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This research program focuses on the design, synthesis, modeling, characterization, and optimization of multimetallic nanoparticles towards advanced fuel-cell catalysts.  Multimetallic nanoparticles promise advanced opportunities for developing active, robust and low-cost catalysts.  A major problem is the lack of the ability in controlling size, composition, and morphology at the nanoscale.  The goal is to establish the fundamental correlation between the nanostructural parameters (size, shape, composition and morphology) and the electrocatalytic properties (activity and stability).  There are four specific objectives:  (1) to synthesize, characterize and optimize multimetallic nanoparticles and catalysts with controllable size (1-10 nm), composition and morphology (e.g., binary (M1nM2100-n), ternary (M1nM2mM3100-n-m) alloys, and core@shell (M1@M2)); (2) to evaluate the catalytic activities of the multimetallic nanoparticle catalysts in fuel-cell reactions for understanding the relationships between the catalytic activity and the nanostructural parameters; (3) to develop theoretical models for predicting and assessing the structural correlation of the multimetallic nanoparticles and catalysts; and (4) to carry out optimization analysis of the catalyst activity-stability and fuel cell testing of selected catalysts to determine the durability and degradation mechanism.  The major educational activities focus on training students in cross-discipline and cross-campus learning activities that integrates nanotechnology into course modules in an interdisciplinary learning environment, and developing new course modules centering on nanomaterials and nanotechnology for students from different science and engineering fields.  This report gives an overview of our work in four related areas. 

1. Design of bimetallic/trimetallic catalysts with optimized activity and stability.  In addition to combinatorial work on optimizing electrocatalytic activity and stability of bimetallic catalysts, one concept involves a statistic Pareto optimization between activity and stability based on the existing data of Pt-based binary catalysts to understand how a trimetallic catalyst (M1)x(M2)yPt1-x-y can be selected from the trimetallic combinations.  This understanding is also coupled with studies of the phase and surface evolution and the control of the size and composition of the multimetallic catalysts, the DFT-based correlation between the reaction mechanism and the composition for O2 adsorption, and the electrocatalytic fuel cell performance evaluation of the catalysts.  A series of bimetallic (PtnM1100-n), trimetallic (PtnM1mM2100-n-m) nanoparticles (M (1 or 2) = Pt, Co, Ni, V, Fe, Cu, Pd, Cr, W, Zr, Au, etc.) are being studied for establishing the structure-activity correlation [1].  
2. Probing morphological, surface and phase properties.  To understand whether the nanoparticles are multimetallic, HRTEM-EDS, XRD, XPS were used to analyze the nanoparticles.  Based on our recent work on bimetallic (e.g., AuPt, PtFe, PtV, PtCo, PtNi, etc.) and trimetallic alloy (e.g., PtVFe, PtNiFe, PtVCo, PtZrNi, etc.) nanoparticles, the question whether the alloying properties of bimetallic/trimetallic nanoparticles are different from the bulk counterparts were addressed by systematically examining the phase properties of the nanoparticles using XRD techniques.  Synchrotron-based time-resolved x-ray diffraction studies of nanoparticle evolution [2] was carried out to gain a detailed understanding of the nanoscale size, composition, and phase properties.  While AuPt nanoparticles supported on silica displayed an alloyed structure that is preserved even after extensive annealing at temperatures as high at 700( C, the nanoparticles on alumina support exhibited a rich phase behavior that is sensitive to alloy composition and the synthesis and processing details. 

3. Computational modeling of the composition and size dependence.  Our DFT studies of PtAu bimetallic systems have shown that the binding energy and CO frequency are directly related to the surface composition.  The Pt or Au surface composition of PtAu nanoparticle and the specific CO adsorption sites can be deduced from temperature-programmed FTIR measurements. Alloying another element in the cluster further modifies the local electronic properties of pure metal clusters.  For ORR on PtVFe model catalysts, the composition of ~33% Pt, ~15% V, and ~52% Fe exhibited the optimal activity.  The results also reveal that the enhanced activity is possibly due to the direct or spontaneous O2 dissociations and the efficient electron transfer in the presence of V.

4. Electrocatalytic and fuel cell performance evaluation.  Results from both RDE and proton exchange membrane fuel cells (PEMFC) [3] revealed that the PtVFe/C catalysts exhibited much better electrocatalytic performance than that commercial Pt/C catalysts (Figure 1).  The PtVFe/C and PtNiFe/C catalysts were shown to exhibit a 2~5 fold increase in mass activity and 5~7 fold increase in specific activity in comparison with commercially-available Pt catalyst under the similar condition.  Recent work showed that an alloyed Au23Pt77/C (15%Pt) catalyst exhibited mass activity and specific activity larger than Pt/C catalyst by a factor of 3-4. 
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Figure 1. (A) Comparison of mass activities and specific activities for carbon-supported monometallic, bimetallic and trimetallic catalysts (E = 0.858 V vs. RHE).  (B) PEMFC polarization and power density curves of MEA with Pt42V19Fe39/C or Pt/C as cathode at 75○C (0.4 mgPt/cm2).  A 10-day fuel-cell stability result is included in the insert.
In comparison with the peak power density of Pt/C (1.22 A/cm2 and 0.52 W/cm2 at 0.43 V), values of 1.81 A/cm2 and 0.82 W/cm2 at 0.45 V were found for the PtVFe/C catalyst.  The fuel cell with PtVFe/C catalyst showed a 50% increase in peak power density in comparison with that of Pt/C.  The PEMFC showed no indication of decrease in cell voltage over a 10-day period, and further long-term durability test is underway for a complete assessment of the catalyst stability.
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