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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 opportunities for developing active, robust and low-cost catalysts, but a major problem is the lack of understanding of the nanostructural parameters (size, shape, composition, and morphology) in relation with the catalytic activity and stability.  The goal of this project is to establish the fundamental correlation between the nanostructural parameters and the electrocatalytic 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 interdisciplinary nature of this project engages students in cross-discipline and cross-campus learning activities for students from different science and engineering fields.  

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 coupled with studies of the nanoscale 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 synergistic roles of size, shape, composition, structure, and phase in electrocatalysis.  To understand whether the nanoparticles are multimetallic, an array of techniques (HRTEM-EDS, XRD, synchrotron-based time-resolved XRD, XPS, and ICP were used to analyze the catalysts, including bimetallic (e.g., AuPt, PtFe, PtV, PtCo, PtNi, etc.) and trimetallic (e.g., PtVFe, PtNiFe, PtVCo, PtZrNi, etc.) nanoparticles, focusing on the following synergistic effects.  

The ability to control nanoscale alloying and phase segregation properties is important for the exploration of multimetallic nanoparticles for the design of advanced functional materials and catalysts.  For example, the bimetallic gold-platinum nanoparticles have been demonstrated to exist in phases ranging from alloy, partial alloy, to phase segregation depending on the preparation conditions, the bimetallic composition, and the supporting materials [2].  In contrast to the largely-alloyed character for the catalysts treated at 300-400 °C, the higher-temperature treated catalysts (e.g., 800 °C) are shown to consist of a Pt-rich alloy core and a Au shell or a phase-segregated Au domains enriched on the surface.  During low-temperature annealing, the non-crystalline Au and AuPt nanoparticles first melt and then immediately coalesce to form crystalline structures whereas the growth of Pt nanoparticles exhibited limited intermediate melting.  The thermal control of the nanoscale alloying, phase-segregation, and core-shell evolution of the nanoscale bimetallic catalysts provided the first example for establishing the correlation between the nanoscale phase structures and the electrocatalytic activity for oxygen reduction reaction correlation.

We have investigated the effects of lattice strain and surface properties on activity and stability for trimetallic catalysts treated at different temperatures.  One example involved PtNiCo nanoparticle catalysts [3]. The increase in the thermal treatment temperature of the carbon-supported catalysts was shown to lead to a gradual shrinkage of the lattice constants of the alloys and an enhanced population of facets on the nanoparticle catalysts.  A combination of the lattice shrinkage and the surface enrichment of nanocrystal facets on the nanoparticle catalysts as a result of the increased temperature was shown to play a major role in enhancing the electrocatalytic activity for catalysts, providing important insights into the correlation between the electrocatalytic activity/stability and the nanostructural parameters (lattice strain, surface oxidation state, and distribution) of the nano-engineered trimetallic catalysts.
We have also developed a strategy for shape control of the nanoparticles.  One example involved chromium-assisted synthesis of platinum nanocubes as electrocatalysts for oxygen reduction reaction with (100)-enhanced specific catalytic activity [4].  The shape control is achieved by manipulating the concentration of chromium carbonyl precursor in the reaction mixture.  The presence of significant (100) faces in the Pt-nanocubes/C is shown to be partially responsible for the increase in the specific activity.  

We have also investigated the structural and electrocatalytic properties of PtM (M = Co, Ni) nanoparticles and their carbon-supported electrocatalysts in the range of 2 ~ 9 nm and in the composition range with 50 ~ 75% Pt.  The size dependence data revealed a clear trend of decrease in activity with increasing particle size for PtCo/C whereas an increase in activity for PtNi/C.  The detailed analyses of the structures of the catalysts by XASF technique revealed important information for assessing the electrocatalytic properties in relation to the relative amount of oxygenated species and the relative change in interatomic bond distance.  A combination of structural parameters such as the change in Pt-Pt bond distance, the segregation of metal phases, and the formation of surface oxygenated species is operative for the size dependence of the electrocatalytic activity.
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.  Using the combined computational and experimental approach we are able to conclude, with minimum experimental effort, that the composition of ~33% Pt, ~15% V, and ~52% Fe has the optimal electrocatalytic activity for PtVFe nanoparticles.  Furthermore, DFT calculations reveal that the enhanced activity (four times as active as Pt and twice as PtFe) is due to (1) the direct or spontaneous O2 dissociations in comparison to Pt and (2) efficient electron transfer in the presence of V.

4. Electrocatalytic and fuel cell performance characteristics [5].  Results from both RDE and PEMFC revealed that the PtVFe/C catalysts exhibited much better electrocatalytic performance than commercial Pt/C catalysts.  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 Pt catalyst under the similar condition.  The understanding of factors controlling the electrocatalytic activity and stability is essential for advancing the design of fuel cell electrocatalysts for oxygen reduction reaction.  Based on structural and composition characterizations of trimetallic PtVFe/C catalysts using XRD, XAFS, and ICP, in addition to electrochemical and fuel cell performance tests, changes have been detected for the lattice properties and the composition of the base metals in the PtVFe nanoparticles after long-term exposures to air, thermal treatment at different temperatures, and prolonged use in PEM fuel cells.  

The electrocatalytic performances of carbon-supported AunPt100-n nanoparticles with controlled sizes and bimetallic compositions in the fuel cells werefound to be dependent on the bimetallic composition and the nanoscale phase properties which are controlled by the thermal treatment parameters (temperature and time).  Excellent fuel cell performance was observed for the catalysts which are characteristic of an alloyed AuPt phase with a lattice parameter approaching that for an Pt-rich alloy phase.  This nanoengineered bimetallic catalyst system, upon further refinement and optimization of the nanoscale phase properties and durability, serve as a promising candidate of electrocatalysts for the practical application in PEM fuel cells.
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