Natural gas conversion from first principles
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Introduction

The direct Gas-to-Liquid(GTL) conversion of methane into methanol is one of the
most interesting reactions for which an effective catalyst needs to identified.[1] The activation
of the first C-H bond in methane, and the subsequent insertion of an oxygen atom or a hydroxyl
group, constitutes a simple reaction scheme. However, the mechanism becomes very
complicated due to other reaction products that are thermodynamically more favorable.

Materials and Methods

The electronic structure calculations are carried out using density functional theory
[2,3] in a plane wave pseudopotential implementation [4,5] using the DACAPO code[6,7]. We
use ultra-soft Vanderbilt pseudopotentials [8] to represent the ionic cores, which allows for a
reasonable treatment of first-row atoms and transition metals with a relatively limited basis of
plane waves. The plane wave cutoff in the calculations is 340 ¢V for the wave functions and
740 eV for the electron densities. Calculations on Fe, Co and Ni are spin polarized. The
calculations are performed using the RPBE[6] exchange-correlation functionals on periodically
repeated metal slabs. The model systems we use to represent the transition metal surfaces are
2x2 unit cells of the most close-packed surfaces and 1x2 unit cells for the stepped surfaces. The
slab thickness is 3 layers in the most close-packed direction for all slabs. The uppermost close-
packed layer is in all cases fully relaxed together with the adsorbed molecules using the quasi-
Newton algorithm for finding a minimum. The geometry optimizations are considered
converged when the forces are less than 0.05eV/A. The lattice constant used for each metal is
chosen as the calculated bulk lattice constant for the ground state structure using the RPBE
functional. In the case of hep metals the experimental c/a ratio is used. We use more than 10 A
of vacuum between the slabs, and the dipole interaction between the periodically repeated slabs
is decoupled by the introduction of a dipole layer in the vacuum between the slabs [9,10]. A k-
point sampling of 4x4x1 Monkhorst—Pack k-points [11] is chosen.

Results and Discussion

In this study we focus on obtaining a detailed understanding of the reaction
energetics based entirely on Density Functional Theory. However, instead of exhaustively
calculating adsorption energies and reaction rates for a large variety of different transition
metals and alloys, we gain our insight by identifying the connections between adsorption
energies, reaction barriers and the electronic structure of the metal or alloy in question.
It has been firmly established that the complicated energetics involved in surface reactions can
be correlated with the distribution of electrons in the metals[12-19] and that the localized d-
electrons cause the observed differences between the different transition metals.[20,21] By
building on these insights, we demonstrate that the complicated potential energy diagrams of
the direct methane to methanol conversion can be determined with very few calculated

parameters. Furthermore, we show that this simple approach can be justified by arguments
based entirely on the differences in the metal electronic structure.

Significance

It could be a useful tool for theoretical heterogeneous catalysis if one could predict
transition state energies and how adsorption energies change over a series of metal surfaces as
functional groups are added to a given adsorbed atomic species. This would facilitate a
computational screening of catalytic surfaces not only for the methane to methanol reaction but
also for many other complex reactions, without the necessity of performing the demanding
detailed electronic structure calculations of every single involved adsorbate over the whole
range of metals. Once in a position to reliably predict trends in adsorption energies of various
intermediates, one could envision performing a first rough screening process based on the
predictions alone. Subsequently, one could then focus the computational effort on those
systems which were predicted to be near-optimal.
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