Atomic-level perspective on the functionality of nanoalloy catalysts inside operating fuel cells by combined in operando high energy x-ray spectroscopy and total scattering
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[bookmark: _GoBack]Abstract: The activity and stability of nanoalloy catalysts for the chemical reactions driving devices for clean energy conversion, such as the oxygen reduction reaction (ORR), depend critically on optimizing the composition, surface area and phase type of the nanoalloys, including the bonding interactions between the constituent atoms, for the harsh operating conditions inside the devices. We present results from in operando high-energy x-ray diffraction (HE-XRD) study coupled by atomic pair distribution function (PDF) analysis and energy dispersive x-ray spectroscopy (EDS) on the concurrent atomic-scale changes and decay of the ORR activity of Pd-Sn, Pt-Ni-Cu nanoalloy catalysts as they function at the cathode of a proton exchange membrane fuel cell (PEMFC).
Fuel cells are a viable alternative to mankind’s dependence on fossil fuels. Unfortunately, fuel cells are not yet on the market, mostly due to the lack of efficient and affordable catalysts for the sluggish chemical reactions driving cells’ operation, such as the oxygen reduction reaction (ORR).  Indeed, several families of ORR catalysts, for the most part metallic alloy nanoparticle (NPs), have proven excellent in terms of both activity and durability when tested in a lab, i.e. ex situ [1-3]. However, when put in action inside fuel cells, the very promising nanoalloy catalysts produced so far are often found much less useful than expected. That is because under actual operating conditions, metallic alloy NPs undergo specific atomic-level changes that inflict significant losses in their ORR activity.  Despite extensive research over the past two decades [4, 5], the driving force, scope and dynamics of the changes remain poorly understood and so the resulting ORR activity losses remain difficult to limit.  Here we address the problem by studying the atomic-level evolution of noble metal-based nanoalloy catalysts for ORR as they function at the cathode of an actual proton exchange membrane fuel cell (PEMFC). In particular, we use 1-min time and µm-sized space resolved energy dispersive x-ray spectroscopy (EDS) and total x-ray scattering to obtain precise information about the chemical composition, geometric surface area, phase content, 3D arrangement and strength of interaction between the constituent atoms of the nanoalloys. Besides, we evaluate the utilization of the nanoalloy catalysts by measuring variations in their chemical composition and mass distribution over the PEMFC cathode. Concurrently, we measure the current output of the cell that reflects the ORR activity of the nanoalloys. Experimental x-ray data show that the atomic-level changes of nanoalloys can occur simultaneously over different time frames, ranging from minutes-long structural phase transitions to hours-long alterations in chemical composition, and in multiple dimensions, ranging from repetitive sub-Å atomic displacements to nm-sized particle growth. Besides, x-ray data reveal considerable exchange of atomic species between individual nanoalloy particles, that is, effective mass transport across the PEMFC cathode. Experimental catalytic data show that the ORR activity of nanoalloys closely tracks the atomic-level changes they undergo during the PEMFC operation. Remarkably, though triggered electrochemically, the changes are not merely driven by differences in the reduction potential and surface energy of metallic species forming the nanoalloys. The energy of nanoalloy formation and inherent ability of metallic species in NPs to rearrange fast in search of energetically favorable configurations also play an important, if not dominant, role in determining the trajectory of atomic-level changes and resulting ORR activity losses experiences by nanoalloy particles functioning inside PEMFCs. Hence, we argue that efforts to produce nanoalloys that are both highly active and stable catalysts for the ORR in fuel cells, in particular PEMFCs, should pay special attention to inhibiting not only inter- but also the intra-particle diffusion of atomic species forming the nanoalloys, including cooperative nanophase transitions and local atomic relaxation. As an example, we show that the stability of nanoalloys can be improved and so their ORR activity retained by giving the nanoalloy particles a shape that is consistent with the innate 3D atomic arrangement in the nanoalloys, that is, the nanoalloy’s innate phase type. Ultimately, we demonstrate the great potential of combined in operando EDS and PDF studies as a tool for guiding the effort to produce more efficient and affordable nanocatalysts for energy related applications.   
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