2d array model electrocatalysts and oxygen reduction reactions: We prepared 1d and 2d array structures of platinum crystal of nanoscale sizes to model electrocatalysts. The 1d arrays were prepared by annealing and faceting high-index crystal planes of platinum single crystals.  The oxygen reduction reaction (ORR) was studied on (111)-(100) nanofaceted platinum surfaces in sulfuric and perchloric acids using the rotating disk electrode technique. Activities of nanofaceted surfaces are found to be considerably higher than a simple geometric average of the activities of (111) and (100) surfaces. We find that the high activity in sulfuric acid is consistent with the higher activity of (111) facets due the weaker sulfate adsorption on finite-size (111) surfaces than on (111) single crystal surfaces where the ORR activity is suppressed by strong sulfate adsorption. However, the high activity found in the weakly absorbing perchloric acid cannot be explained by the finite-size effect since the activities are reportedly insensitive to terrace sizes.  Based on our results, we proposed a cooperative activity, unique to nanoscale objects, which results from oxy-species crossing over between adjacent facets in nanometer proximities.  

2d arrays were prepared with thermal annealing combined with electron-beam lithography technique. Initially platinum films were prepared with vapor deposition on Nb-doped SrTiO3 (STO) substrates. Annealing a submonolayer Pt film at 850ºC in UHV chamber produced randomly distributed clusters with a rather uniform size but mostly on step edges. Annealing several layers of Pt film resulted in epitaxial films. The epitaxial films were then subjected to electron-beam lithography to create precisely registered 2d arrays of Pt particles. We have theoretically studied morphology of Pt particles on the STO substrates. Partial wetting of Pt particles during annealing led to equilibrium shapes. The equilibrium shapes were simulated through a combination of DFT calculations and Wulff-Kaischew theorem. The predicted shapes, degree of wetting, and reconstructions agree with the experimental observation. We also completed a nonrelativistic parameterization of platinum metal. The parameterization for self-consistent tight-binding is a significant step towards to realistic simulation of the oxygen reduction reaction.

Platinum dissolution of low-index single crystal surfaces and nanoparticles: Stability and dissolution of platinum single crystal surfaces were investigated with atomic force microscopy and inductively coupled plasma mass spectrometry. Both low-index surfaces and nanofaceted surfaces were investigated. A clear difference was observed between the large low-index surfaces and the nanofaceted surfaces.  At 0.65 V vs. RHE, all three basal Pt single crystals dissolve considerably. Dissolution of Pt(111) occurs at the step edge, and proceeds by a layer-by-layer fashion. At 0.95 V, platinum content in solution is smaller than at 0.65V due to passivation. Atomic pits and deep (~3.5 nm, ~1 μm wide) holes form in case of Pt(111), but step corrugation occurs in Pt(100). At 1.15V, Pt(111) dissolves in “uncontrolled way” by forming many 0.6 nm deep rough etch holes while other two surfaces passivate. On the other hand, the nanofaceted surface dissolves faster at a higher potential indicating the edges and corners are the main sources of dissolution. This is qualitatively similar to nanoparticle dissolution determined by measuring equilibrium Pt concentrations for nanoparticle Pt catalysts supported on high-surface-area carbon, Pt3Co/C and Pt/C.  However, these data also show in more detail that the equilibrium concentration increases with increasing potential from 0.65 to 1.0 V but decreases at >1.0 V.  The decrease of dissolved Pt concentration at >1.0 V is consistent with the proposed idea of ‘passivation’ with the place-exchange of surface Pt and adsorbed oxygen atoms.

X-ray Studies of nanoparticle catalysts: Se-modified Ru nanoparticles are known to be highly active in ORR while tolerant to CO and methanol. We used the in-situ Se K-edge x-ray spectroscopy to characterize Se-skin Ru nanoparticles.  X-ray powder diffraction verified that the Se/Ru catalyst had largely pure Ru cores.  The analysis of the extended x-ray absorption fine structure shows an enhancement of the Se-Ru bonds and disappearance of Se-O bonds during the oxygen reduction reaction. This supports the view that the role of Se in the Se/Ru ORR catalysis is to inhibit the formation of RuO2.  Based on our study, we can conclude that the major factor governing the activity of the Se/Ru catalysts is the incomplete coverage and non-uniform distribution of Se atoms on the Ru surface that expose 2-fold Ru sites to oxygen molecules.

g. Future Accomplishments: 

Electrochemical/structural characterization and theoretical modeling of Pt nanoparticle arrays: As we developed the methodology for fabrication of 2d arrays of Pt nanoparticles, we will continue refine the methodology to decrease the feature sizes and to increase the number of identical particles for the next phase of the study. The arrays fabricated will be now characterized with electrochemical methods, such as cyclic voltammetry and rotating-disk-electrode measurements. The technique will also be further developed to create alloy nanoparticle arrays. Alloy nanoarrays can be made similarly but starting from thin multi-layer films. Density functional theory calculations will be used to theoretically predict and compare with experimental results of the nanoparticle shapes.

Stability of single crystal surfaces under electrochemical conditions close to fuel cell operation: We will study the stability of low-index alloy surfaces such as Pt-Ni and Pt-Co. Instability of platinum and platinum alloy catalysts in membrane electrode assembly is one of the main issues with practical applications of fuel cells.  The origin of the instability is not clearly known. One of the probable cause is platinum dissolution and migration under the fuel-cell operating potential. We will investigate the atomic level corrosion and dissolution of various platinum alloy single-crystal surfaces. The dissolution rates are believed to be insensitive to the crystallographic orientation of the surface. We plan to follow up this surface specificity with AFM and x-ray reflectivity measurements. 

Real nanoparticle catalysts: We will demonstrate the feasibility and effectiveness of high-resolution fluorescence techniques for studies of electronic nature, which are superior to the capabilities of ordinary x-ray absorption techniques. There are two reasons for conducting high-resolution fluorescence measurements using a powerful synchrotron such as the APS. One obvious reason is that we can separate the close fluorescence lines. By measuring well-separated fluorescence lines, one can achieve a so-called “spectral sharpening”. The fluorescence line sharpens because the energy difference between incoming and fluorescence x-rays matches the resonance energy of the spontaneous emission. In effect, the analyzer crystal is selecting only x-ray-fluorescent photons that are well matched with the emission line and it is eliminating those photons that are not well matched with the emission line. The spectral sharpening will be demonstrated for platinum under electrochemical control. The so-called white line is much sharper and more pronounced than in ordinary fluorescence or adsorption spectra. When we are interested in the white line position and fraction as compared with the adsorption edge, this spectral sharpening will be a key for sensitive measurements. The effect of oxidation states on the white line is well known and we have recently used this effect to study the oxidation state of a metal overlayer on a single-crystal platinum surface. 
 

h. Relationships to Other Projects: 
The proposed studies include collaboration with theorists in the Molecular Materials program (FWP 58510) in MSD. Also, advanced x-ray methodologies developed under (FWP 58926) will be used for this program wherever applicable. 
i. NEPA Requirements Required:   NEPA review and assessment has been completed in accordance with DOE NEPA Compliance Order 451.1B

m. ES&H Considerations:  Normal ES&H considerations associated with laboratory work as outlined in Argonne’s ES&H manuals will apply



