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Abstract

The catalytic properties of palladium oxide for the combustion of methane have
been studied extensively in recent years. The rate-determining step of this reaction
is believed to be the dissociation of methane on the surface. The rate of the event
is dependent on both the active sites of the catalyst and the energy and orientation
of the incoming methane molecules. The dependence of energy and orientation is
often summarized in a sticking coe [cieht.

Here, we will address the challenge of calculating the sticking coe Lcieht from first-
principles. However, due to the large number of trials and large time scales required
to study this event, ab initio molecular dynamics would be too computationally
expensive to perform, and an alternative approach using neural networks is ap-
plied. The adsorption position on the active sites and the activation energy of the
dissociation process are studied using density functional theory. To determine the
probability of a sticking event, a neural network is trained to predict the multidi-
mensional potential energy surface, which is used to perform molecular dynamics.
The density functional theory calculations confirm that the active sites of the cata-
lyst are the under-coordinated palladium atoms, with an apparent activation energy
of 0.2 eV for the dissociation reaction. The neural network is able to predict the
energies of the system five orders of magnitude faster than regular density functional
theory calculations, with an MAE of 0.02 V. The molecular dynamics suggest that
the previously believed most probable transition path might be dominated by the
sum of the other, less likely, transition paths. The hope is that the results and
understanding obtained from this computational study can be used to assist in the
discovery of more e [ciehtly designed catalysts in the future.

Keywords: Density functional theory, neural networks, methane, palladium ox-
ide, sticking, adsorption, dissociation, molecular dynamics, potential energy surface,
catalysis, activation energy
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1. Introduction

The importance of sustainable energy sources is becoming more paramount each
day. Two energy sources, which have been of great interest in recent years, are the
combustion of natural gas and biogas. The advantage of natural gas and biogas,
compared to, e.g., oil and gasoline, is that they are constituted mostly of methane
gas, which when combusted has a low emission rate of carbon dioxide in relation to
the amount of energy produced [1]. However, since methane is a potent greenhouse
gas [2], the need for complete combustion is of utmost importance. This has sparked
the need for e ective catalysts. Some of the most e cient catalysts for the complete
combustion of methane are based on palladium, and in particular palladium oxide
[3], [4], of which, the latter will be considered in this report.

The combustion of methane on a palladium oxide catalyst is a very complex process
[5]. The rst part of this process is the adsorption and dissociation of methane on the
surface, yielding methyl and a hydrogen atom. This part is believed to be the rate-
limiting step of the reaction, due to the weak interactions between the palladium
oxide surface and the methane molecules, and the large activation energy of the
dissociation process [4]. Due to these conditions, the rate of dissociation is highly
dependent on both the active sites of the catalyst, and the energy and orientation
of the incoming methane molecules. The dependence of energy and orientation
can be summarized in a sticking coe cient [5]. Previous, experimental, studies
on noble metal catalysts have yielded sticking coe cient values betweetD 4 10 !

[6]. However, to computationally determine the sticking coe cient, and study the
dissociation process from rst-principles, a very large number of molecular dynamics
simulations have to be performed. Due to the large number of simulations and large
time scales required to study the process, regular ab initio molecular dynamics
would be too computationally expensive to perform. Therefore, feed-forward neural
networks, trained with density functional theory data, will be applied to determine
the multi-dimensional potential energy surface and its gradients, relevant for, e.g.,
the molecular dynamics simulations.

1.1 Aim of the Project

The aim of this project is to study the active sites of the catalyst, the dissociation
process, and the sticking coe cient, with di erent computational tools. The active
site will be studied using density functional theory. The sticking coe cient will be
determined, and the dissociation process will be studied, using a combination of
density functional theory and neural networks.



1. Introduction

1.2 Outline

The rst chapter will include general theory about the catalyst, density functional
theory, and feed-forward neural networks. In the second chapter, more specic
theory about the methods, and computational tools, used in the project will be
described. This will be followed by a description of the simulations, experiments,
and work done in the project. This chapter will also include some results required
to determine the computational setup of the simulations. In the succeeding chapter,
the results will be presented, analysed, and interpreted. The report will be concluded
with a re ection and an outlook.



2. Theory

In the case of science, | think that one of the things that make it very di cult, is
that it takes a lot of imagination. It's very hard to imagine all the crazy things that
things really are like.

Richard Feynman, Fun to Imagine (1983)

In this chapter, the theory behind some of these crazy things will be explained.
This will include theory about the catalyst, density functional theory calculations,
feed-forward neural networks, and the Velocity Verlet algorithm.

2.1 The Catalyst

The complete combustion of methane results in carbon dioxide and water, i.e.

CH4(g) +202,(g)) * CO,(g)+2H,0() H = 891kkmol; (2.1)

where H is the combustion enthalpy [7], [8]. Even though the reaction is highly
exothermic, the activation energy is very large (see Figure 4.1). To solve this prob-
lem, a catalyst can be used, in order to enable an alternative reaction mechanism,
with a lower activation energy [9]. It is important to note that a catalyst only a ects
the kinetics of a reaction, not the overall thermodynamics. Many di erent catalysts
have been considered for reaction (2.1), including platinum [10], rhodium/zirconium
oxide [11], di erent perovskite-type oxides [12], supported palladium structures [13],
and palladium oxides [4], [5], [14], of which, the latter will be considered in this re-
port.

The thermodynamically most stable crystal structure of palladium is Face Centered
Cubic (FCC), with a lattice parameter of 3:89A at room temperature [15]. The
experimental value of the cohesive energy for bulk palladium, i.e., the energy of
a palladium atom in gas phase relative to the energy of a palladium atom in the
FCC crystal, is 3:91eVat 0K and 3:92eVat 29815K [16]. Palladium oxide, on the
other hand, has a tetrogonal crystal structure with a base @:043 A and a height

of 5:336 A [17]. The primitive cell contains two palladium atoms located at0; 0; 0)
and (0:5; 0:5; 0:5) and two oxygen atoms located a{0:5;0; 0:25) and (0:5; 0; 0:75)
[18]. The enthalpy of formation for palladium oxide isl:22 eV at 29815K [19].

Previous calculations and X-ray di raction have shown that the palladium oxide
facet with the largest methane conversion rate is th€l01) surface, either pure or
grown on metallic palladium(100) [4], [20]. The structure of palladium oxide (101)
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