Palladium-oxide sites for facile methane dissociation
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Introduction

It is generally a challenge to determine the active phase of heterogeneous catalysts
during operating conditions. This is valid, in particular, for structurally ill-defined catalysts that
are realized as metal particles dispersed on a porous oxide. One example is the active phase of
palladium during complete methane (CH,) oxidation to water and carbon dioxide. This
important reaction has recently regained interest because bio- and natural gas are used as fuels
in automotive applications. Methane is the main component in such fuels and there is currently
a need for catalysts with enhanced low temperature activity. The high activity measured for
catalysts based on supported palladium has previously been attributed to different Pd/PdOy
phases [1], such as reduced (metallic) palladium, metal supported surface oxides and bulk
metal oxide.

Here, the active phase of Pd during methane oxidation is investigated by density
functional theory calculations in combination with in situ high resolution XPS and surface x-
ray diffraction measurements. Particularly low activation energies for methane dissociation are
measured and calculated for the bulk PdO(101) surface. The calculations reveal that the effect
is a ligand effect of under-coordinated palladium atoms in the surface and suggest that single
atoms dispersed in oxides with suitable structure could act as sites for efficient methane
dissociation.

Materials and Methods

Density functional theory calculations [2,3] are performed to investigate relevant
reaction barriers and stability of intermediates for a large set of palladium and palladium oxide
surfaces together with Pd guest atoms in oxide matrices. In addition, a first-principles based
micro-kinetic model is constructed to calculate turnover frequencies for methane oxidation and
coverages of surface species. The methodology enables comparisons between the theory and
experiments both for methane conversion into CO, and H,O and the state of the surface as
measured by in situ surface x-ray diffraction.

Results and Discussion

The rate determining step (RDS) in CH, oxidation is generally assumed to be the
removal of the first H atom, whereupon adsorbed CH; and H are formed. The present work
support this view, and the dissociative adsorption of methane can be used as a measure of the
catalytic activity. The results show that a low barrier for methane dissociation is obtained either
on under-coordinated Pd-sites in PdO or on metallic Pd, where the lowest barrier is calculated
for an under-coordinated Pd site on PdO(101).

The surface oxide on Pd, which consists of a PdO(101) monolayer, is found to have
a high barrier for methane dissociation. Instead, two monolayers of PdO(101) have properties

similar to bulk PdO(101) [4,5]. This shows that that the precise coordination of the active Pd
atoms in the surface is crucial.
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Figure 1 (Left) The potential energy curves for CH, approaching 1 and 2 monolayers (ML) of
PdO(101) supported on Pd(100). (Right) Structural model for CH, adsorbed on 2 ML.

Analysis of the electronic structure of the PdO(101) uncovers that the favorable
properties of thick PdO(101) films is related to reduced electrostatic repulsion which enable
dissociation close to the final state. The understanding provides a theoretical handle to propose
sites with high activity and suggests that is should be possible to design such sites via dispersed
late transition metal atoms in oxides that adopt the suitable structure [6]. The calculations are
supported by in situ high resolution XPS and surface x-ray diffraction measurements [4,5].

Significance

Sites active for methane dissociation over palladium-oxide has been determined by density
functional theory calculations in combination with in situ surface x-ray diffraction [4] and
photoelectron spectroscopy [5]. The results can be used to design catalysts with enhanced low
temperature activity [6].
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