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Work Proposal Description: 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.

a. Facility Requirements: N/A 
b. Publications: 
This is a new project starting on FY2005, therefore, no publications have been produced in FY2004 and FY2005.
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.

d. Background: N/A
e. Approach: H. You (25%), N.M. Markovic (10%), P. Zapol (10%), G. Karapetrov (10%), D. Hennessy, K.C. Chang, P. Panowski (postdocs) (100%), D. Myers (CMT, 10%), W. Halley (U. Minn) (10%), Y. Tolmachev (Kent State) (10%). 
f. Technical Progress: 
There is no previous accomplishment for FY2004 and FY2005. This is a new program starting on FY2005.

g. Future Accomplishments: 
One-dimensional model catalysts: One-dimensional array of (111)-(100) nanofacets will be self-assembled by annealing a high-index surface of Pt single crystal surfaces in pure air. Preliminary studies indicate that the width of a typical pair of (111)-(100) facet was ~12 nm across and length was ~ 1 μm. The oxygen reduction reaction (ORR) of this model catalyst will be studied in sulfuric and perchloric acids using the rotating disk electrode technique. Preliminary rotating-disk electrode measurements show that activities of nanofaceted surfaces are considerably higher than a simple average of the activities of (111) and (100) surfaces. We will continue the measurements to elucidate the mechanism for the higher-than-expected activities of oxygen reduction reaction on the self-assembled one-dimensional array model catalysts grown on single crystals. Self-consistent tight-binding calculation of this model catalyst surface will be performed.
Two-dimensional model catalysts: The main problem in studying the microscopic details of the nanoparticles is the fact that the commercially available nanoparticle catalysts are randomly dispersed on supports of random morphologies. Certainly, it is important to study the catalysts in forms typically used in real applications. However, one can learn the molecular-level details more effectively when the sizes, spacings, and even the crystalline orientations of the nanoparticle catalysts are completely controlled in one- or two-dimensional arrays. Therefore, we will make such perfect or near-perfect arrays of nanosize catalyst particles. The most unique feature of the proposed array catalysts is the fact that all the particles in the array (tens or hundreds of millions in number) are all identical in size, shape, and orientation. Such perfect arrays enable us to use atomic and molecular-level experimental techniques generally useful only for single crystals. Thin film of Pt will be vapor-deposited and epitaxially grown on a substrate. Then the epitaxial platinum film will be lithographically etched and annealed to an equilibrium shape with well-defined facets. In this way, the size, shape, and distribution can be controlled. These model catalysts will then be structurally and electrochemically in situ and ex situ. Alloy nanoarrays can be made from thin multi-layer films in a similar manner. 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: 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. As the first step, we will investigate the atomic level corrosion and dissolution of various platinum single-crystal surfaces. The dissolution rates are believed to be insensitive to the crystallographic orientation of the surface. However, our recent preliminary studies indicate probably otherwise. Inductively-coupled mass spectroscopy analysis of the electrolyte used for specific surfaces appears very sensitive 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: Determination of oxidation states, d-band location and widths is important in understanding the electronic nature of catalyst nanoparticles. We will study novel catalysts consisting of a non-Pt core (such as Ni) and a Pt shell. The Pt shell thickness is usually between 0.5 and 5 monolayers. The transition metals, such as Ni, were chosen as the core of the nanoparticles for their known promoting activity of oxygen-reduction reaction. In conventional alloy catalysts, more Pt atoms are in the core and their dominant contribution complicates x-ray fluorescence measurements. Pt-shell catalysts avoid this problem, and are expected to yield information on surface Pt atoms exclusively. The Pt shell samples also offer a possibility for studying the stability of such structures since the multiple-energy wide-angle x-ray diffraction is sensitive to a shell-like structure vs. a solid-core structure. We can infer the stability of real alloy catalysts by studying the model shell-like Pt structure. 


We propose to 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:
N/A

j. Explanation of Milestone (if applicable): 
N/A
k. Deliverables: 
N/A
l. Performance Measures and Expectations: 
N/A

m. ES&H Considerations: 
N/A
n. Human or Animal Subjects Activities: 
N/A

o. Security Requirements: 
N/A

