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Activation of adsorbed CO2 by surface OH on CoMoO4 – Mechanism

Scheme 1. Ethane Dehydrogenation using O2 oxidant

Scheme 2. Ethane Dehydrogenation using CO2 oxidant
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Advances in the chemical processing industry have led to increased use of small alkanes over traditional oils. The dehydrogenation of ethane is critical for the
production of ethylene, which can be used to synthesize different chemicals and fuels. Generally, oxygen is reacted with ethane to produce ethylene and water
(Scheme 1). However, ethane can be reacted with carbon dioxide instead of oxygen to create ethylene, carbon monoxide, and water (Scheme 2). There are two
important benefits of using the right pathway instead of the left. The first benefit is that carbon dioxide only reacts with the subsequent hydrogen, which can
improve selectivity for dehydrogenation and prevent ethane conversion to undesired products. The next benefit is that such processes also utilize carbon
dioxide, which may help reduce emissions in ethylene production. One of the challenges of this process is the significant energy input required for
dehydrogenation. The goal of this project was to understand the mechanisms of such carbon dioxide assisted dehydrogenation reactions on cobalt molybdate
catalysts using density functional theory (DFT) based molecular simulation.
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The first mechanism is a pathway for activating carbon dioxide, which is an important step in the overall ethane to ethylene reaction. The first box
shows the cobalt molybdate surface with a hydrogen attached to the surface oxygen. Box 2 shows physisorbed carbon dioxide, which means that
the surrounding carbon dioxide gas comes as close as it can get before having significant interaction with the surface. Box 3 shows carbon
dioxide attaching to the surface; The carbon atom bonds to the surface oxygen, and the oxygen atom bonds to the surface cobalt. This is called
adsorption. Box 4 shows the carbon dioxide on the surface in a more relaxed, or stable, state. Box 5 shows the hydrogen on the surface forming a
bond with the nearest oxygen of carbon dioxide. This is called absorption. Box 6 shows the final state of activated carbon dioxide when hydrogen
breaks its bond with the surface oxygen.

This figure shows the electronic energy of the six states for both mechanisms: the first mechanism in orange and the second mechanism in blue. The energy
of each state was found using VASP, which is a package for performing density functional theory (DFT) calculations. Linux was used to edit and submit
VASP calculations in the Tufts HPC Research Cluster and Stampede2 Supercomputer was used to run the VASP calculations. In this figure, a state with lower
electronic energy is more stable. The COOH_v2 resulting structure is more stable than that for COOH. There is about a 40% decrease in energy change from
the first mechanism’s final structure to the second’s. More interestingly, the second transition state for the second mechanism is much more stable; there is an
86% decrease in energy change from the first mechanism’s transition state to the second’s. This means that the second mechanism requires less energy to
reach the second transition state.

Higher Hydrogen Coverage – Mechanism_v2 Comparison
Activation of adsorbed CO2 by surface OH on CoMoO4 – Mechanism_v2
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Cobalt molybdate was chosen as a catalyst in this reaction (Scheme 2) because it was found to be promising in experimental studies. Catalysts can lower the
activation energy for a reaction by either orienting the reacting particles in such a way that successful collisions are more likely or reacting with the reactants to
form an intermediate that requires lower energy to form the product. The molecular structure of cobalt molybdate is shown above.
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The second mechanism is a pathway for activating carbon dioxide that is very similar to the first. The difference between the two mechanisms is
the location of the hydrogen and carbon dioxide molecules on the surface. This affects which oxygen the hydrogen forms a bond with, as seen in
box 5. In this mechanism, the hydrogen bonds directly to the free oxygen during the absorption step.

This figure shows the energies of the second pathway with added hydrogen coverage on the surface of the catalyst. Each of the colors represents a different
location of one additional hydrogen on the surface. This is meant to explain how the energy of the system is affected when there are two hydrogens on the
surface. These results will be used to model and calculate the electronic energies of the final steps of the overall ethane dehydrogenation reaction.

