Location of active sites on the surface of MoVTeNbOx crystals: morphology matters
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Abstract

Complex Mo and V mixed oxides have been extensively studied as catalysts for selective oxidation. Among Mo-V oxides, the quaternary Mo-V-Te-Nb complex mixed-oxide has shown remarkable ability to activate alkanes to produce olefins and other oxidation derivatives. The availability of ethane in shale gas, as well as the interest in adding value to previously under-utilized refinery fractions, makes the activation of alkanes via oxidative dehydrogenation (ODH) an attractive alternative to the industrially established processes. As a consequence, renewed interest has arisen in improving synthetic methods for MoVTeNb oxide, as well as better understanding its catalytic performance. 

MoVTeNbO crystallizes mostly into two phases, known as M1 and M2 [1].  The performance of Mo-V-Te-Nb mixed-oxide as selective oxidation catalyst is mainly attributable to the crystalline phase M1, which has been found to be the only phase able to perform alkane ODH [2, 3]. However, depending on the preparation conditions, the final catalyst usually crystallizes as a phase mixture of M1, M2 and/or amorphous phase. M1 is a crystalline orthorhombic phase consisting of octahedra with molybdenum and vanadium centres connected via corner sharing oxygen atoms that form a structure with periodic layers and channels perpendicular to the [001] plane. Niobium is located inside the smallest channels, formed from five octahedra, whereas tellurium occupies channels formed from six or seven octahedra. It is generally accepted that the active site of M1 involves V units connected to Mo and Te species which are believed to enhance the reduction and re-oxidation of the active site [4]. The active center is contained in the group of 5 octahedra (red and green in Figure 1) which are interconnecting two hexagonal channels, provided that vanadium is present in some of the positions and that the combination of Mo and V oxidation states is the right one to generate activity [4]. The function of the crystalline structure itself is to provide the spatial configuration and redox interaction between the species involved in the active site. Most of the metal positions in the M1 lattice can be partially occupied by Mo, V or even Nb cations. This fact gives M1 phase certain flexibility in the chemical composition. In spite of the knowledge gained over the last 10 years about M1 phase, it is difficult to find in the literature any clear correlation between structure and reactivity for this catalyst. In particular, it seems that, when different synthetic methods are applied, the M1 crystals obtained can be chemically similar but they show different catalytic performance [5].  There are indeed still many unanswered questions about how bulk size, surface structure and chemical composition of M1 particles affect the activity. 
In this work, we have prepared a series of MoVTeNb oxide and tested in the oxidative dehydrogenation of ethane. Catalytic tests showed that all the catalysts were able to selectively oxidize ethane to ethene at moderate temperatures (350-400 °C) with minor production of COx.  Rietveld analysis of the X-ray diffraction data allowed us to quantify the amount of MoVTeNb oxide that has crystallized as M1. In this way, it was possible to find a linear correlation of the reaction rate with the abundance of M1 in the solid. Kinetic studies led to similar energy of activation values for all the M1-containing samples, however significant differences in the pre-exponential factor were noticed, even when the reaction rates were normalized per M1 gram. This points to differences in the total number of active sites that are available per mass of M1 for each sample.
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Figure 1. Left, micrograph of a M1 particle. Right, detail of the surface and schematic illustration of the surface termination for plane [010]

Atomic resolution aberration-corrected HAADF-STEM imaging was used to directly image the termination of crystals of M1 phase in MoVTeNb complex oxides. Over 50 random particles were examined and it was possible not only to identify and quantify the most frequently exposed facets but also to obtain an average number of active sites exposed for each facet. It was observed that flattened large particles consist of extensive facets that expose almost no active sites, as it is shown in Figure 1. An immediate conclusion extracted from these observations is that samples with a predominant morphology of large flattened M1 particles must have a lower activity than other morphologies. This prediction was experimentally validated by the results of catalytic tests obtained for two MoVTeNbOx samples showing different morphologies. Average size and shape of the M1 particle were calculated for each sample by statistical analysis of Helium Ion Microscopy images. In this way, it was possible to estimate the density of active sites that are exposed for a given morphology and quantitatively compare different MoVTeNbO samples. Furthermore, the analysis of a MoVTeNb oxide with high content in M1 allowed the calculation, for the first time, of the true turnover frecuency (TOF) for this type of catalysts.
In summary, STEM imaging provided an atomistic picture of the surface termination of the complex MoVTeNb oxide. Statistical analysis of STEM and HIM images allows us to go from the atomic to the macroscopic level and predict the activity of a sample from the morphology of its particles. This work shed some light on the relationship between catalytic activity and crystal morphology for complex mixed oxide catalysts and provides new insights for the design and optimization of synthetic methods.
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