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Abstract 

Chemical conversions in catalytic selective oxidation processes of light hydrocarbons are 

responsible for the production of numerous industrial chemicals, plastics, and intermediates. These 

processes are relatively expensive to perform, and are typically operated at high thermodynamic 

inefficiency, so the development of novel, highly efficient catalysts designed under process 

intensification (PI) would prove to be very cost effective. Specifically, the selective oxidation of 

ethylene to ethylene oxide (EO) will be the focus of our study. EO is mainly used to produce ethylene 

glycol, and it is produced commercially via an exothermic, vapor-phase reaction of ethylene and 

oxygen over Ag catalysts. There exists a strong driving force toward unselective reaction to complete 

combustion, and conversion must be kept low to ensure high selectivity to EO.  The research on the 

most commonly used silver catalysts is needed to understand the micro- and macroscopic factors 

which affects the behaviors of EO production process.  

 

In Chapter 2, we focused on surface catalytic mechanisms of the ethylene oxide (EO) formation 

process. Periodic plane-wave Density Functional Theory (DFT) methods were used to analyze related 

reaction mechanisms on the Ag(111) surface facet with low coverage. Then, the structures of the 

various crystal planes, Ag(100), Ag(110) and Ag(111), on the catalytic performance of silver-

based catalysts in the ethylene oxidation system were studied in Chapter 4 to determine the 

geometric and electronic effects. Metallic promoters like cesium and rhenium were 

introduced into the current reaction system on Ag(110) surface to figure out how the 

microscopic interactions among atoms influence the macroscopic performance of reaction 

processes. Energetic changes of related species and pathways were calculated. Key surface species 

are identified to suggest the key factors for the selectivity during EO formation. Our results 

are consistent with previous kinetic modeling efforts in the literature which did not employ 
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DFT analysis. Lastly, our study demonstrates how fundamental theoretical investigations and 

multi-scale modeling techniques are currently impacting the advancement of rational catalyst 

design in the light hydrocarbon processing industry.  

 

In the possible future studies, an overall theoretical system of the ethylene oxidation 

process on the silver-based catalysts will be developed, which will greatly aid in the process 

intensification efforts of catalytic partial oxidation reactors.  
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1 Introduction 

1.1 Heterogeneous Catalysis 

Catalysis have played important roles in the enhancement of essential chemical and biochemical 

reactions from the birth of earth to modern civilizations. The catalysis industry has taken 80% of the 

industrial fields in the modern chemical industry, and the production of more than 90% of the 

chemicals such as fine chemicals, fuels, drugs, polymers, are inseparable from the catalytic step.1-3 

The mechanism research and R&D innovation of catalysts is a crucial part of realizing energy 

conversion. 

 

 The field of catalysis is mainly divided into three fields according to the state difference 

between catalysts and reactants: heterogeneous catalysis, homogeneous catalysis, and enzymatic 

catalysis. Currently, the main difficulties in homogeneous catalysis are that the separation is relatively 

tough and the cost on purification of products is relatively high. Meanwhile, although enzyme 

catalysis has high specificity and selectivity, the disadvantage of enzyme instability and easy 

inactivation is also limited in practical industrial catalysis.4 

 

 

Fig. 1.1. Three fields of catalysts based on the phase difference. 
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Heterogeneous catalysis is catalysis where the phase of catalysts differs from that of the 

reactants or products. Heterogeneous catalysts have been widely used in various chemical production 

fields due to the advantages of easier separation and recycling and relatively higher stabilities since 

1970s when the systematical studies on them appeared.5 However, heterogeneous catalysts are not 

easily in direct contact with the reaction raw materials, resulting in a lower probability of collisions 

between active atoms and reactive species, resulting in lower atom utilization.6 In order to enhance 

the efficiency of mass transition and diffusion of the reactant species on the catalysts, the control on 

the operating temperatures and pressures are necessary. In addition, the related species are more 

complex than homogeneous catalysts, and their structures are not clear. There may exist multiple 

active sites on the same catalytic surface in the same catalytic system, which allows the formation of 

different products under the same reaction conditions and leads to a low selectivity.7 Therefore, the 

studies on the reaction mechanisms in the heterogeneous catalytic reaction process with experimental 

and theoretical methods are always hot topics in recent years.8 These studies are aided to explore the 

structure-activity relationship of the catalysts and the surface adsorbates, hoping to explain the 

catalytic processes at the atomic and higher scales, and providing a solid guidance for preparing 

rational efficient catalysts and optimizing catalytic conditions in industrial use. 
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1.2 Metal-based Catalysts 

Metal catalysts are widely used in both laboratory and industry. The first ones attracting the 

attentions are noble metals like Ag, Au, and Pt-like metals. Noble metal catalysts have stable 

chemical properties and excellent anti-sintering ability under high temperatures. They are relatively 

stable under most reaction conditions, not easy to deactivate, and have high selectivity and activities. 

Noble metal catalysts have been widely used in various catalytic reactions since the first use of 

industrial preparation of sulfuric acid by Philips in early 1800s. Noble metals also have disadvantages, 

especially the scarcity in nature, the high economic cost limits their application and development in 

the field of catalysis. 

 

One way to avoid these disadvantages is to continuously reduce the size of the noble metal 

active species until the formation of single atoms or small clusters, thereby achieving 100% atom 

utilization. Nanoparticles can be higher dispersed on the catalyst carriers to improve the atom 

utilization. Since the heterogeneous catalytic reactions occur at the surface interface between the 

catalyst and reactants, the highly dispersed nanoparticles provide more active sites contacting with 

the reactants compared to normal bulk catalysts, which leads to the improvement on the reaction 

efficiency. In addition, there exist strong interactions between the active metal and the support. The 

support not only holds the active nano-metal to make it difficult to agglomerate and deactivate, but 

also have a synergistic effect with the active metal to improve the catalytic performance of the 

catalyst further optimization. In recent years, single-atom catalysis has attracted lots of attention. 

When the size of nanocrystals reduces to clusters and single atoms, their energy level structure and 

electronic structure will undergo fundamental changes. This unique structural feature makes single-

atom catalysts often exhibit higher activity, selectivity, and stability compared with traditional nano-

catalysts. 
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Another method is to add some non-noble metal promoters to form a special structure for 

improving the catalytic activity of the active metal. Taking the ethylene epoxidation process studied 

in this paper as an example, silver catalysts are most used in industry. The selectivity is around 50% 

when using pure silver catalysts. After introducing Cs, Re, Mo or other metal promoters, the 

selectivity gets greatly enhanced. Jankowiak et al. reported the addition of only the Cs promoter to 

supported Ag/α-Al2O3 catalysts modestly increases the EO selectivity. Chen et al. performed kinetic 

measurements with an industrial EO catalyst containing six different promoters (Cs, Li, Na, Re, S, 

and Mn) as well as Cl and reported the highest selectivity of ∼87%. Incorporating other metals to 

construct bimetallic or multi-metallic catalysts and using the synergistic effect between metals to 

achieve the goal of "1 + 1 > 2" is an important way to improve the catalytic activity of non-noble 

metal catalysts. 

 

Metal oxide catalysts are also widely used in industries. Metal oxide catalysts are catalysts in 

which metal oxides are the main catalytically active components. The most used in industry are 

transition metal oxides, which are widely used in catalytic reactions with redox mechanism. 

Transition metal oxide catalysts are generally non-stoichiometric compounds with oxyanion or metal 

cation vacancies to form specific active centers. Oxide catalysts generally have two kinds of 

adsorption centers, metal ions and oxygen ions, and its complex structure makes the adsorption of 

gas-phase small molecules on its surface more complicated than that on metal surfaces. The bond 

strength formed between certain metal atoms and oxygen atoms in the catalyst surface structure is 

often different from that in ordinary compounds, so electron transfer can be provided, and the reaction 

mechanism activates the reactants. 
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The widespread use of transition metal oxides in semiconductor devices, sensors, and some 

heterogeneously catalyzed redox processes has led to the importance of surface reactions of transition 

metal oxides over the past many years. Although the discussion on the surface activity of transition 

metals has initially formed a systematic methodology, the research on the surface properties of 

transition metals is still a challenging topic. 
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1.3 Ethylene Oxide Industry 

Ethylene oxide industry is an outstanding representative of the industrial applications of 

heterogeneous catalysis. With the vigorous development of petrochemical technologies such as 

natural gas horizontal drilling and hydraulic fracturing, ethylene, the core product of the 

petrochemical industry, has become one of the world's highest-volume chemical products.9 Ethylene 

products account for more than 75% of petrochemical products, which leads it to occupy an important 

position in the industrial economy.10 The level of ethylene industry has become one of the 

international-recognized important signs that reflect the level of a country's development in the 

petrochemical industry. 

 

Ethylene oxide (EO) is one of the main products in the ethylene industry. It is a very important 

commodity and intermediate in the chemical industry. It can be used to prepare many value-added 

chemical products such as ethylene glycol, ethoxylates and ethanol amines, and EO has been widely 

used in the main end-user industries (shown in Fig. 1.3.1).11 The production of EO has been 

continuously increasing in recent years. The average annual growth rate of its output from 2011 to 

2016 was around 4.3%, and in 2016 the annual production achieved a stunning scale of 345 million 

tons worldwide.12 
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Fig. 1.3.1 2019 Global ethylene oxide market by end-user industry.11 (Copyright permission obtained from 

Infiniti Research Limited, 2020) 

 

EO is commonly produced with the chlorohydrin method designed by Wurtz at the lab scale.13 

Industrially, it is commonly produced through the selective partial oxidation (epoxidation) of gas-

phase ethylene with specific industrial catalysts in fixed-bed tubular reactors.14 The concentrations 

of gas-phase ethylene and oxygen used in the initial operation phase, which are calculated from the 

total reaction mixture, are usually in range of 30 to 45 mol% and 6-12 mol%, respectively.15 The 

partial oxidation process has two highly thermodynamically favored side reactions, the complete 

oxidation of ethylene and the combustion of EO (Shown in Fig. 1.3.2), thus making the selectivity 

of the target product, EO, one of the most important indicators for the performance of industrial EO 

catalysts.  

 

The most common and outstanding industrial catalysts used are silver-based catalysts. The 

selectivity of EO under the effect of an unpromoted silver catalyst is about 50% experimentally, and 

an excellent promoted catalyst with proper feed ratios of gas-phase raw materials can achieve 90% 

for EO selectivity.16 Both computational and experimental studies on the mechanism of selective 

ethylene oxidation and novel EO catalyst design has received continued attention from researchers 
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globally.17 

 

 

Fig. 1.3.2 Simplified pathway scheme in the ethylene oxidation network. 
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1.4 Microscopic Background Theories 

Classical mechanics and quantum mechanics (QM) are the two cornerstones of physics. 

Classical mechanics is a theoretical system based on the physical experience in the macroscopic and 

low-speed fields. Its foundation is on Newtonian mechanics as the laws of motion for macroscopic 

object, Maxwell's electromagnetics as the law of motion for electronic and magnetic fields, and the 

thermodynamic and statistical physics as the law of thermal motion of matter. Classical mechanics 

can be used to describe most of the common day observable phenomena. 

 

However, QM is needed to be introduced when solving problems about particles like atoms 

which have extremely small scales. The law of motion for microscopic particles is similar to that of 

waves, but microscopic particles also have the properties of classic particles, such as momentum, 

mass, and charge when observed by some experimental methods. Therefore, microscopic particles 

are determined to have wave-particle duality. This seemingly self-contradictory nature leads to the 

development of gravitational wave theory which is the foothold of QM research.18 There exist five 

basic postulates in QM: (1) the quantum state of microscopic particles can be completely described 

by a wave function, (2) the wave function evolves with time according to the Schrödinger equation, 

(3) the mechanical quantities in quantum mechanics are expressed by Hermitian operators, (4) the 

result of the measurement of a certain quantum state must be one of the eigenvalues of the mechanical 

quantity operator, and (5) the exchange of identical particles which have the same eigen states are 

indistinguishable cannot affect the state of the system.  

 

The wavefunction, Ψ(r, t), is a mathematical description of the quantum state of an isolated 

quantum system. It is a compound function of a position variable, r, and a time variable, t, and can 

be used to derive the probabilities of the values of the certain observables existing in the system. The 
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wavefunction without the time variable, Ψ(r), is called the stationary wavefunction. The squared 

modulus of the wave function, |Ψ|2, is interpreted as the probability density of measuring a particle 

as being at a given position and a given time. 

 

Newton's second law is applied to describe the motion of objects in classical mechanics. 

Correspondingly, the Schrödinger equation is used in quantum mechanics. One of the ways to 

determine wavefunctions is solving of time-dependent Schrödinger equation given by Eqn. 1.  

 

                                                             H�Ψ(𝐫𝐫, t) = iħ ∂

∂t
Ψ(𝐫𝐫, t)                                                            (1) 

 

Here, H is the Hamiltonian operator to characterize the total energy of the wavefunction which 

can be seen as the sum of the respective kinetic and potential energy operators, and ħ is the reduced 

Planck’s constant. For a single nonrelativistic particle moving at potential V(r, t) in three-dimensional 

space, its time-dependent Schrödinger equation can be more specifically expressed as Eqn. 2. 

 

   − ħ2

2𝑚𝑚
∇2Ψ(𝐫𝐫, t) + V(r, t)Ψ(𝐫𝐫, t) = iħ ∂

∂t
Ψ(𝐫𝐫, t)                                         (2) 

 

To determine the structural and electronic properties of atoms or molecules, these particles can 

be considered as existing in a stationary quantum system and the influence of time gets ignored, 

which leads to the simplification of the above equation as the time-independent Schrödinger equation. 

(Eqn. 3.) 

 

H�Ψ(𝐫𝐫) = EΨ(𝐫𝐫)                                                             (3) 
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Here, the Hamiltonian operator is still determined as the sum of kinetic energy operator and 

potential energy operator. Its eigenvalue, E, is a separation constant and represent the total energy of 

the particle. And the three-dimensional form of a single nonrelativistic particle is expressed as Eqn. 

4. 

 

− ħ2

2m
∇2Ψ(𝐫𝐫) + V(𝐫𝐫)Ψ(𝐫𝐫) = EΨ(𝐫𝐫)                                                 (4) 

 

The large number of degrees of freedom of molecular or other systems under QM studies makes 

it very difficult to solve the wavefunction of the system by the Schrödinger equation. In this situation, 

the Born-Oppenheimer approximation is introduced to simplify the calculation. In the 

Born-Oppenheimer approximation, the much lighter electrons are considered to have significantly 

higher speeds than the heavier nuclei. This difference leads electrons to be regarded as moving in the 

potential field composed of stationary nuclei at all times. While the nuclei cannot determine the 

specific position of the electron but only be subjected to an average force, one can achieve the 

separation of approximate variables as the coordinates of nuclei and electrons. This results in the 

decomposition of the complex process of solving the wavefunction of the entire system into two 

simpler processes of solving the electronic wavefunction and the nuclear wavefunction. Under the 

Born-Oppenheimer approximation, the total wavefunction can be written as the product of the 

electronic wavefunction and the nuclear wavefunction, which is shown as Eqn. 5. 

 

Ψtotal = χelectronic × Φnuclear                                                   (5) 

The Born-Oppenheimer approximation is very accurate in most cases and can greatly reduce the 

difficulty of addressing QM effects. As the result, it has been widely used in quantum-related fields. 
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1.5 Computational Chemistry 

In this research, methods in the areas of computational chemistry (specifically the plane-wave 

Density Functional Theory (DFT) method19) and surface science concepts are applied to achieve 

atomistic modeling and provide theoretical support for the further and larger-scale reactor modeling. 

 

In 1927, Heitler and London applied the QM method of processing atomic structure to hydrogen 

molecules, and successfully explained the formation process of chemical bonds between two neutral 

atoms.20 This success marked the birth of quantum chemistry, an interdisciplinary subject of quantum 

mechanics and chemistry. Quantum chemistry provides a reliable way to calculate how electrons and 

nuclei behave in reacting and non-reacting systems. The behavior of electrons in particular governs 

most of the properties of materials. 

 

Computational chemistry is a branch of theoretical chemistry that solves chemical questions 

with computer simulation using QM or classical mechanics. With the rapid development of chemical 

theory and computer performance, computational chemistry which integrates theory and calculation 

gradually improves its position in the field of chemistry. Computational chemistry based on 

theoretical deductive thinking solves various chemical problems by solving a systemic equation 

covering several hypotheses. Not only can it independently promote the development of chemistry, 

but its help and combination of traditional chemical experiments will also play a enhancing role. 

 

The basic theories of computational chemistry provide itself the great advantages in 

computational accuracy and speed. Quantum chemistry derived from quantum mechanics and 

molecular simulation derived from classical mechanics have become two pillars of computational 

chemistry. Quantum chemistry can be used to solve chemical reactions involving electrons, and 
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molecular interactions that can ignore their quantum effects (not including hydrogen atoms).  

 

In atomistic simulations, the goal is to understand and model the motion of each atom in the 

reaction system. The collective behavior of the atoms allows to understand how the species in the 

system undergoes deformation, phase changes or other phenomena, and provides links between the 

atomic scale to meso/macro phenomena. As shown in Fig. 1.5, there are five major methods under 

computational chemistry: molecular mechanics (MM) and molecular dynamics (MD), first-principles 

(ab initio), semi-empirical, and density functional theory (DFT). 

 

 

Fig. 1.5. Five major methods under computational chemistry 

 

In many cases, the study of macromolecular systems can completely avoid the use of quantum 

calculations. Both MM and MD use classic mechanics to simulate the motion of molecular systems. 

MM can simulate each atom as a single particle with a radius value, a polarizability and a certain 

constant net charge, and simulate the bonding between atoms as an energy potential (e.g., Morse 

potential). Using the molecular force field method to add the independent energy of bonds and angles, 

one can calculate the potential energy of the molecular system in any given conformation (Eqns. 6-

8). MD takes samples from a system composed of different states of a molecular system to calculate 
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the configuration integral of the system, and further calculates the thermodynamic quantities and 

other macroscopic properties of the system based on the result of the configuration integral.21 

 

𝐸𝐸 = 𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝐸𝐸𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛                                                  (6) 

𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝐸𝐸𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 + 𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 + 𝐸𝐸𝑑𝑑𝑑𝑑ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒                                           (7) 

𝐸𝐸𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 = 𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 + 𝐸𝐸𝑣𝑣𝑣𝑣𝑣𝑣 𝑑𝑑𝑑𝑑𝑑𝑑  𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊                                        (8) 

 

The first-principles method, also known as ab initio, often refers to the theory based on quantum 

mechanics which completely derived from the theory without any empirical values. The methodology 

provides an approximate solution of the exact Schrödinger equation. It is a method of solving 

Schrödinger equation without using empirical or semi-empirical parameters and experimental data 

other than basic physical constants and atomic weight. In most cases, these first-principles methods 

include certain approximations which are often derived from basic mathematics, such as changing to 

simpler functional forms or using approximate integration methods. Hartree-Fock (HF) is the most 

common first-principles electronic structure calculation.22 There exists electronic instantaneous 

correlation in the HF approximation, so this approximation overestimates the electron repulsion.23 

The approximate energy obtained by solving the HF equation is always equal to or higher than the 

true energy. The post-HF method performs HF calculation first, and then corrects the instantaneous 

correlation of electrons. The energy decrease in response is called electron correlation energy. These 

methods include Møller–Plesset perturbation theory (MP)24 and configuration interaction (CI)25. 

 

The semi-empirical method omitted or approximated some items in the HF calculation (such as 

the two-electron integral).26 In order to correct the errors caused by these approximation methods, 

the semi-empirical calculation method uses a series of parameters fitted by experimental results. 
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Sometimes, these parameters are fitted based on the results of first-principles calculations. The 

empirical method is a further approximation of the semi-empirical method. The empirical method 

does not include the double electron part of the Hamiltonian. Semi-empirical calculations are much 

faster than first-principles calculations. However, if the calculated molecule is not similar to the 

molecular structure used when parameterizing the method, the semi-empirical method may give 

completely wrong results.27 
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1.6 Density Functional Theory 

DFT is a method for investigating the electronic or nuclear structure (principally the ground 

state) of many-body systems and it has been widely used in molecular and condensed matter research 

and materials research. In DFT, the wave function is replaced by the electron density as the basic 

quantity of research; thus, in DFT, one seeks the exact solution to the approximate Schrodinger 

equation. Compared with the multi-electron wave function with 3N variables (N is the number of 

electrons), the electron density has only three variables, so the application of DFT can greatly 

simplify the calculation amount, shorten the calculation time, and optimize the calculation efficiency. 

Hohenburg-Kohn theorems state that the ground state energy of the system is a functional of the 

electron density, and prove that the ground state energy can be obtained by taking the minimum of 

the system energy variation, which provides a solid theoretical basis for DFT. The Kohn-Sham 

Equation is an approximate Schrodinger equation applied to a virtual system related to a real system. 

This equation can simplify the complex system to a simple system in which an electron without 

interaction moves in the effective potential field. This effective potential field, Kohn-Sham potential, 

includes the influence of the external potential field and the Coulomb interaction between electrons, 

such as the exchange-correlation energy (Exc). The total energy calculated by Kohn-Sham equation 

is given by Eqn. 9. 

 

𝐸𝐸𝑘𝑘𝑘𝑘[𝜌𝜌(𝑟𝑟)] = 𝐸𝐸𝐾𝐾[𝜌𝜌(𝑟𝑟)] + 𝐸𝐸𝐻𝐻[𝜌𝜌(𝑟𝑟)] + ∫𝑑𝑑3𝑟𝑟𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒(𝑟𝑟)𝜌𝜌(𝑟𝑟) + 𝐸𝐸𝑥𝑥𝑥𝑥[𝜌𝜌(𝑟𝑟)]                    (9) 

 

The four terms on the right side of the above equation represent the kinetic energy, the Coulomb 

energy, the ion-electron energy, and exchange-correlation energy, Exc. The approximate solution 

methods for dealing with Exc can be divided into local-density approximation (LDA), generalized 

gradient approximation (GGA), meta-GGA, hybrid-GGA and fully non-local (ideal method which 
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can never be achieved) from simple to complex.28 The classification is called Jacob’s ladder shown 

in Fig. 1.6. 

 

 

Fig. 1.6 Jacob’s ladder for computational chemistry with example functionals. 

 

Currently, DFT is the leading method of electronic structure calculation in many fields.29 In 

most cases, DFT has better results than other quantum mechanics methods for solving many-body 

problems. However, the DFT method cannot achieve high accuracy and high calculation efficiency 

at the same time, and it also faces certain difficulties in describing intermolecular forces, especially 

van der Waals forces, calculating semiconductor energy gaps and other situations. 

 

The system wave function in periodic space is a linear combination of sine waves with different 

frequencies. Plane-wave theory uses a combination of these sine waves to build the complex 

distribution and shape of electrons in a three-dimensional unit cell. Plane-wave DFT does not use 

atomic orbit basis functions to expand the wave function and density as commonly used in non-

periodic DFT calculations.19 The coefficients of these sine waves of different frequencies are 

determined by the attraction of atomic nuclei, electron self-interaction, and exchange-related 
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functional calculations. In other words, the volume shape of the unit cell and the position of the 

nucleus (external potential) determine the coefficients of the plane wave. Plane wave basis sets are 

natural basis sets for periodic solid-state calculations, which are straightforward to solve in reciprocal 

space, and often have higher calculation accuracy and better calculation performance for small 

systems. An energy cutoff value is used to denote the size of the periodic DFT basis set.30  
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1.7 Surface Science 

Surface science mainly studies the physical and chemical phenomena occurring at the interface 

of two phases. Methods related to surface chemistry can change the chemical composition and 

corresponding properties of the surface by introducing specific elements or functional groups, and 

thus achieve desired effects or improvements.31 In the field of catalysis, the adsorption process of gas 

or liquid molecules on the surface of solid catalysts is often discussed. The adsorption strength of 

molecules on the catalyst surface is extremely important for catalyst performance determination. To 

simplify and better understand this process, single crystals of catalytically active materials are often 

used as catalyst models instead of the real catalyst particles with complex structures.  

 

The commercialization of ultra-high vacuum (UHV) technology in the 1960s has greatly 

promoted the development of surface and interface science, and developed a variety of surface 

analysis techniques which covered electronic and ion spectroscopy, surface structure determination 

methods, and atomic imaging methods, etc. It allows researchers to obtain more basic knowledge of 

surface composition and properties from the microscopic scale of atoms and molecules.32 X-ray 

Photoelectron Spectroscopy (XPS)33 is used to analyze the surface chemical composition such as 

types and distribution of elements and surface chemical reactions. Low Energy Electron Diffraction 

(LEED)34 and Scanning Probe Microscope (SPM)35 are used to determine the geometric properties 

of surfaces such as coverages, relaxation, reconstruction and defects. Surface atomic vibration state, 

adsorption, surface diffusion and other surface atomic states are detected with Electron Energy Loss 

Spectroscopy (EELS)36 and Reflection Absorption InfraRed Spectroscopy (RAIRS)37. Ultraviolet 

Photoelectron Spectroscopy (UPS)38 and Scanning Tunneling Microscope (STM)39 are utilized to 

determine the surface electronic states. Some technologies mentioned above are shown in Fig. 1.7. 
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Fig. 1.7 Results of (a) XPS: Oxygen adatom coverage vs the O2 exposure at 420 K on Ag(111) surface40 

(Copyright permission obtained from AIP publishing, 1999); (b) LEED patterns: the (3 X 1) structure of Ag(100) 

at 52 eV41 (Copyright permission obtained from Elsevier B.V., 1995); (c) EELS: spectra of oxygen-covered 

Ag(111) surface at 300K42; and (d) UPS: He I spectra of clean and oxygen-covered Ag(111) at 300K and 212 eV, 

normal emission42. (Copyright permission obtained from Elsevier B.V., 1983) 

 

In this research, the adsorption of gas molecules of the related species in ethylene oxidation 

process on the silver-based catalyst surfaces (clean surface and promoter/additive-containing 

surfaces) are studied with the methods of computational chemistry and surface science, which 

provides the basic thermodynamic and kinetic information (such as binding energy, Ebind) for the 

following theoretical calculations and microkinetic modeling analysis. 
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1.8 Microkinetic Modeling 

Microkinetic modeling is a technique that uses the QM method to calculate the potential energy 

surface of elementary reactions in a reaction system at the microscopic (molecular) level, 

theoretically clarify the reaction mechanism and related properties and predict the results of complex 

chemical reactions under various conditions in an unbiased manner.43 

 

In microkinetic modeling, a differential equation system is constructed according to the mass 

balance of the relevant species in each elementary reaction and the corresponding reaction rate 

coefficients. The differential equation system expresses the rate of change of each species in the 

model as a function of the instantaneous concentration of all species in the model, represented as a 

system of ordinary non-linear differential equations. The rate coefficient is determined by Gibbs free 

energy change and free energy barrier for each elementary reaction calculated and corrected with 

DFT methods under transition state theory. The equation to derive the reaction rate coefficient is 

shown below as Eqn. 10. 

 

k = kBT
h

e−∆GTS
⊖ /kBT                                                          (10) 

 

Here, ΔGTS
Θ represents the difference of the Gibbs free energy between initial state and 

transition state, kB is Boltzmann constant and T is the reaction temperature.  

 

Energy balance combined with mass and momentum balance is introduced to the kinetic models 

to describe the huge changes in temperature profiles caused by non-isothermal behavior when 

simulating various processes in the reactor to accurately predict internal reactions.44 Mathematical 

terms describing the pressure change with time in the energy balance are introduced to simulate the 
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pressure-varying steps more accurately.45, 46 Separate momentum equations for the pressure drop 

along the reactor column has also been incorporated.47 The effects of kinetic energy on adsorption 

dynamics are also considered.44 Examples of temperature and concentration profiles of processes in 

packed bed reactors are shown in Fig. 1.8.48 

 

 

Fig. 1.8 Computed axial (dimensionless) (a) concentration and (b) temperature profiles at various times  

(t = 1−5 min) during the oxidation reaction of copper on alumina.48 

 

Microkinetic modeling is a powerful tool to deal in heterogeneous catalysis area.49 It is of great 

significance for improving the level of surface computational catalysis and in-depth analysis of the 

catalytic process. It is also a bridge connecting theoretical calculations and experiments. 
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2 Theoretical Insights into Selective Ethylene Oxidation on 

Unpromoted Ag(111) Surface with Plane-wave DFT Methods 

2.1 Introduction 

Production of ethylene oxide (EO) through partial oxidation of ethylene using heterogeneous 

catalysis is an important industrial process for its direct application as a sterilizer or disinfectant, and 

as a precursor in the production of other bulk and specialty chemicals.50 EO is one of the largest-

scale products of the chemical industry, which takes up approximately half of the total amount of 

organic chemicals from heterogeneous catalytic oxidation.51 Approximately 26 million tons of EO 

has been produced globally by selective oxidation of ethylene in 2013, and the scale of production 

increased to 34.5 million tons in 2016.52 Accounting for the magnitude of production along with the 

potential decrease of reactant waste and slowing of catalyst deactivation, the improvement of 

selectivity within the ethylene epoxidation process is predicted to result in a tremendous economic 

upturn. As a result, the research in experimental and computational areas of the surface catalytic 

mechanism of selective partial oxidation of ethylene to EO has attracted a great deal of interest in 

recent years.53  

 

EO is commonly produced with the chlorohydrin method designed by Wurtz at the lab scale.13 

Industrially, it is commonly produced through the selective partial oxidation (epoxidation) of gas-

phase ethylene with specially formulated industrial catalysts in fixed-bed tubular reactors at 

temperatures and pressures ranging 200-300 oC and 1-3 MPa, respectively.10, 14 The concentrations 

of gas-phase ethylene and oxygen used in the initial operation phase, which are calculated from the 

total reaction mixture, are usually in range of 30-45 mol% and 6-12 mol%, respectively.54 The partial 

oxidation process has two highly thermodynamically favored side reactions, the undesired complete 
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oxidation or combustion of ethylene and EO (see Fig. 2.1), thus making the selectivity of the target 

product, EO, one of the most important indicators for the performance of industrial EO catalysts.  

 

 
 

Fig. 2.1 Simplified pathway scheme in the ethylene oxidation network. 

 

The most common and outstanding industrial catalysts for partial oxidation of ethylene to EO 

used are silver-based catalysts. The selectivity of EO under the effect of an unpromoted silver catalyst 

is about 50% experimentally, and an excellent promoted catalyst with proper feed ratios of gas-phase 

raw materials can achieve nearly 90% for EO selectivity.16 Both computational and experimental 

studies on the mechanism of selective ethylene oxidation and novel EO catalyst design have received 

continued attention from researchers globally, as incremental changes in selectivity and yield of EO 

can result in considerable cost effectiveness due to the scale of production.17 

 

The feed ratio of ethylene to oxygen for ethylene oxidation process can directly determine the 

final selectivity of the target product, EO. The selection of appropriate feed ratios is one of the most 

important pre-operations for EO process. For industrial production, the concentrations of ethylene 
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and oxygen used in the initial operation phase, which are calculated from the total reaction mixture, 

are usually in range of 30-45 mol% and 6-12 mol%, respectively. The low oxide coverage in our 

models are supported by these oxygen starved conditions for commercial operation. The highest 

selectivity of EO that can be achieved is about 87.6-89% with proper feed ratios and specific 

industrial catalysts.55 

 

To improve the performance of EO process, the gas-phase mixture of feed always contains not 

only ethylene and oxygen, but also one or more components, such as gas-phase diluents or inert gases 

and additives. A gas-phase additive is always included to minimize the formation of by-products, 

CO2 and water, and improve the selectivity of the target product, EO. Organic halides are the 

preferred additives that show their advantages and high efficiency in this respect without suppressing 

the main reaction.16, 56 Organometallic compounds and aromatic hydrocarbons can also be used as 

additives, but their performances are not as outstanding as that of organic halides.57 The inert gases 

or diluents, usually nitrogen, argon or saturated hydrocarbons like methane, may be used as a carrier 

gas in an effort to decrease the partial pressure of the reactive gases and reaction space velocity to 

better control the reaction rate and guarantee production safety.58  However, the accumulation of inert 

gas or diluent caused by continuous recycling of unconverted reactive gases needs to be minimized 

to reduce separation costs and to significantly improve single pass conversion rates of ethylene.54  

 

Fundamental surface science on the reaction mechanism shows its benefit on understanding the 

electronic and geometric factors which control the formation of desired/undesired products. This 

knowledge can be leveraged to depress side reactions by decreasing the corresponding reaction rates 

thus improving the desired product selectivity. As indicated in the previous works59-64, there exists 

the formation of a specific intermediate, oxametallacycle (OMC) at low to moderate surface 
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coverages through the concerted reaction of an absorbed ethylene on the surface oxide site and a 

nearby electrophilic oxygen atom. The further transformation of the OMC into EO (epoxidation, 

desired partial oxidation) or acetaldehyde (AA) (undesired partial oxidation) in the EO reaction 

network contributes to the observed selectivity trends according to the reaction rate ratio.60 The 

isomerization between EO and AA also occurs in this reaction network along with the formation of 

the other isomers, vinyl alcohol and OMC. When the surface coverage is low, the isomerization and 

further oxidation can exist directly on metallic sites.61, 62 A parallel pathway of ethylene combustion 

(undesired total oxidation) is also mentioned in the experimental studies and thus included in our 

reaction network.62 In this pathway, ethylene oxidizes to vinyl alcohol, and then hydrogen is 

eliminated thus forming CH2CHO on oxide sites.63, 64 This pathway is always accompanied with 

other reactions and very difficult to remove the interference, thus our analysis will shed light on the 

formation and consumption of difficult to measure surface intermediates. 

 

Spanning several decades, the experimental studies with surface science methods on the 

mechanism of catalytic ethylene epoxidation under low surface coverages are very mature but 

ongoing. 57, 59-67 For instance, it has been reported using near-edge X-ray fine structure (NEXAFS) 

and high-resolution electron energy loss spectroscopy (HREELS), that H2C=CH2 adsorbs 

molecularly to oxygen on Ag(111) with the C=C bond parallel to the surface oxide. For the 

intermediate reaction analysis, several experimental studies have reported the adsorption and 

decomposition of ethylene oxide and acetaldehyde using several techniques such TPD and 

temperature-programmed reaction spectroscopy (TPRS) studies and electron energy loss 

spectroscopy (EELS) on Ag. Meanwhile, catalytic ethylene epoxidation and its corresponding 

potential energy surfaces of reaction have been computationally studied with several factors, 

including the structure of metallic catalysts50, 68, 69, the coverage of surface facets70, varying reaction 
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conditions71, and the effect of promoters and inhibitors53, 59, 72.  

 

Industrially, silver-based catalysts are the most active and selective catalyst for the process of 

ethylene epoxidation.10 After addition of solid promoters to the silver-based catalysts, the selectivity 

of EO can improve dramatically from 40-50% on unpromoted silver to 90% on promoted silver.73-77 

In recent studies, alkali metals and chloride species are shown to be able to increase activity of 

reaction catalysts through dipole or polarization effects.56, 78-80 The relative amount or ratio of the 

surface facets on Ag crystallites can also influence the selectivity significantly. As shown in previous 

works, the number of metal and metal oxide active sites for ethylene adsorption increases with the 

decreasing Ag crystallite size, which affects the observed selectivity due to overall increase in 

observed reaction rates.81-84 The factors, which cause the disparities of reactions on several different 

silver catalytic surfaces, have also been studied. To maintain high EO selectivity, current industrial 

catalysts have deposited Ag on supports in concentrations of 7-20 wt% with dispersed silver particles 

of diameters ranging from 0.1-1 m with relatively low specific surface area.10 Nonetheless, the 

commercial EO process involves many surface intermediates and their contributions to the desired 

partial and undesired full oxidation of ethylene have yet to be fully clarified. Thus, further theoretical 

research on the role of electronic and geometric factors on surface reaction phenomena and observed 

EO selectivity is still needed for rational catalyst design and reactor optimization efforts. 

 

In this work, periodic plane-wave DFT was used to theoretically study the ethylene epoxidation 

and full oxidation on silver catalysts. The conventional reaction mechanism framework was chosen 

and extended before application of state-of-the-art computational methods for reaction pathway 

analysis. The unpromoted Ag(111) surface facet was chosen as the model catalytic surface for our 

studies herein. The Ag(111) surface facet is the most thermodynamically stable surface for silver, and 
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it is the most abundant facet for industrial Ag catalysts for EO production which are comprised of 

relatively large Ag crystallites up to a micron in diameter.69, 85 The adsorption or binding modes of 

all gas-phase reactants and products, as well as key surface intermediate species, with the lowest 

energy conformation were included in the reaction network of ethylene partial and full oxidation. 

The reaction energy and activation energy of each step were obtained, such that the transition states 

in the reaction steps represent the lowest energy pathway of reaction. The reaction pathways for 

partial and total oxidation of ethylene with minimum energy were then assembled to form a self-

consistent potential energy surface. Lastly, our thermodynamic and reaction kinetics results were 

discussed in the context of rational catalyst design and reaction conditions to improve both selectivity 

and single-pass conversion of commercial EO processes.  
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2.2 Methodology 

As reported, the periodic plane-wave DFT methods have a relatively high accuracy when being 

used in calculating binding and adsorption energies, which can be controlled within 0.25–0.35 eV of 

the experimental values.86-89 The prediction of activation energies can also get improved. These 

calculations, or predictions, are reasonably accurate and useful for the relative comparison of binding 

energies, and overall reaction energies and activation barriers for different steps, even when the 

energy difference is relatively small. 

 

2.2.1 Electronic energy calculations 

In this paper, periodic plane-wave DFT method with the Cambridge Serial Total Energy Package 

(CASTEP)90 was used for the calculations. OTFG norm-conserving pseudopotentials91 with a cutoff 

energy of 400.0 eV described the interactions between the ion cores and the valence electrons. The 

pseudopotential is an effective potential constructed to replace the atomic all-electron potential such 

that core states are eliminated and the valence electrons are described by pseudo-wavefunctions with 

significantly fewer nodes, thus making plane-wave basis sets practical to use.92 The pseudopotentials 

used in our study are generated on the fly (OTFG) instead of from tabulated potentials. OTFG 

potentials are generally preferred for the reasons of accuracy, consistency, and required for NMR 

calculations. OTFG norm-conserving are typically harder and therefore more computationally 

expensive than ultrasoft pseudopotentials.93 With the Perdew-Wang 91 (PW91) exchange-correlation 

potential including spin polarization, non-local gradient corrections to the energy were calculated.94, 

95 

 

An improved description of the electron correlation was accounted for using a semi-empirical 
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dispersion energy correction by the method of Tkatchenko and Scheffler (TS)96 in order to compare 

adsorption or binding energies on specific metal surface with experimental observations. A self-

consistent field (SCF) approach was taken to adjust electron density and the SCF energy was 

optimized to within a tolerance of 1 × 10-8 eV. A Monkhorst-Pack scheme97 was used to generate the 

k-point grid. Various k-point meshes were examined for these calculations. The 5 × 5 × 1 k-point grid 

was used for all periodic plane-wave DFT calculations. 

 

As previously mentioned, the Ag(111) surface facet, which is the most thermodynamically 

stable and abundant silver surface facet on commercial EO catalysts, was chosen to be the 

representative surface for the catalyst in this study. The Ag(111) surface was modeled using a 3 × 3 

super cell of three atomic Ag layers. The geometric structure of this catalyst is shown in Fig. 2.2. The 

bottom metal layer was fixed at the bulk positions of Ag and the top two layers were allowed to relax 

for geometry optimization. The surface adsorbates were allowed to fully relax for geometry 

optimization. 

 

By default CASTEP does not perform dipole corrections, however, for slab and single molecule 

systems with P1 symmetry either a self-consistent or non-self-consistent dipole correction can be 

applied. The self-consistent scheme is based on the method suggested by Neugebauer and Scheffler 

98  where the correction potential is recalculated at each SCF step. Dipole corrections can be essential 

in eliminating nonphysical electrostatic interactions between periodic images, improving accuracy 

of calculated adsorption energies for molecules on surfaces, for example. 
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Fig. 2.2 Three-layered 3 X 3 supercells used in the periodic plane-wave DFT calculations for the Ag(111) surface: 

(a) side view and (b) top view. 

 

 

2.2.2 Transition states and activation energies 

The Linear and Quadratic Synchronous Transit (LST/QST) complete search was used to initially 

locate the transition state of a reaction.99 The tolerances employed for the transition state search were 

1 × 10−8 eV for the electronic energy minimization and 0.015eV/Å for the maximum force in the 

geometry optimization. To verify the accuracy of transition state search by LST/QST method, a 

configuration algorithm99, 100 was used. Geometry optimization of the resulting transition state was 

refined. The energy difference between the reactant state and transition state is determined as 

activation energy by its definition. 

 

2.2.3 Binding and reaction energies 

The binding energy is defined as the energy difference between the adsorbed system (adsorbate 

species with surface) and the energies of separated gas-phase adsorbate species and the clean metal 

surface (see Eqn.11). 
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∆𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = 𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎_𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − �𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 +  𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚_𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠�                         (11) 

 

The overall reaction energy for a particular step is calculated by constructing a Born-Haber cycle 

according to Eqn. 12. The surface reaction energy is calculated from the pre-calculated adsorption 

energies of gas-phase reactants and products. A negative value of reaction energy means this step is 

exothermic, and a positive value means this step is endothermic. The calculated energies here refer 

only to the change of the electronic energy. While this method provides an estimate of the overall 

heat of reaction (or reaction enthalpy), the actual heat of reaction would require the calculation of 

zero-point energies along with the energies necessary to go from 0 K to the specified reference 

temperature using statistical thermodynamics principles 101-105. The final result through this 

computational method is accurate for comparisons of thermodynamic driving forces and reactivity 

on a relative scale, which has already been shown in previous surface reaction path analysis works 

from our group.92, 106-108 

 

 

A(g) + *  A*    ∆E1 = a eV      (adsorption) 

B(g) + *  B*     ∆E2 = b eV      (adsorption) 

C*  C(g) + *     ∆E3 = c eV      (desorption) 

C(g)  A(g) + B(g)    ∆E4 = d eV      (gas-phase reaction) 

C* + 2*  A* + B* + *  ∆Eoverall (a + b + c + d) eV    (net reaction energy) 

(12) 
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2.3 Results and Discussion 

2.3.1 Adsorption of ethylene intermediates and products 

Ag(111) catalytic surface is covered by multiple active adsorption sites which allow initial 

reactants, ethylene and oxygen, to adsorb. In principle, the reactions between ethylene and oxygen 

adsorbed at all possible combinations of adsorption sites would have to be considered. However, to 

simplify the plane-wave DFT calculations and effectively improve research efficiency, we only 

considered the situations when the species existing in the reaction network are adsorbed only at the 

most stable adsorption site. Additionally, it is supposed that all the reaction steps in the oxidation 

process of one ethylene molecule only occur in single unit cell, and all the intermediates formed in 

these reactions are adsorbed at the same adsorption site with no diffusion to another adsorption site. 

When more than one intermediate exists, only the immediately adjacent adsorption sites will be 

occupied. After this approximation, a 21-step reaction network based on previous literature is built 

and extended for our study to incorporate all elementary steps for partial and complete oxidation of 

ethylene.59, 109 Adsorption processes for sixteen chemical species on two distinct types of adsorption 

sites were discussed, naked metal and metal oxide sites. A total of 150+ adsorption models were 

designed to explore different binding modes at the surface, and best geometries for all mentioned 

species with lowest energies were reported herein. 

 

Calculated binding energies are presented for key species on Ag(111) surface existing in 

ethylene partial and complete oxidation reaction network (see Table 2.1). Binding modes on both the 

naked metal and metal oxide sites were calculated. The structural and energetic characteristics of the 

adsorbed molecular oxygen, water, carbon dioxide, ethylene, EO, AA, and key surface intermediates, 

including the adsorbed oxidized intermediates, OMC and vinyl alcohol, are discussed. The optimized 

geometries for the adsorbed surface species are shown in Fig. 2.3 and 2.4. 
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Fig. 2.3 Most stable adsorbate geometries of related species at metal adsorption sites on the Ag(111) surface. 

C atoms are colored grey, H atoms white, O atoms red, and Ag atoms light blue. 

 

 

Fig. 2.4 Most stable adsorbate geometries for related species at the oxide adsorption site on the Ag(111) 

surface. C atoms are colored grey, H atoms white, O atoms red, and Ag atoms light blue. 

 

Table 2.1 Calculated binding energies for the adsorbed species related to ethylene oxidation on Ag(111) surface 

(a) naked metal active sites and (b) metal oxide active sites. 
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(a) 

Adsorbate 

 

Ebind on Naked Metal Site (eV) 

H2O -0.39 

O2 -0.22 

CO2 -0.23 

C2H4 -0.50 

C2H4O -0.58 

CH3CHO -0.50 

CH2=CHOH -0.82 

H -2.17 

O -4.12 

OH -2.22 

(b) 

Adsorbate 

 

Ebind on Metal Oxide Site (eV) 

O -3.10 

C2H4 -0.38 

CH2CH2O -1.79 

C2H4O -1.23 

CH3CHO -0.74 

CH2=CHOH -0.58 

 

There were nine geometric binding modes of ethylene on metal sites and two binding modes on 

oxide sites that were calculated. In this study, t is denoted for top sites, b for bridge sites, f for hollow 

fcc sites, and h for hollow hcp sites. In models with naked metal sites, the most favorable mode is 

near vertical or bent t-η1(C) at -0.50 eV, and the weakest binding mode is horizontal b-η2(C) - b-η2(C) 
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at -0.09 eV, respectively. Also, the strongest binding mode was horizontal t-η1(CC) for adsorption of 

ethylene on metal oxide sites at -0.38 eV, which is notably weaker binding for ethylene than on a 

naked metal site. For the primary oxidation of ethylene, there is one intermediate, the OMC, which 

lasts only a very short time on the surface and then reacts quickly. The lowest adsorption energy of 

best binding mode is -1.79 eV for oxide sites. The calculated C-C/C-O bond distance at the surface 

are 1.54 Å and 1.51 Å for the OMC, respectively. The binding strength of the OMC intermediate is 

very strong compared to the strength of other molecular species adsorption in the network. 

 

Next, with the further stabilizing electronic effect of the metal oxide site, the intermediate may 

isomerize into two species, EO for the desired partial oxidation and AA for the undesired partial 

oxidation. The calculated adsorption energy of EO is -0.58 eV on the naked metal site and -1.23 eV 

on metal oxide site, and the most favourable modes are b-η2(C) - b-η2(O) on the naked metal site and 

t-η1(CC) on the metal oxide site, respectively. The C-C bond distance in EO is elongated from 1.54 

Å in gas phase to 1.90 Å and 1.75 Å upon binding to the naked metal site or metal oxide site, 

respectively. For AA, the product of undesired partial oxidation, the lowest binding energies are -

0.50 eV for the f-η3(C) - f-η3(C) mode adsorbed on the naked metal site, and -0.74 eV for t-η1(C) 

mode on the metal oxide site, respectively. The C-C bond length in AA is 1.54 Å in gas phase and 

upon adsorption to surface the C-C bond extends to 1.76 Å for naked metal site and 1.80 Å for the 

metal oxide site. The length of C=O bond of AA only changes slightly and remains 1.51 Å upon 

adsorption to the surface. The C-C=O bond angle increases from 119.2° to 147.8° and 120.0° upon 

adsorption from the gas phase to the naked metal and metal oxide sites, respectively. 

 

For the side reaction of total oxidation of ethylene, there are two intermediates. The calculated 

binding energy of the first intermediate, CH2=CHOH, are -0.82 eV on metal site and -0.58 eV on 
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oxide site, respectively. During the binding process, the C=C bond length remains 1.54 Å on the 

metal site but contracts on the oxide site to 1.35Å. Similarly, the C-O bond length remains 1.51 Å on 

the metal site but contracts on the oxide site to 1.37 Å. The angle of C=C-O bond changes from 120.0° 

to 119.9° and 122.3°, on the metal and oxide sites, respectively. 

 

Additional atomic and other key surface species exist in the ethylene partial and full oxidation 

network. Based on previous literature7, only adsorptions occurring on naked metal sites on the Ag(111) 

surface were considered. For adsorbed single atoms, the most favorable geometric models are all f-

η3(X) sites, and the X-Ag bond lengths are 1.82 Å (X=H), 2.19 Å (X=C), and 2.16 Å (X=O), 

respectively. For the hydroxyl group, the strongest binding mode is the b-η2(O) site at -2.22 eV. 

During the adsorption from the gas phase to the surface on the naked metal site, the O-H bond length 

decreases from 1.11 Å to 1.04 Å, respectively. Based on the aforementioned structures and 

calculations, the hollow site is the best binding site for single atoms as supported by experimental 

works.110-112 

 

Based on the previously mentioned theoretical and experimental studies in the Introduction 

section, a 21-step reaction network of ethylene partial and complete oxidation was constructed. 

Reactants, intermediates, and products of each single reaction event were at the lowest energy 

configurations. The complete scheme of this network is shown in Fig. 2.5. 
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Fig. 2.5 Reaction scheme for the partial and complete oxidation of ethylene. The numbering of steps is shown in 

Table 2.2. 

2.3.2 Ethylene partial oxidation to ethylene oxide 

After finding the most favorable adsorption modes of the reactants, products and intermediates 

with the lowest energy binding modes as shown in Figs. 2.3 and 2.4, the formation of metal oxide 

sites and the partial oxidation of ethylene to EO on Ag(111) with naked metal and metal oxide active 

sites were studied.  

 

There are three events in the metal oxide active site formation process (Steps 1-3, see Table 2a). 

Each of the three single events has a single transition state, which links the reactants and products for 

that step. According to both theoretical and experimental studies,60, 74, 113-115 there may exist two 

pathways for the ethylene epoxidation (or partial oxidation) through a specific surface intermediate, 

the oxametallacycle or OMC, on two different adsorption sites, one on a naked metal site, the other 

on a metal oxide site (Steps 4-9, see Table 2.2b). The optimized geometries of related surface species 

are shown in Figs. 2.3 and 2.4.  The calculated reaction energies, ΔErxn, and activation energies, Ea, 

are shown in Table 2.2a and 2.2b for metal oxide site and EO formation, respectively.  
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In Table 2.2a, for Steps 1 to 3 for Os and O/Os formation, the calculated reaction energies on 

the Ag(111) surface are at -0.15 eV, -0.93 eV, and +0.97 eV, respectively. The corresponding energy 

barriers are barrierless, +1.47 eV, and +1.45 eV, respectively. In Fig. 2.6a, the potential energy surface 

of metal oxide site formation is shown. Here, the transition state geometries depict the O-Ag bond 

formation and O-O bond breaking in the adsorption process of gas-phase oxygen, and the formation 

of oxygen atoms adsorbed on metal sites. Then, these adsorbed oxygen atoms recombine with each 

other, where one oxygen atom moves from the hollow fcc site to an O-O bond, thus forming oxygen 

atoms adsorbed on metal oxide sites (O/Os). 

Table 2.2 Reaction energies, ΔErxn, and activation barriers, Ea, both in eV for computed reaction networks in (a) 

metal oxide active site formation, (b) partial oxidation of ethylene to ethylene oxide, and (c) complete oxidation 

(combustion) of ethylene oxide. 

 
 

Reaction Step ΔErxn [Ag(111)] eV Ea [Ag(111)] eV 

(a) Metal oxide active site formation 

O2(g) + s ⇌ O2s 1 -0.15 barrierless 

O2s + s ⇌ 2Os 2 -0.93 +1.47 

O2(g) + 2Os ⇌ 2O/Os 3 +0.97 +1.45 

(b) Partial oxidation of ethylene to ethylene oxide 

C2H4(g) + Os ⇌ C2H4/Os 4 -0.38 barrierless 

C2H4/Os ⇌ OMCs 5 -0.22 +0.68 

OMCs + Os ⇌ C2H4O/Os 6 -0.63 +3.49 

C2H4/Os + O/Os ⇌ OMC/Os + Os 7 -2.44 +3.61 

OMC/Os ⇌ C2H4O/Os 8 +0.56 +2.96 

C2H4O/Os ⇌ C2H4O(g) + Os 9 +1.23 barrierless 
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(c) Complete oxidation of ethylene oxide 

C2H4O/Os + 2Os ⇌ 2HCHO/Os + s 10 +0.17 * 

HCHO/Os + 2Os ⇌ CO2s + 2OHs 11 -5.34 * 

 

“barrierless” denotes that a transition state was not found.  

“*” denotes that there exists a reaction network with sub-steps and multiple transition states. See Table 2.3 for 

further details. 

 

In Table 2.2b, the reaction energies and energy barriers of the ethylene partial oxidation process 

are also calculated. Both pathways share the two same barrier-less steps, the adsorption of gas-phase 

ethylene on the oxide site (Step 4) and desorption of EO (Step 9) from the metal oxide site. The 

reaction energies are -0.38 eV and +1.23 eV, respectively, as shown in Table 1b. Interestingly, 

ethylene is more strongly bound and EO more weakly bound on the naked metal sites as shown in 

Table 1a. In the OMCs-based path, the oxide-site adsorbed ethylene first becomes reconstituted to 

OMC binding on metal site (Step 5), and then the OMC intermediate reacts with an oxide site to form 

adsorbed EO (Step 6). The reaction energies for these steps are -0.22 eV and -0.63 eV, and the energy 

barriers are +0.68 eV and +3.49 eV, respectively. In the OMC/Os-based path, the adsorbed ethylene 

will become further oxidized by an oxide-site adsorbed atomic oxygen and form the OMC/Os 

intermediate (Step 7). This adsorbed metal oxide ring will then isomerize to EO (Step 8). The reaction 

energies are -2.44 eV and +0.56 eV, and the energy barriers are +3.61 eV and +2.96 eV, respectively. 

The potential energy surfaces for the OMCs-based and OMC/Os-based pathways to both EO and AA 

are shown in Figs. 6b and 6c, respectively. The geometries of reactants, products, and transition states 

reveal that the adsorption and desorption steps may happen under mild conditions and are relatively 

easy to occur. The geometries also show that the higher activation energy of Step 7 than that of Step 

5 involves the combination of oxide-site adsorbed atomic oxygen (O/Os) with adsorbed ethylene 
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(C2H4/Os) to form the surface intermediate OMC/Os. There is an energetic penalty, which requires a 

relatively larger driving force for the bond formation, and this intermediate formation is less 

probable to occur than the self-reconfiguration of C2H4/Os to OMCs. Additionally, the geometries 

with lower activation energy of Step 8 compared with Step 6 shows the relatively facility of the 

isomerization of OMC to EO on the OMC/Os-based path, however, the mildly positive reaction 

energy of Step 8 shows this step still needs more energy and stricter condition to drive 

thermodynamically.  

 

The potential energy surfaces for metal oxide active site formation and partial oxidation of 

ethylene through the OMCs and OMC/Os surface intermediates on the Ag(111) surface are shown in 

Fig. 2.6a-c. The indexing of the single event reaction steps is shown in Table 2a and b. These 

microscopic findings suggest the relative stability of these related reactants, products and 

intermediates, making the identification of the overall apparent activation energies more facile. Also, 

insights into the rate-determining step(s) and dominant surface species coverages becomes available. 

In Fig. 2.6a, the highest energy point of metal oxide active site formation corresponds to the 

dissociation of oxygen, where the exothermic reaction energy of this step suggests thermodynamic 

favorability and dominant surface coverage of dissociated oxygen atoms. In Fig. 2.6b, the highest 

energy point of partial oxidation of ethylene through the OMCs intermediate occurs at the formation 

of EO by reaction with an adjacent dissociated oxygen atom (Step 6). In Fig. 2.6c, the highest energy 

point of partial oxidation of ethylene through the OMC/Os intermediate occurs at the transition state 

of Step 7 to form the OMC/Os intermediate (CH2CH2O/Os). The OMC/Os intermediate will become 

easier to form at higher oxygen atom surface coverages, whereas the OMCs intermediate will be 

more prevalent at lower oxygen atom surface coverages. Interestingly, depending on the 

stoichiometric feed ratio of the actual EO process, there will likely be a mixture of both surface 
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intermediates on the Ag catalyst surface. 
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(a) 

 

(b) 

 

 

 

(c) 
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(d) 

 

(e) 
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Fig. 2.6 Potential energy surfaces for (a) formation of metal oxide active site, (b) partial oxidation of ethylene 

through the OMCs surface intermediate, (c) partial and complete oxidation of ethylene through OMC/Os surface 

intermediate, (d) undesired complete oxidation (combustion) of ethylene oxide (to Step 11.1), and (e) undesired 

partial oxidation of ethylene through vinyl alcohol to acetaldehyde (to Step 17). The indexing of the single event 

reaction steps follows Tables 2.2 to 2.4. TS denotes a transition state, and IM denotes a surface intermediate. 

 

2.3.3 Combustion of ethylene oxide 

In last part, the desired energy changes of Pathway r1 (Fig. 2.1), the partial oxidation of ethylene 

to EO, as shown in Table 2b were studied. In this section, we focus on the elementary reactions of 

Pathway r2, the undesired complete oxidation (combustion) of ethylene oxide. The geometries of 

related species and the potential energy surface are shown in Fig. 2.6d, and the calculated energies 

of elementary reactions and sub-reactions are shown in Table 2.2c and Table 2.3.  

 

 

Table 2.3 Reaction energies, ΔErxn, and activation barriers, Ea, both in eV, for reactions with sub-reaction steps in 
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ethylene oxide complete oxidation (combustion), namely Steps 10 and 11 of Table 2.2. 

Reaction Step ΔErxn [Ag(111)] eV Ea [Ag(111)] eV 

C2H4O/Os + 2Os ⇌ 2HCHO/Os 10   

C2H4O/Os + Os ⇌ O·-C2H4-O·/Os + s 10.1 -0.48 +2.72 

O·-C2H4-O·/Os ⇌ (HCHO)2/Os 10.2 -0.02 +0.07 

(HCHO)2/Os + Os ⇌ 2HCHO/Os 10.3 +0.68 +0.23 

HCHO/Os + 2Os ⇌ CO2s + 2OHs 11   

HCHO/Os + s ⇌ CHOs + Hs 11.1 -1.40 barrierless 

Os + Hs ⇌ OHs + s 11.2 -1.02 +0.81 

CHO/Os + s ⇌ CO2s + Hs  11.3 -1.91 barrierless 

Os + Hs ⇌ OHs + s 11.4 -1.02 +0.81 

 

There are two elementary reactions existing in this pathway on the unpromoted Ag(111) surface, 

one is the oxidation of EO to formaldehyde (Step 8), the other is the combustion of formaldehyde 

(Step 9). The C-O single bond in the adsorbed EO molecule is opened under the oxidation effect of 

one adsorbed atomic oxygen and forms an unstable structure, O·-CH2-CH2-O·, with one unpaired 

electron in the both oxygen atoms. Then the C-C bond breaks and the unpaired electrons in carbon 

and oxygen atoms combine with each other, which leads to the formation of two stable formaldehyde 

molecules who get dispersed to oxide sites later. Each formaldehyde gets further oxidation by two 

atomic oxygen and forms the adsorbed hydroxyl groups and CO2 molecules. The total energy of this 

pathway is -10.51 eV. 
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2.3.4 Ethylene complete oxidation 

The complete oxidation of ethylene to carbon dioxide and water was next studied. The 

geometries of related species are shown in Fig. 2.5 and 2.7. There exist three reaction paths of 

complete oxidation, two pathways through the OMCs and OMC/Os surface intermediates to AA, and 

the third pathway through vinyl alcohol (see Table 2.4a and b). 

 

Table 2.4 Reaction energies, ΔErxn, and activation barriers, Ea, both in eV for calculated reaction networks in the 

(a) complete oxidation (combustion) of ethylene through OMCs and OMC/Os to AA, and (b) complete oxidation 

(combustion) of ethylene through vinyl alcohol, and (c) desorption of complete oxidation products. 

Reaction Step ΔErxn [Ag(111)] eV Ea [Ag(111)] eV 

(a) Complete oxidation of ethylene through OMCs and OMC/Os to AA 

C2H4(g) + Os ⇌ C2H4/Os 4 -0.38 barrierless 

C2H4/Os ⇌ OMCs 5 -0.22 +0.68 

OMCs + Os ⇌ CH3CHO/Os + s 12 -1.28 +2.67 

C2H4/Os + O/Os ⇌ CH2CH2O/Os + Os 7 -2.44 +3.61 

CH2CH2O/Os ⇌ CH3CHO/Os 13 -0.08 +0.01 

CH3CHO/Os ⇌ CH3CHO(g) + Os 14 +0.74 barrierless 

CH3CHO/Os + 6Os ⇌ 2CO2s + 4OHs + s 15 -5.78 * 

(b) Complete oxidation of ethylene through vinyl alcohol 

C2H4/Os + O/s ⇌ CH2=CHOH/Os + s 16 -0.84 * 

CH2=CHOH/Os + Os ⇌ CH2CHO/Os + OHs 17 -1.21 +3.49 

CH2CHO/Os +5Os ⇌ 2CO2s + 3OHs + s 18 -5.23 * 

(c) Desorption of final products 

CO2s ⇌ CO2(g) + s  19 +0.23 +0.11 

2OHs ⇌ H2Os + Os 20 +0.14 +0.11 

H2Os ⇌ H2O(g) + s 21 +0.39 +0.04 
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Fig. 2.7 Reaction scheme for aldehyde combustion. 

 

2.3.4a Main path of complete oxidation 

The main intermediates in these paths are OMCs, OMC/Os, and AA. Similar to the desired 

partial oxidation of ethylene to EO, there also exist two pathways through OMCs and OMC/Os for 

the undesired partial oxidation. These two pathways share the adsorption of gas-phase ethylene 

molecules on metal oxide active sites (Step 4). In the OMCs path, oxide-site adsorbed ethylene is 

first isomerized to OMC binding on metal active site (Step 5), and then re-adsorbs to an oxide site 

and forms an adsorbed AA molecule (Step 12). The reaction energies are –0.22 eV and –1.28 eV, and 

the activation energy barriers are +0.68 eV and +2.67 eV, respectively. In OMC/Os path, the 

adsorbates combine with oxide-site adsorbed atomic oxygen and form OMC/Os (Step 7). Afterwards, 

the resultant surface intermediate is most probably isomerized to AA adsorbed on an oxide site 

depending on reactor conditions (Step 13). The reaction energies are -2.44 eV and –0.08 eV, and the 

activation energy barriers are +3.61 eV and +0.01 eV, respectively. Certain adsorbed AA molecules 

will be desorbed from the surface to the gas phase (Step 14, Erxn = +0.74 eV, Ea = barrierless), while 

other adsorbed AA molecules will continue to be oxidized by adsorbed atomic oxygen, eventually 

dissociating into adsorbed CO2 molecules and OH groups (Step 15). The adsorbed CO2 molecules 

will be released to gas phase (Step 19, Erxn = +0.23 eV, Ea = barrierless), and OH groups will react 
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and recombine to form water molecules on the surface (Step 20, Erxn = +0.14 eV, Ea = +0.11) which 

will eventually desorb (Step 21, Erxn = +0.39 eV, Ea = +0.04 eV). 

 

The calculated reaction energies, ΔErxn, and activation energies, Ea, are presented in Table 2.4, 

and the potential energy surface of undesired partial oxidation of ethylene to acetaldehyde is shown 

in Figs. 2.6b and c. Specifically, Step 15 is suggested as a multi-step reaction mechanism and the 

overall reaction energy for complete oxidation, -5.78 eV, is the sum of the reaction energies of the 

various sub-steps (as shown in Table 2.5a). The further details of AA complete oxidation or 

combustion (Step 15) are discussed in Section 2.3.4c. As mentioned in Section 2.3.2, Step 4 is 

barrierless in activation energy. According to our current study, AA is suggested to be more 

thermodynamically stable than the OMCs surface intermediate, and the formation of AA from OMCs 

is much more probable overall to occur than EO in the OMCs-based pathway; however, formation 

of the OMC/Os surface intermediate is equally favorable thermodynamically to AA formation. 

Comparing the reaction energies of Steps 14 and 15 for desorption of AA versus complete oxidation, 

respectively, the degree of exothermicity of the total oxidation of AA is much larger than the energy 

scale needed for desorption. Here, the exotherm from complete oxidation of AA may provide the 

energy needed to desorb certain species such as other AA molecules and its isomers.  

 

2.3.4b Side path of complete oxidation 

In this undesired side pathway, the adsorbed ethylene is directly reacted with atomic oxygen and 

oxidized into vinyl alcohol, after which one hydrogen atom is abstracted by a nearby atomic oxygen 

to create an intermediate that is part of the AA complete oxidation pathway. The complete oxidation 

of AA and respective intermediates would be studied in Section 3.4c. The indexing and calculated 

reaction energies and activation energies are presented in Table 2.4b. There exist three transition 
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states in Step 16 and a single transition state in Step 17, which are at +4.24 eV, +0.81 eV, +1.13 eV 

and +3.49 eV, respectively (as shown in Table 2.4b and 2.5b). The reaction energies of Step 16 and 

Step 17 are -0.84 eV (overall reaction) and -1.21 eV. As shown in Table 2.5c, Step 18 is a multi-step 

reaction and has multiple intermediates and transition states, which is similar to AA complete 

oxidation or combustion (Step 15), so it is studied in detail in parallel with AA complete oxidation 

or combustion in Section 3.4c. The overall reaction energy of the complete oxidation pathway is 

exothermic at -7.28 eV. The potential energy surfaces are shown in Fig. 2.6e and 2.8.  

 

This undesired side pathway, as an alternative parallel pathway, has been suggested by several 

experimental studies as described in the Introduction section. The difficulty on experimentally 

studying this reaction independent of the effects from the other reactions is very high. Based on 

previous studies, the reaction activity of this path is not very probable under most reaction condition. 

However, this side path can be used to explain selectivity trends at low pressures, and it is important 

to analyze as part of a self-consistent theoretical study.  
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Fig. 2.8 Potential energy surfaces for primary oxidation of CH2CHO (Step 18). The numbering of the reaction 

steps is introduced in Table 2.5c. TS denotes a transition state, and IM denotes an intermediate. 

 

2.3.4c Undesired complete oxidation (combustion) of acetaldehyde 

As shown in Sections 3.4a and b, all the pathways of ethylene complete oxidation involve the 

AA species, or its sub-form with a primary carbon radical species, ·CH2CHO.  On the catalyst surface, 

the ethylene molecule reacts with absorbed oxygen atoms to form AA, and then this isomer of EO is 

further oxidized to form carbon dioxide and hydroxyl groups. In previous works highlighted in the 

Introduction section, AA complete oxidation or combustion was simply included as one overall 

reaction step and not as elementary steps. With the aid of microscopic modeling methods, this 

complete oxidation process was deeply studied, and key intermediates and transition states were 

identified in this current work. 
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Based on the geometric models of related species with the lowest energies, a reasonable six-step 

reaction network was established (see Table 2.5a). The adsorbed AA is oxidized by an adsorbed 

atomic oxygen to form acetate on oxide sites on the Ag(111) surface. Then under the effect of 

adsorbed oxygen, the methyl group in the acetate intermediate loses two hydrogen atoms. Next, the 

C-C bond breaks in the resultant intermediate, and the intermediate turns into an adsorbed formyl 

group and carbon dioxide. The formyl group recombines with an atomic oxygen and reforms into 

carbon dioxide. The calculated reaction energies for the complete oxidation or combustion of AA on 

the Ag(111) surface are at -1.54 eV, -1.08 eV, -0.48 eV, +0.74 eV, -2.52 eV, and -0.90 eV, respectively. 

The potential energy surface is shown in Fig. 2.9. The overall reaction energy is exothermic at -5.782 

eV, despite the fourth sub-step is endothermic at +0.74 eV. The endothermic nature of the other sub-

steps suggests the relative similarity of each transition states to their products according to the 

Hammond’s postulate. The reaction and activation energies of these six sub-steps and further sub-

reactions are shown in Table 2.5a. The highest energy point of AA complete oxidation or combustion 

occurs at the transition state of Step 15.1, which suggests that the intermediate, acetic acid 

(CH3COOH), is the determining factor for AA complete oxidation or combustion. 

 

In the combustion of ·CH2CHO (Step 18.1), the primary reactant reacts to form CH2CO and an 

a hydrogen atom binding on a metal active site. Then, the C=O double bond in the adsorbed 

intermediate becomes oxidized into a carboxylate group by a nearby surface atomic oxygen, which 

leads to the formation of an intermediate (Step 18.2) that is already present in AA complete oxidation 

or combustion pathway (Step 15). The following reaction steps for the complete oxidation follow 

that of AA combustion. The indexing of reaction energies and energy barriers of these additional 

steps are shown in Table 2.5c. 
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Fig. 2.9 Potential energy surface for aldehyde complete oxidation (combustion). The numbering of the reaction 

steps is introduced in Table 2.5a. TS denotes a transition state, and IM denotes an intermediate. 
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Table 2.5 Reaction energies, ΔErxn, and activation barriers, Ea, both in eV for calculated reactions (Steps 15, 16, 

and 18 of Table 2.4) with sub-steps existing in the process of ethylene complete oxidation (combustion). 

 

(a) ΔErxn and Eact, both in eV for total oxidation of acetaldehyde (Step 15). 

Reaction Step ΔErxn [Ag(111)] eV Ea [Ag(111)] eV 

CH3CHO/Os + Os ⇌ CH3COOH/Os + s 15.1   

CH3CHO/Os + s ⇌ CH3CO/Os + Hs  15.1.1 +0.60 +4.43 

Os + Hs ⇌ OHs + s 15.1.2 -1.02 +0.81 

CH3CO/Os + OHs ⇌ CH3COOH/Os + s 15.1.3 -1.12 +0.71 

CH3COOH/Os + Os ⇌ CH3COO/Os + OHs 15.2   

CH3COOH/Os + s ⇌ CHsCOO/Os + Hs 15.2.1 -0.06 +3.90 

Os + Hs ⇌ OHs + s  15.2.2 -1.02 +0.81 

CH3COO/Os + Os ⇌ CH2COO/Os + OHs 15.3   

CH3COO/Os + s ⇌ CH2COO/Os + Hs 15.3.1 +0.54 +2.83 

Os + Hs ⇌ OHs + s  15.3.2 -1.02 +0.81 

CH2COO/Os + Os ⇌ CHCOO/Os + OHs 15.4   

CH2COO/Os + s ⇌ CHCOO/Os + Hs 15.4.1 +1.76 +4.53 

Os + Hs ⇌ OHs + s  15.4.2 -1.02 +0.81 

CHCOO/Os + Os ⇌ HCO/OS +CO2s 15.5   

CHCOO/Os + s ⇌ CH/Os + CO2s 15.5.1 +0.30 +0.38 

CH/Os + Os ⇌ CHO/Os + s 15.5.2 -2.82 barrierless 

HCO/Os + Os ⇌ OHs + CO2s 15.6   

CHO/Os + s ⇌ CO2s + Hs  15.6.1 +0.12 barrierless 

Os + Hs ⇌ OHs + s 15.6.2 -1.02 +0.81 

Overall reaction: CH3CHO/Os + 6Os ⇌ 2CO2s + 4OHs + s 

 

(b) ΔErxn and Ea, both in eV for the formation of vinyl alcohol (Step 16). 
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 Step ΔErxn [Ag(111)] eV Ea [Ag(111)] eV 

C2H4/Os + s ⇌ C2H3/Os + Hs 16.1 +2.14 +4.24 

Os + Hs ⇌ OHs + s 16.2 -1.02 +0.81 

C2H3/Os + OHs ⇌ CH2CHOH/Os + s 16.3 -1.97 +1.13 

Overall reaction: C2H4/Os + Os ⇌ CH2CHOH/Os + s 

 

 (c) ΔErxn and Eact, both in eV for primary oxidation of CH2CHO (Step 18). 

 Step ΔErxn [Ag(111)] eV Ea [Ag(111)] eV 

CH2CHO/Os + s ⇌ CH2CO/Os + Hs 18.1 +0.98 +2.70 

CH2CO/Os + Os ⇌ CH2COO/Os + s 18.2 -2.51 +2.72 

Os + Hs ⇌ OHs + s 18.3 -1.02 +0.81 

Overall reaction: CH2CHO/Os + 2Os ⇌ CH2COO/Os + OHs + s 

 

  



 

70 
 

2.3.4d Isomerization of C2H4O 

Lastly, the isomerization of four chemical species with the same molecular formula, C2H4O, 

were studied. A six-reaction network was built to describe the energy changes during the 

isomerization process between desired and undesired products. The calculated reaction energies are 

shown in Table 2.6. According to these calculated results, it was found that the energy of OMC is 

between the energies of the two main oxidation products, EO and AA, which leads OMC to be a 

satisfying intermediate for branching and selection of target products under specific conditions. Also, 

it is notable that the reaction energy of isomerization between EO and vinyl alcohol is extremely 

small, which means that the occurrence of this isomerization has a very high probability 

thermodynamically. Thus, the reaction conditions will play an important role in the EO process, 

which can be optimized through reactor and rational catalyst design to decrease the EO isomerization 

rates and increase the EO selectivity. 

 

Table 2.6 Reaction energies, ΔErxn, of the isomerization among the species with the same molecular formula, C2H4O. 

Reaction ΔErxn [Ag(111)] eV 

CH2CH2O/Os ⇌ C2H4O/Os +0.56 

CH2CH2O/Os ⇌ CH3CHO/Os -0.08 

CH2CH2O/Os ⇌ CH2=CHOH/Os +0.57 

C2H4O/Os ⇌ CH3CHO/Os -0.65 

C2H4O/Os ⇌ CH2=CHOH/Os +0.01 

CH3CHO/Os ⇌ CH2=CHOH/Os +0.65 
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2.4 Summary 

In summary, a theoretical investigation on both the partial and total oxidation of ethylene on the 

Ag(111) surface facet has been presented. Periodic plane-wave DFT was used to evaluate the catalytic 

oxidation of ethylene to EO and AA. The twenty-one single events in the reaction network, which 

correspond to the most stable adsorption modes of all related species, were quantified with reaction 

energies, ΔErxn, and activation energies, Ea.  Potential energy surfaces of each reaction pathways were 

presented and discussed in the context of contemporary experimental and computational studies. The 

dominant reactive fluxes may change with the temperature and pressure conditions, so future studies 

are planned to account for enhanced thermodynamic modeling.  

 

By relative energetic comparison of different reaction pathways using modern microscopic 

modeling techniques, it results that the selectivity of EO is likely dependent on both activation 

barriers and thermodynamic driving forces. The probable rate-determining steps are the adsorption 

of OMCs with a nearby metal oxide active site and isomerization to EO and AA, or the formation of 

the OMC/Os surface intermediate in the competitive pathway toward EO and AA. The relative ratio 

of reaction rates of these two branching reaction pathways directly reflects the selectivity of the target 

product, EO. From the potential energy surfaces alone, it is not definitely clear which elementary 

step is the rate-determining step since reactor operating conditions are not incorporated into this 

microscopic analysis; however, the presented theoretical investigation has introduced new 

computational insights towards the formation of EO from ethylene on silver catalysts. Future 

microkinetic modeling of this reaction network is planned but beyond the scope of this paper. 
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3 Ethylene Oxidation on Ag(100), Ag(110), and Ag(111) catalytic 

surfaces: Reaction pathway and selectivity analysis with plane-wave 

DFT calculation 

3.1 Introduction  

Ethylene oxide (EO) is an important chemical intermediate with high industrial added values, 

and it has significantly broad application prospects in producing a series of major consumer products 

like non-ionic surfactants, detergents, antifreeze, disinfectants, and plastics. In 2018, the global 

production capacity of refined ethylene oxide reached 12 million tons/year, and the global 

production-consumption of ethylene oxide was 8.5 million tons. The average annual capacity 

increase from 2010 to 2018 is around 700,000 tons/year, accounting for 85% of the global new 

capacity.116 In 2020, the production of ethylene oxide in China was 4.0 million tons with an increase 

of 6% year-by-year.117 With the gradual increase of EO’s application fields, the demand on the 

development and improvement of the production process technology of EO becomes more and more 

drastic.  

 

Currently, EO is mainly produced through gas-phase ethylene epoxidation in industries. This 

desired selective oxidation process has two side reaction pathways with highly thermodynamic-

favored behaviors: the total oxidation of ethylene through acetaldehyde (AA) and combustion of EO. 

The significant thermodynamic behaviors lead to the dominance of these side pathways in the 

reaction process of ethylene oxidation and cause a great negative impact on the selectivity to EO 

which is the most important indicator of the catalyst performance. Therefore, the importance of 

choosing an excellent catalyst with high EO selectivity and low reaction activity of side pathways is 

extremely obvious. Silver-based catalyst is considered to have the most outstanding performance 
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among various metal catalysts after years of experimental and theoretical studies.118-122 EO selectivity 

can achieve 50% on unpromoted naked silver catalysts123, 124, and it could be further increased to 

over 90% with the application of some well-selected industrial catalysts on which the activities of 

side reactions are greatly suppressed.17 

 

In the recent decades since 1970s, the reaction mechanism of ethylene oxidation on silver 

catalysts have attracted much attention because of not only its guiding status but also the unclear 

details of the intermediates in the reaction network.17, 122, 125 It is believed by many researchers that 

the understanding on the interaction between oxygen and silver surface plays a key role in the study 

on the mechanism of ethylene oxidation. Many hypotheses about the possible intermediates, such as 

molecular oxygen, atomic oxygen, subsurface oxygen and surface carbonate, were put forward and 

studied with surface science methods.123, 126-138 Currently, the most widely accepted mechanism is 

the surface atomic oxygen mechanism which is also proved with experimental results: the gas-phase 

oxygen molecules will be first adsorbed on the silver catalytic surface and converted into the active 

atomic oxygen, and then react with the adsorbed ethylene.123 A central intermediate, oxametallacycle 

(OMC), is formed on the surface and branched into EO and AA. EO and AA are relatively active and 

is converted into CO2 rapidly. The rates of these steps indicate the selectivity of the reactions on 

unpromoted silver catalysts. 

 

The selectivity to the target products and the reaction activities are great indicators of the 

behaviors of catalysts. As aforementioned, the introduction of specific promoters and additives could 

increase the EO selectivity. Meanwhile, it has been shown experimentally and computationally that 

the surface coverage of oxygen will affect the selectivity to EO and AA. In our last paper, we noticed 

that the strategy of ethylene epoxidation is partly dependent on the surface oxygen coverage on 
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unpromoted Ag(111) surface. The epoxidation will behave as the metallic mechanism with low 

oxygen coverage and the oxide mechanism with high coverage. The ratio of metallic and oxide 

adsorption sites on the surfaces, which indicates the degree of the oxidation of the surface, would 

change the reaction mechanism considerably. Also, the different crystal facets of the same catalysts 

are also playing an important role in influencing the selectivity. A nano-particle silver catalyst is 

assembled by three catalytic surfaces: Ag(100), Ag(110), and Ag(111). The different behaviors of 

the surfaces are determined by the electronic and geometric properties. The ratio of the three surfaces 

varies with the size of the industrially used nano particles of the silver catalysts, which provides a 

possible way to improve the performance of industrial catalysts by reasonably assembling the 

catalytic surfaces. The behavior of these three catalytic silver surfaces gets briefly studied in both 

experimental and theoretical studies, however, the more precise studies on the electronic and 

geometric properties, which determine the catalytic performance, on the atomic level with DFT 

methods are still in lack.  

 

Based on the mechanisms mentioned above, a combined reaction network of ethylene oxidation 

on unpromoted silver surface containing both the metallic silver sites and surface oxide sites was 

built in our last paper.139 It is noticed that OMC mechanism on metal adsorption sites exist on all the 

three silver surfaces. In this project, the reactions are set to occur on the surfaces with a moderate 

surface coverage to promise the consistency of the oxidation mechanism. Over 200 models of 20 

surface species and 18 reactions on each of the three silver surfaces were built in the reaction network. 

The mechanism is shown in Table 3.1. The binding reactions of gas species and the electronic 

energies of adsorbates in the best geometric models with the lowest energy conformation were 

calculated through plane-wave DFT methods. Then, the reaction energies and activation barriers of 

each step were calculated and compared with each other in order to study the effects of the electronic 
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and geometric properties which determine the selectivity to products in the partial and complete 

combustion of ethylene and the activities of key reactions in the selective ethylene oxidation to 

carbon dioxide and water through OMC, EO and AA. The reactions with minimum energy were 

assembled for forming a self-consistent potential energy surface. This study is aimed at providing 

useful information and a solid theoretical support on the properties of Ag(100), Ag(110), and Ag(111) 

surfaces for further studies on the selectivity trends of ethylene epoxidation and the possible rational 

catalyst design for experimental and industrial use. 
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 Table 3.1 Reaction mechanism for ethylene oxidation on silver catalytic surface. 

Reaction Step 

O2(g) + s ⇌ O2s 1 

O2s + s ⇌ 2Os 2 

C2H4(g) + s ⇌ C2H4s 3 

C2H4s + Os ⇌ OMCs 4 

OMCs ⇌ EOs 5 

EOs ⇌ EO(g) + s 6 

OMCs ⇌ AAs 7 

AAs ⇌ AA(g) + s 8 

EOs + Os ⇌ OC2H4Os + s 9 

OC2H4Os + s ⇌ 2HCHOs 10 

HCHOs+ s ⇌ CHOs + Hs 11 

CHOs+ s ⇌ COs + Hs 12 

Os + Hs ⇌ OHs + s 13 

AAs + s ⇌ CH3COs + Hs 14 

CH3COs + OHs ⇌ CH3COOHs + s 15 

CH3COOHs + s ⇌ CH3COOs + Hs 16 

CH3COOs + s ⇌ CH2COOs + Hs 17 

CH2COOs + s ⇌ CHCOOs + Hs 18 

CHCOOs + s ⇌ CHs + CO2s 19 

CHs + Os ⇌ CHOs + s 20 

COs + Os ⇌ CO2s + s 21 

OHs + Hs ⇌ H2Os + s 22 

CO2s ⇌ CO2(g) + s 23 

H2Os ⇌ H2O(g) + s 24 
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3.2 Methodology 

Periodic plane-wave DFT methods are reported with a relatively high accuracy when used to 

study the energy properties of reactions on metallic catalysts.140 The calculations and predictions 

achieved in plane-wave DFT methods are acceptably accurate and helpful for the studies on binding 

energies, reaction energies and activation barriers in the given reaction network, which provides a 

solid theoretical support for experimental studies and further industrial use. 

 

Similar to our last project, the Cambridge Serial Total Energy Package (CASTEP) is 

continuously used for simulations in this project.141 Non-local gradient corrections to the energy were 

calculated with the Perdew-Wang 91 (PW91) exchange-correlation potential including spin 

polarization.142, 143 The pseudopotentials used in this study are generated on the fly (OTFG) instead 

of from tabulated potentials.144, 145 OTFG norm-conserving are typically harder and therefore more 

computationally expensive than ultrasoft pseudopotentials. The energy cutoff for the representation 

of the electron wave function was 600 eV. To determine the transition states, a nudged elastic band 

calculation was performed between the initial and final states and its results were further refined 

using the dimer method. 

 

A Monkhorst-Pack scheme was used to generate the k-point grid.146 Various k-point meshes 

were examined for these calculations. The 4 × 4 × 1 k-point grid was used for all periodic plane-wave 

DFT calculations. The silver surfaces were modeled using a three-layer 4 × 4 super cell (shown in 

Fig. 3.1). Each slab was surrounded with 15 Å of vacuum to remove the effects among silver layers 

in adjacent supercells. Since each elementary reaction step occurs on the supercell surface 

individually, only the species in the respective step will be considered for a reaction pathway analysis 

(normally 2 molecules or atoms); thus, the super cell size is deemed as sufficiently large to represent 
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all the possible relative positions among these species with negligible next nearest neighbor effects. 

The top two metal layers and the surface adsorbates are allowed to fully relax to optimize the surface 

structure. The bottom layer was set as constraints at the bulk positions of silver to reasonably simplify 

the calculation. In other papers on similar catalytic systems reproducing experimental trends from 

our group, it has been proved that the binding energies of adsorbates change slightly around 0.05 eV 

when a higher-layer structure is applied, so the three-layer catalyst model is acceptable for this study 

on catalytic trends in ethylene oxidation process on the unpromoted silver surfaces. 

 

The Linear and Quadratic Synchronous Transit (LST/QST) complete search was used to initially 

locate the transition state of a reaction. The tolerances employed for the transition state search were 

1 × 10− 8 eV for the electronic energy minimization and 0.015 eV/Å for the maximum force in the 

geometry optimization. A transition state confirmation algorithm was then used to verify that the 

transition state calculated by the LST/QST/Optimization search connects the reactant(s) and 

product(s) as expected.147, 148 If the resulting transition state structures were similar, the transition 

state structure was refined by performing geometry optimization and frequency calculations. From 

transition state theory, the energy difference between the reactant state and transition state is 

determined as activation energy by its definition. 

 

The binding energy is defined as the energy difference between the adsorbed system (adsorbate 

species with surface) and the energies of separated gas-phase adsorbate species and the clean metal 

surface. The overall reaction energy for a particular step is calculated by constructing a Born-Haber 

cycle. The surface reaction energy is calculated from the pre-calculated adsorption energies of gas-

phase reactants and products. The final result through this computational method is accurate for 



 

79 
 

comparisons of thermodynamic driving forces and reactivity on a relative scale, which has already 

been shown in previous surface reaction path analysis works from our group.145 

 

 
Fig. 3.1 The side views and top views of the three-layered 4 X 4 supercells used in the periodic plane-wave DFT 

calculations for Ag(100), Ag(110), and Ag(111) surfaces 
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3.3 Results and Discussion 

3.3.1 Adsorption models of naked surfaces, reactants, intermediates, and 

products 

 

There exist plenty of adsorption sites on the surfaces of silver catalysts which allow the species 

appearing in the reactions to adsorb. The difference between the electronic and structural 

characteristics of the three silver surfaces, Ag(100), Ag(110) and Ag(111), determines the various 

behavior of adsorptions of the same species. To simplify the DFT calculations and improve research 

efficiency, only the adsorption models of reaction species binding on the most stable sites are 

considered instead of all possible adsorption sites. Another necessary supposition is that all the 

reaction steps of ethylene oxidation only occur in one unit cell with all the species produced in the 

corresponding reactions binding on the same site. The most adjacent and stable adsorption sites are 

occupied if there are more than one intermediate formed in one reaction. 

 

Based on the difference of the geometries, the catalytic surfaces with the same amount of silver 

atoms have different electronic energies and catalytic behaviors. The Ag(111) surface has the lowest 

enthalpy and the Ag(110) surface has the highest enthalpy. The bond length and bond energy of Ag-

Ag bonds in the three silver surfaces were tested. Ag(111) surface has the shortest bond length and 

the strongest interaction between atoms, which makes it difficult to change the layer geometries and 

gives it the great thermodynamic stability. The electronic and thermodynamic behaviors of the silver 

surface models tested in our project are consistent with the results from experimental literatures. 

 

As an extension of our previous paper, we built a step reaction network whose species have the 

lowest energy configurations. A total of 200+ adsorption models were designed on three different 
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silver catalytic surfaces, Ag(100), Ag(110) and Ag(111), and the best geometries for all related 

species were selected and reported here. The coordination of an adsorbate to the metal surface follows 

the notation, where η is used to describe the hapticity, and the exponent represents the number of the 

partial or full bonds between the atom(s) and the metal surface. Additionally, t is denoted for top 

sites, b for bridge sites, f for hollow FCC sites, and h for hollow HCP sites. The optimized geometries 

for the adsorbed surface species are shown in Fig. 3.2. 

 

The calculated binding energies for gas-phase species appearing in the network are presented in 

Table 3.2. The adsorption energies of same species on different surfaces are compared and the 

structural and energetic characteristics of the adsorbates are discussed. We found that the gas-phase 

species mostly have the highest binding energies on Ag(111) surface. Under the same reaction 

conditions, it’s the most difficult for adsorbates to react with the surface, generate new bonds and 

change the surface structure, so the adsorption energy on Ag(111) should be the highest. This 

conclusion is consistent with the calculation results in this project. Similarly, the adsorbate should 

have the lowest adsorption energy on the Ag(110) surface, that is, it is most likely to be adsorbed on 

this surface. The specifically uneven layer of Ag(110) allows the surface to capture partial or the 

whole part of adsorbates and releases more energies. However, the uneven surface could also be a 

disadvantage for adsorption since it leads to a longer bond strength and a weaker interaction between 

the atoms in the adsorbates and the surface, which weaken the adsorption. These two factors both 

provide their contribution to the adsorption, so some adsorbates have higher binding energies on 

Ag(100) surface and some have higher binding energies on Ag(110) surface. One special situation in 

our project is the adsorption of carbon dioxide. It has the highest lowest binding energy on Ag(111) 

surface. The geometric models built with CASTEP calculations show that there doesn’t exist new 

bonds between CO2 molecules and the surfaces, so CO2 should only be absorbed physically on the 
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surfaces. For less polar adsorbate and adsorbents, dispersion forces play a major role in physical 

adsorption. The dispersion force is related to the deformability of the molecule. The greater the 

deformability, the stronger the dispersion force. The bond angle of O-C-O bond changes most on 

Ag(111), and the dispersion force on the surface is the largest. This briefly explains the reason for 

the lowest binding energy of CO2 molecules on Ag(111) surface. 

 

Table 3.2 Calculated binding energies for gas-phase species in the reaction network of ethylene oxidation on 

Ag(100), Ag(110), and Ag(111) surfaces. 

 Binding energy, Ebind, on naked metal site (eV) 

Adsorbate Ag(100) Ag(110) Ag(111) 

O2 -1.37 -1.15 -0.64 

C2H4 -0.47 -0.49 -0.36 

EO -0.54 -0.49 -0.45 

AA -0.46 -0.47 -0.35 

H2O -0.34 -0.32 -0.24 

CO2 -0.27 -0.20 -0.64 

 

Besides the gas-phase species, the intermediates existing in the reaction network also get studied 

with DFT calculations. The details are discussed in the following sections. 
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Fig. 3.2 Most stable adsorbate geometries for related species at the oxide adsorption site on (a) Ag(100) and (b) 

Ag(110) surfaces. C atoms are colored grey, H atoms white, O atoms red, and Ag atoms light blue. 
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3.3.2 Surface oxygen species formation 

After the study on the most favorable adsorption modes of the reactants, products and 

intermediates with the lowest energy binding modes, the formation of oxygen species (molecular 

oxygen, O2s, and atomic Os) was following studied.  

 

In this process, the gas phase oxygen molecules were primarily adsorbed on the surfaces (step 

1), then the surface molecular oxygen breaks the O=O double bond and adorbs dissociatively on the 

surface (step 2). The primary adsorption of molecular oxygen is considered as barrierless to simply 

the calculations in following studies on kinetic modelling. For step 1, the reaction energies on 

Ag(100), Ag(110), and Ag(111) surfaces is -1.37 eV, -1.15 eV and -0.64 eV, respectively. For step 

2, the reaction energies are -0.92 eV, -0.49 eV and -0.86 eV, respectively; the energy barriers are 

1.13eV, 0.47 eV and 0.96 eV, respectively. The energy results are shown in Table 3.3, and the 

potential energy surface of these two events is shown in Fig. 3.3. For all the processes on the three 

events, the highest energy point is at the dissociation of molecular oxygen. The final product of step 

2 is the atomic oxygen. The oxygen is adsorbed on Ag(100) and forms four Ag-O bonds, more than 

three bonds formed on Ag(110) and Ag(111). The strongest interaction between O atom and Ag(100) 

leads to a highest thermodynamic stability and the lowest electronic energy. Atomic oxygen has the 

highest binding energy on Ag(111). This suits well with the discussion in section 2.3.1. The energy 

barrier of step 2 on Ag(100) surface is calculated as the highest compared with reactions on the other 

two surfaces. The reactant and product on Ag(100) surface are the most stable and have the lowest 

energies. This feature makes the formation of transition state require more energy during the 

activation process even though the geometries of transition states on the three surfaces are similar. 

Step 2 has the slightest geometric change from the reactant to transition state on Ag(110), which is 

caused by the trapping of oxygen atoms by the layer of the surface. As a result, the energy barrier on 
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Ag(110) is the lowest. The lowest overall reaction energy of the formation of surface oxygen species 

occurred on Ag(100). The calculation result is consistent with the previous theoretical and 

experimental studies. 

 

Table 3.3 Reaction energies, ΔErxn, and activation barriers, Ea, both in eV for computed reaction networks in the 

formation of surface atomic oxygen. 

 

Surface Reaction Step ΔErxn [Ag(111)] eV Ea [Ag(111)] eV 

Ag(100) O2(g) + s ⇌ O2s 1 -1.37  barrierless 

 O2s + s ⇌ 2Os 2 -0.92  +1.13 

 Overall: O2(g) + 2s ⇌ 2Os  -2.29   

Ag(110) O2(g) + s ⇌ O2s 1 -1.14  barrierless 

 O2s + s ⇌ 2Os 2 -0.49  +0.47 

 Overall: O2(g) + 2s ⇌ 2Os  -1.63   

Ag(111) O2(g) + s ⇌ O2s 1 -0.64  barrierless 

 O2s + s ⇌ 2Os 2 -0.86  +0.96 

 Overall: O2(g) + 2s ⇌ 2Os  -1.50   

 

“barrierless” means there doesn’t exist transition site in CASTEP finding jobs or the calculated binding energy is 

lower than reaction energy, which leads this step to be barrierless.  

 

 



 

86 
 

 
Fig. 3.3 Potential energy surfaces for the formation of surface atomic oxygen. TS represents transition state. 

 

 

3.3.3 Ethylene oxidation to EO and AA through OMC 

After the formation of surface atomic oxygen. gas-phase ethylene is adsorbed on the surface 

(step 3). The adsorbed ethylene is then oxidized to oxametallacycle (OMC) intermediate (step 4). 

OMC branches into ethylene oxide (step 5) and aldehyde (step 7), and then desorb from the surfaces 

(steps 6 and 8). The isomerization of OMC into EO and AA is the selectivity-determining step. The 

detailed energy results are shown in Table 3.4, and the potential energy surfaces for this process on 

three silver surfaces are shown in Fig. 3.4. For ethylene adsorption, the reaction energies, also known 

as binding energies on the three surfaces are -1.14 eV, -0.82 eV and -0.75 eV, respectively. Here are 

results show that ethylene is more strongly bound on Ag(100) than Ag(110) and Ag(111). The 

adsorption on Ag(100) is more favorable to occur as a result. 
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Table 3.4 Reaction energies, ΔErxn, and activation barriers, Ea, both in eV for partial and completed oxidation of 

ethylene through OMC to EO and AA on Ag(100), Ag(110), and Ag(111) surfaces. 

 

 

Surface Reaction Step ΔErxn (eV) Ea (eV) 

Ag(100) 0.5O2(g) + s ⇌ Os  -1.14   

 C2H4(g) + s ⇌ C2H4s 3 -0.47   

 C2H4s + Os ⇌ OMCs + s 4 -0.28  +0.93  

 OMCs ⇌ EOs 5 -0.17  +1.32 

 EOs ⇌ EO(g) + s 6 +0.54   

 Overall: C2H4(g) + 0.5O2(g) ⇌ EO(g) -1.52   

 OMCs ⇌ AAs 7 -1.15  +1.54 

 AAs ⇌ AA(g) + s 8 +0.46   

 Overall: C2H4(g) + 0.5O2(g) ⇌ AA(g) -2.59   

Ag(110) 0.5O2(g) + s ⇌ Os  -0.82   

 C2H4(g) + s ⇌ C2H4s 3 -0.49   

 C2H4s + Os ⇌ OMCs + s 4 -0.66  +0.31 

 OMCs ⇌ EOs 5 -0.04  +1.51 

 EOs ⇌ EO(g) + s 6 +0.49   

 Overall: C2H4(g) + 0.5O2(g) ⇌ EO(g) -1.52   

 OMCs ⇌ AAs 7 -1.09  +0.79 

 AAs ⇌ AA(g) + s 8 +0.47   

 Overall: C2H4(g) + 0.5O2(g) ⇌ AA(g) -2.59   

Ag(111) 0.5O2(g) + s ⇌ Os  -0.75   

 C2H4(g) + s ⇌ C2H4s 3 -0.36   
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 C2H4s + Os ⇌ OMCs + s 4 -0.50   

 OMCs ⇌ EOs 5 -0.36  +0.49 

 EOs ⇌ EO(g) + s 6 +0.45  +0.92 

 Overall: C2H4(g) + 0.5O2(g) ⇌ EO(g) -1.52   

 OMCs ⇌ AAs 7 -1.33  +0.92 

 AAs ⇌ AA(g) + s 8 +0.35   

 Overall: C2H4(g) + 0.5O2(g) ⇌ AA(g) -2.59   

 

The gas phase reactions are considered as barrierless in this project, and the positions in the table are left blank.  
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Fig. 3.4 Potential energy surfaces for the partial and completed oxidation of ethylene on Ag(100), Ag(110), and 

Ag(111) surfaces. TS represents transition state. 
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OMC is a widely accepted intermediate in the experimental and theoretical studies. As shown 

in the potential energy surfaces, the formation of OMC proceeds swiftly on all surfaces. The 

activation barrier is not at the highest energy point of the process, which indicates that step 4 is not a 

rate-determining factor. OMC is very unstable and easily branches into EO and AA products. The 

highest point occurs in the isomerization of OMC to EO and AA. For Ag(100) surface, the activation 

barrier of EO formation, 1.32 eV, is lower than Ea of AA formation, 1,54 eV. For Ag(110) surface, 

the activation barrier of EO formation, 1.51 eV, is higher than Ea of AA formation, 0.79 eV. So 

ethylene oxide is more likely to form on Ag(100) and aldehyde is more likely to form on Ag(110). 

On Ag(111), the formation of ethylene oxide and aldehyde have the same structures of transition 

state. The energy barrier is at 0.92 eV. The same energy barriers are in agreement with the ~50% EO 

selectivity on unpromoted Ag(111) surfaces reported in our last paper and other previous literatures. 

Oxygen atoms are very mobile on all surfaces except on Ag(100), which is caused by the very high 

exothermicity of oxygen dissociation on this surface. The energy performance of this process on all 

surfaces are consistent with the results of previous literature. 

 

After the isomerization of OMC, formed EO and AA molecules may then desorb into the gas 

phase with modest reaction energy and no transition state. The calculation results of related energies 

are reported in Table 3. EO and AA are bound on Ag(111) more weakly than on Ag(100) and Ag(110) 

based on the results. 

 

3.3.4 Acetaldehyde combustion 

As shown in previous sections and Table 3.1, all the pathways of ethylene complete oxidation 

involve the AA species, or its sub-form with a primary carbon radical species, •CH2CHO. On the 

catalyst surface, the ethylene molecule reacts with adsorbed oxygen atoms to form AA, and then this 
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isomer of EO is further oxidized to form carbon dioxide and hydroxyl groups. In previous works 

highlighted in the Introduction section, AA complete oxidation or combustion was simply included 

as one overall reaction step and not as elementary steps. With the aid of microscopic modeling 

methods, this complete oxidation process was deeply studied, and key intermediates and transition 

states were identified in this current work. 

 

Based on the geometric models of related species with the lowest energies, a reasonable ten-

step reaction network was established. The adsorbed AA is oxidized by an adsorbed atomic oxygen 

to form an acetate intermediate on oxide sites on the Ag(111) surface. Then under the effect of 

adsorbed oxygen, the methyl group in the acetate intermediate loses two hydrogen atoms. Next, the 

C-C bond breaks in the resultant intermediate, and the intermediate turns into an adsorbed formyl 

group and carbon dioxide. The formyl group recombines with an atomic oxygen and reforms into 

carbon dioxide. The calculated reaction energies for the complete oxidation or combustion of AA on 

Ag(100), Ag(110), and Ag(111) surface are shown in Table 3.5. The overall reaction energies are 

exothermic. The endothermic nature of certain sub-steps suggests the relative similarity of each 

transition states to their products according to the Hammond’s postulate. The reaction and activation 

energies of these substeps are also shown in Table 3.5. The highest energy point of AA complete 

oxidation or combustion occurs at the transition state of step 13, which means that the 

dehydrogenation of the methyl group in the acetate intermediate is very difficult and suggests that 

the intermediate, acetate (CHCOO•), is the one of the key determining factors for AA complete 

oxidation or combustion. 
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Table 3.5 Reaction energies, ΔErxn, and activation barriers, Ea, both in eV for AA combustion on Ag(100), 

Ag(110), and Ag(111) surfaces. 

 

Surface Reaction Step ΔErxn (eV) Ea (eV) 

Ag(100) AAs + s ⇌ CH3COs + Hs 9 +1.83  2.40  

 CH3COs + OHs ⇌ CH3COOHs + s 10 -2.36  0.47  

 CH3COOHs + s ⇌ CH3COOs + Hs 11 +0.46  1.46  

 CH3COOs + s ⇌ CH2COOs + Hs 12 +1.57  2.27  

 CH2COOs + s ⇌ CHCOOs + Hs 13 +2.12  2.69  

 CHCOOs + s ⇌ CHs + CO2s 14 -0.25  1.65  

 CHs + Os ⇌ CHOs + s 15 -2.03 2.90 

 CHOs + s ⇌ COs + Os 16 -0.35 0.39 

 COs + Os ⇌ CO2s + s  -2.28 1.42 

 Os + OHs ⇌ OHs + s  -1.40 1.37 

 Overall: AAs + 7Os ⇌ 2CO2s + 4OHs + 2s -8.54   

Ag(110) AAs + s ⇌ CH3COs + Hs 9 +0.97  2.46  

 CH3COs + OHs ⇌ CH3COOHs + s 10 -1.48  1.15  

 CH3COOHs + s ⇌ CH3COOs + Hs 11 +0.54  1.59  

 CH3COOs + s ⇌ CH2COOs + Hs 12 +1.28  2.74  

 CH2COOs + s ⇌ CHCOOs + Hs 13 +2.01  2.96  

 CHCOOs + s ⇌ CHs + CO2s 14 +0.31  0.39  

 CHs + Os ⇌ CHOs + s 15 -1.55  3.18  

 CHOs + s ⇌ COs + Os 16 -1.70  1.50  

 COs + Os ⇌ CO2s + s  -2.51  0.80  

 Os + OHs ⇌ OHs + s  -1.76  1.20  

 Overall: AAs + 7Os ⇌ 2CO2s + 4OHs + 2s -10.92   

Ag(111) AAs + s ⇌ CH3COs + Hs 9 +1.00  1.61  
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 CH3COs + OHs ⇌ CH3COOHs + s 10 -1.62  0.48  

 CH3COOHs + s ⇌ CH3COOs + Hs 11 +0.63  2.12  

 CH3COOs + s ⇌ CH2COOs + Hs 12 +1.77  2.70  

 CH2COOs + s ⇌ CHCOOs + Hs 13 +1.61  2.32  

 CHCOOs + s ⇌ CHs + CO2s 14 -0.09  0.97  

 CHs + Os ⇌ CHOs + s 15 -2.91  2.13  

 CHOs + s ⇌ COs + Os 16 -0.27  1.18  

 COs + Os ⇌ CO2s + s  -2.78  0.19  

 Os + OHs ⇌ OHs + s  -1.51  0.86  

 Overall: AAs + 7Os ⇌ 2CO2s + 4OHs + 2s --10.19  

 

The gas phase reactions are considered as barrierless in this project, and the positions in the table are left blank.  
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3.4 Summary 

In this project, a overall reaction network of both partial and total oxidation of ethylene on 

Ag(100), Ag(110), and Ag(111) surfaces has been established. The enthalpies of species and 

intermediates were determined with plane-wave DFT methods, and the reaction energies and 

activation barriers of each single events have been calculated based on the enthalpies. In addition to 

the previous network built in other experimental and theoretical studies, the combustions of ethylene 

oxide and aldehyde which are always neglected because of the rapid reaction speed were dissembled 

step-by step and each sub-reaction got studied from the energy views.  

 

Through the comparison of energy results of reactions, it has been determined that on all three 

silver catalytic surfaces the probable rate-determining steps of ethylene oxidation are the 

isomerization of OMC to EO and AA, which is consistent with our last paper and other previous 

studies. Corresponding potential energy surfaces were drawn and presented in this paper. With the 

energy results, this project provides an overall view of selective ethylene oxidation on unpromoted 

silver catalysts, which could become a solid theoretical support on the further studies in the 

mechanisms and new computational insights towards the improvement of EO selectivity through the 

use of specific promoters and additives. 
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4 Computational Study on the Effect of Metallic Promoters on 

Ethylene Epoxidation on Ag(110) Surface with Plane-wave DFT 

Methods 

4.1 Introduction 

As mentioned above, the selectivity of the target product, EO, in the ethylene epoxidation 

process on the unpromoted Ag(111) surface can achieve 50% under proper conditions, and the 

addition of metallic promoters to the silver catalyst can significantly increase the selectivity, even 

reach around 90%.16 The detailed mechanism of promoters to interact with Ag catalysts and influence 

reaction performance on conversion and selectivity has become a research hotspot these years. 

 

In industrial production, alkaline/alkaline earth metals or transition metals are often used as the 

promoters for silver-based catalysts.149-153 With the addition of slight amounts of promoters could 

greatly improving the selectivity in industry. These metals are normally added during impregnation 

of their aqueous solutions.149, 154-156 Some interactions occur between the atoms or molecules of the 

metallic promoters and the catalytic surfaces, which lead to great geometric or electronic effects to 

change the reaction performance positively or negatively. It was reported that the addition of only Cs 

promoters could increase the selectivity of EO by dipole effect; therefore, the existence of Cs and 

Cs-based species on the catalyst will enhance the both energy barriers of the formations of EO and 

aldehyde, but the influence on aldehyde formation is much stronger, which inhibits the complete 

oxidation and promotes the epoxidation.77, 151, 157, 158 Cs can also inhibit the isomerization of EO by 

neutralizing the acid environment on the α-Al2O3 support.159, 160 Furthermore, the studies with DFT 

methods found that the addition of Cs weakens the energy barrier in the formation of OMC which is 

furthered reacted and branched into EO or aldehyde.161, 162 These effects of Cs promoters show the 
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great potential for the application in ethylene epoxidation industry. However, there also exist reports 

that CsOx can increase the binding energy (BE) of oxygen and forms oxygen vacancies on the surface 

which makes reactions more difficult to occur and decreases the selectivity.17, 77, 149 Re promoters 

were introduced to Cs-promoted silver catalysts to seek a solution for this problem.149, 155 The oxide 

of Re, ReOx, has some specific interactions with the silver catalytic surfaces that it blocks the defect 

sites mentioned above and makes the oxygen adsorption and other reactions on the surface occur 

successfully and more uniformly.158, 163 The co-impregnated Ag-Cs-Re/α-Al2O3 catalyst by Ren et al 

showed a great improvement on selectivity.155 Experimental methods such as temperature-

programmed desorption of oxygen (O2-TPD) Analysis and X-ray photoelectron spectroscopy (XPS) 

were used and the results showed that high-valence Re oxides were formed and located around Ag 

particles, and these oxides can attract electrons from the adsorbed atomic oxygen and increase the 

concentration of weakly adsorbed oxygen (electrophilic oxygen) to improve the selectivity, which is 

consistent with many experimental and theoretical research studies.149, 155, 164-168  

 

Currently, the most widely accepted mechanism is the surface atomic oxygen mechanism which 

is also proved with experimental results: the gas-phase oxygen molecules will be first adsorbed on 

the silver catalytic surface and converted into the active atomic oxygen, and then react with the 

adsorbed ethylene.123 A central intermediate, oxametallacycle (OMC), is formed on the surface and 

branched into EO and AA. The rates of these steps indicate the selectivity of the reactions on the 

silver catalysts. The OMC mechanism on promoted Ag(111) surfaces have got widely studied 

experimentally and theoretically, however, the DFT studies on the behavior of promoters on other 

silver surfaces like Ag(110) and Ag(100), which could provide more solid theoretical support for the 

studies on larger-scaled catalysts as Ag nanoparticles, is still waiting to be added. 
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In this project, a 8-step reaction network of ethylene oxidation on Ag(110) surface promoted by 

single cesium or rhenium atom containing was built as a simplified model of the overall reaction 

network in our last paper.139 The binding reactions of gas species and the electronic energies of 

adsorbates in the best geometric models with the lowest energy conformation were calculated through 

plane-wave DFT methods. Then, the reaction energies and activation barriers of each step were 

calculated and compared with each other in order to study the effects of the electronic and geometric 

properties which determine the selectivity to products in the partial and complete combustion of 

ethylene and the activities of key reactions in the selective ethylene oxidation to carbon dioxide and 

water through OMC, EO and AA. The reactions with minimum energy were assembled for forming 

a self-consistent potential energy surface. This study is aimed at providing useful information and a 

solid theoretical support on the promotion behaviors of symbolic metal promoters on Ag(110) 

surfaces for further studies on the selectivity trends of ethylene epoxidation and the possible rational 

catalyst design for experimental and industrial use. 
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4.2 Methodology 

The calculation methods in this work follow our last work. Cambridge Serial Total Energy 

Package (CASTEP) is continuously used for simulations in this project.141 Non-local gradient 

corrections to the energy were calculated with the Perdew-Wang 91 (PW91) exchange-correlation 

potential including spin polarization.142, 143 The pseudopotentials used in this study are generated on 

the fly (OTFG) instead of from tabulated potentials.144, 145 The energy cutoff was set to 600 eV for 

the representation of the electron wave function. To determine the transition states, a nudged elastic 

band calculation was performed between the initial and final states and its results were further refined 

using the dimer method. A Monkhorst-Pack 4 × 4 × 1 k-point grid was used for all periodic plane-

wave DFT calculations. 

 

A three-layer 4 × 4 super cell was modeled for the silver unit cell. A 15 Å of vacuum space was 

used to remove the effects among silver layers in adjacent supercells. The top two metal layers and 

the surface adsorbates are not constrained allowed to optimize the surface structure. The geometries 

of the Cs-promoted and Re-promoted Ag(110) surfaces were shown in Fig. 4.1. 
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Fig. 4.1 Top view of geometries for Ag(110) surface promoted with single Re or Cs atoms. C atoms are colored 

grey, H atoms white, Re atoms green, and Cs atoms purple. 

 

 

The binding energy is defined as the energy difference between the adsorbed system (adsorbate 

species with surface) and the energies of separated gas-phase adsorbate species and the clean metal 

surface. The overall reaction energy for a particular step is calculated by constructing a Born-Haber 

cycle. The surface reaction energy is calculated from the pre-calculated adsorption energies of gas-

phase reactants and products. The activation barrier of each step is calculated as the energy difference 

between the reactants and the transition states. In this project, all possible geometries of adsorbates 

and intermediates has been studied. The final result of electronic energies used for determining 

reaction energies and activation barriers were calculated as the weighted average of each binding 

model of the same species by the distribution frequencies. It is shown in previous surface reaction 

path analysis works from our group that the energy profile through this computational method is 

accurate for comparisons of thermodynamic driving forces and reactivity on a relative scale.145 
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4.3 Results and Discussion 

4.3.1 Adsorption models of naked surfaces, reactants, intermediates, and 

products 

 
There exist plenty of adsorption sites on the surfaces of silver catalysts which allow the species 

appearing in the reactions to adsorb. The difference between the electronic and structural 

characteristics of the three silver surfaces, Ag(100), Ag(110) and Ag(111), determines the various 

behavior of adsorptions of the same species. To simplify the DFT calculations and improve research 

efficiency, only the adsorption models of reaction species binding on the most stable sites are 

considered instead of all possible adsorption sites. Another necessary supposition is that all the 

reaction steps of ethylene oxidation only occur in one unit cell with all the species produced in the 

corresponding reactions binding on the same site. The most adjacent and stable adsorption sites are 

occupied if there are more than one intermediate formed in one reaction. 

 

There exist plenty of adsorption sites on the surfaces of silver catalysts which allow the species 

appearing in the reactions to adsorb. The difference between the electronic and structural 

characteristics of similar Ag(110) surfaces with different metallic promoters, determines the various 

behavior of adsorptions of the same species. To simplify the DFT calculations and improve research 

efficiency, only the adsorption models of reaction species binding on the most stable sites are 

considered instead of all possible adsorption sites. Another necessary supposition is that all the 

reaction steps of ethylene oxidation only occur in one unit cell with all the species produced in the 

corresponding reactions binding on the same site. The most adjacent and stable adsorption sites are 

occupied if there are more than one intermediate formed in one reaction. 
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As a simplified model of the ethylene oxidation reaction network studied in our previous project, 

an 8-step reaction network containing the key reactions of the selective ethylene oxidation process 

as the surface adsorption/desorption of gas-phase species and the isomerization of OMC to ethylene 

oxide and aldehyde (shown in Table 4.1). The adsorption models of the key reactants and products 

were designed on the Re-promoted and Cs-promoted Ag(110) surfaces, and the electronic energies 

were calculated with plane-wave DFT methods.  

 

The calculated binding energies (BEs) for gas-phase species appearing in the network are 

presented in Table 4.2. Here lower BE value reflects stronger substrate binding with silver. For the 

majority of the system, the addition of the single promoter atoms increases the values of BEs of the 

substrates as compared to pure Ag(110) surface, featuring stronger binding that can be a reason for 

the experimentally observed decrease of the catalyst activity. On clear Ag(110) surfaces, the gas-

phase species molecules are half-buried between the grooves consisting of silver atoms. The unique 

geometric properties of the uneven silver layers on the Ag(110) surface provides a larger specific 

surface area and more adsorption sites compared to Ag(100) and Ag(111) surfaces, leading to more 

newly-generated bonds between adsorbates and surfaces and higher bonding strengths. When 

introducing promoters onto the catalytic surfaces, the relatively large-size metal atoms fill the valleys 

on the catalytic surface and inhibit the adsorbates from the binding sites. The bond length between 

the adsorbate and silver atoms increases and the interaction get weakened. The metal promoters 

blocked steps adsorption of gas-phase molecules. However, for oxygen molecules which have small 

sizes, it is noticed that Cs promoters blocks steps and defect sites on the silver surface that shift 

oxygen adsorption to more uniform silver terraces. It slightly increases the O2 concentration on the 

surface, but ethylene molecules get much badly destabilized, which leads to the decrease in the 

reaction activities. Our result is consistent with the previous experimental studies. 
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Table 4.1 Reaction mechanism for ethylene oxidation on silver catalytic surface. 

Reaction Step 

O2(g) + s ⇌ O2s 1 

O2s + s ⇌ 2Os 2 

C2H4(g) + s ⇌ C2H4s 3 

C2H4s + Os ⇌ OMCs 4 

OMCs ⇌ EOs 5 

EOs ⇌ EO(g) + s 6 

OMCs ⇌ AAs 7 

AAs ⇌ AA(g) + s 8 

 

 

Table 4.2 Calculated binding energies for gas-phase species in the reaction network of ethylene oxidation on 

naked, Cs-promoted, and Re-promoted Ag(110) surfaces. 

 Binding energy, Ebind, on metal site (eV) 

Adsorbate Naked Ag Ag+Cs Ag+Re 

O2 -1.19  -1.36  -1.03  

C2H4 -0.52  -0.14  -0.67  

EO -0.45  -0.26  -0.27  

AA -0.41  -0.26  -0.37  

 

Besides the gas-phase species, the intermediates existing in the reaction network also get 

studied with DFT calculations. The details are discussed in the following sections. 
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4.3.2 Surface oxygen species formation 

After the study on the most favorable adsorption modes of the reactants, products and 

intermediates with the lowest energy binding modes, the formation of oxygen species (molecular 

oxygen, O2s, and atomic Os) was following studied.  

 

Table 4.3 Reaction energies, ΔErxn, and activation barriers, Ea, both in eV for computed reaction networks in the 

formation of surface atomic oxygen on naked, Cs-promoted, and Re-promoted Ag(110) surfaces. 

Surface Reaction ΔErxn (eV) Ea (eV) 

Ag O2(g) + s ⇌ O2s -1.12 - 

 O2s + s ⇌ 2Os -0.44 +1.56 

Ag+Cs O2(g) + s ⇌ O2s -1.36 - 

 O2s + s ⇌ 2Os -0.42 +1.52 

Ag+Re O2(g) + s ⇌ O2s -1.03 - 

 O2s + s ⇌ 2Os -0.63 +1.66 

 

In this process, the gas phase oxygen molecules were primarily adsorbed on the surfaces (step 

1), then the surface molecular oxygen breaks the O=O double bond and adorbs dissociatively on the 

surface (step 2). The primary adsorption of molecular oxygen is considered as barrierless to simply 

the calculations in following studies on kinetic modelling. For step 2, the reaction energies on naked 

silver surfaces, Cs-promoted surfaces and Re-promoted surfaces are -0.44 eV, -0.42 eV and -0.63 eV, 

respectively; the BEs are 1.56 eV, 1.52 eV and 1.66 eV, respectively. The energy results are shown 

in Table 4.3, and the potential energy surface of these two events is shown in Fig. 4.2. For all the 

processes on the three events, the highest energy point is at the dissociation of molecular oxygen. 

The final product of step 2 is the atomic oxygen.  
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4.3.3 Ethylene oxidation to EO and AA through OMC 

After the formation of surface atomic oxygen, gas-phase ethylene is adsorbed on the surface 

(step 3). The adsorbed ethylene is then oxidized to OMC intermediate (step 4). OMC branches into 

ethylene oxide (step 5) and aldehyde (step 7), and then desorb from the surfaces (steps 6 and 8). The 

isomerization of OMC into EO and AA is the selectivity-determining step. The detailed energy 

results are shown in Tables 4.4 and 4.5,  

 

Table 4.4 Reaction energies, ΔErxn, in eV for OMC formation and isomerization to EO and AA on naked, Cs-

promoted, and Re-promoted Ag(110) surfaces. 

 Reaction energy,  ΔErxn, on metal site (eV) 

Reaction Naked Ag Ag+Cs Ag+Re 

C2H4s+Os=OMCs+s -0.67  -0.88  -0.42  

OMCs=EOs +0.04  +0.13  +0.12  

OMCs=AAs -0.95  -0.91  -1.00  

 

OMC is a widely accepted intermediate in the experimental and theoretical studies. As shown 

in the potential energy surfaces, the formation of OMC proceeds swiftly on all surfaces. The 

activation barriers of OMC formation on Cs-promoted surface (0.97 eV) and Re-promoted surface 

(1.35 eV) are both higher than that on naked Ag(110) surface (0.94 eV). The presence of metal 

promoter atoms forces carbon atoms in OMC more likely to escape from the previous binding sites 

and increase the bond length.  
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Table 4.5 Activation barriers, Ea, in eV for OMC formation and isomerization to EO and AA on naked, Cs-

promoted, and Re-promoted Ag(110) surfaces. 

 Activation barrier, Ea, on metal site (eV) 

Reaction Naked Ag Ag+Cs Ag+Re 

C2H4s+Os=OMCs+s 0.94  0.97  1.35  

OMCs=EOs 1.82  1.86  1.89  

OMCs=AAs 1.30  1.41  1.41  

 

OMC is very unstable and will rapidly branch into EO and AA after formation. The difference 

of the energy barriers of these two isomerization steps determines the selectivity and the behavior of 

the catalysts. We follow the convention of Linić in defining a measure of selectivity as 

∆𝐸𝐸𝐸𝐸 =  𝐸𝐸𝑎𝑎𝐴𝐴𝐴𝐴 − 𝐸𝐸𝑎𝑎𝐸𝐸𝐸𝐸 

The higher ΔEa, the more selective the reaction is towards EO. The values of on naked Ag, Cs-

promoted and Re-promoted surfaces are -0.52 eV, -0.45 eV and -0.48 eV respectively. The 

introduction of promoters increases the energy barrier for both ethylene oxide and aldehyde 

formation, but more significantly for aldehyde formation that creates a larger separation in Ea 

between the two products.  

 

To identify the important factors affecting catalyst selectivity toward the formation of EO with 

respect to AA formation, the structural features of the TSs for both reactions were studied. The TSs 

for EO and AA formation from OMC are labeled as TS_EO and TS_AA, respectively. The main 

difference between the two TSs is that in TS_EO the C–surface bond is fully broken, whereas in 

TS_AA both the C– and O–surface bonds are only partially broken. In EO formation, the closure of 

the epoxy ring is made possible by the oxygen shift beneath the ethylene fragment that is 

concomitantly lifted upward, thus breaking the C–surface bond. On the other hand, the formation of 
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AA involves the 1,2-hydrogen shift (i.e., the H-atom shift from the first C atom to the second) and 

the formation of a C=O double bond.  

 

Table 4.6 shows the optimized geometric parameters. The Ag-C bonds in TS_EOs are fully 

broken on all three surfaces. The carbon atom is desorbed from the surface and forms a new bond 

with the oxygen atom. Under the existence of Cs and Re on the surface, the length of C-O bond are 

shorten from 1.54 Å to 1.50 Å and 1.48 Å. For the models of TS_AA on Cs-promoted surface, we 

noticed that the C-surface bond has fully broken and leads the model of TS_AA close to an EO-like 

structure. This provides conditions for higher selectivity towards EO. On Re-promoted surfaces, 

although C-Ag bond doesn’t break, the bond length increases from 2.21 Å to 2.88 Å with a lower 

bond strength. It could be seen as partially broken. Thus, the selectivity towards EO may increase. 

 

The results obtained show that both of Cs and Re promoters could enhance the selectivity of the 

partial ethylene oxidation on Ag(110) surface. The addition of promoters could weaken the strength 

of C-surface bond in the isomerization of OMC and make EO formation more favorable. The results 

are consistent with experimental and theoretical studies on promoted Ag(111) surfaces, and could 

provide a solid theoretic support for the further studies on other rational promoted catalysts and also 

the synergistic effect of multiple metallic promoters in industry use. 

 

 

 

 

Table 4.6 Optimized geometric parameters for structures reflecting OMC isomerization to EO and AA over the 

developed models 
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System C-C C-H C-O Ag-O Ag-C 

OMC 1.56 1.10 1.42 2.27 2.22 

Ag+TS_EO 1.46 1.09 1.54 2.32 - 

Ag+TS_AA 1.47 1.10 1.25 2.46 2.21 

Ag+Cs+TS_EO 1.50 1.10 1.50 2.14 - 

Ag+Cs+TS_AA 1.47 1.10 1.28 2.50 - 

Ag+Re+TS_EO 1.46 1.11 1.48 2.28 - 

Ag+Re+TS_AA 1.47 1.11 1.28 2.43 2.88 

EO 1.48 1.09 1.48 2.68, 3.30 - 

AA 1.50 1.10 1.22 2.58 3.13 
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4.4 Summary 

In this project, an 8-step reaction network of ethylene oxidation through OMC to EO and AA 

on Cs-promoted and Re-promoted Ag(110) surfaces has been established. The enthalpies of species 

and intermediates were determined with plane-wave DFT methods, and the reaction energies and 

activation barriers of each single events have been calculated based on the enthalpies.  

Through the comparison of energy results of reactions, it has been determined that on both 

promoted silver catalytic surfaces the probable rate-determining steps of ethylene oxidation are the 

isomerization of OMC to EO and AA, which is consistent with our last paper and other previous 

studies. The selectivity towards EO are both enhanced under the promotions of Cs and Re. 

Corresponding potential energy surfaces were drawn and presented in this paper. With the energy 

results, this project provides a theoretical view of selective ethylene oxidation on representative 

promoted silver catalysts. Which could become a solid theoretical support on the further studies in 

the mechanisms and new computational insights towards the improvement of EO selectivity through 

the use of specific promoters and additives. 
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5 Conclusions and Future Directions 

5.1 Overall Summary of Projects 

The ultimate purpose of this project is to understand the catalytic performance of silver metal 

surface for ethylene oxidation reaction. From the experimental literature, it has been known that the 

reactivity of metals is related to the exposed surface, the state of the surface-active sites, the surface 

coverage, the type of crystal plane, and the type of promoters and additives added. Much theoretical 

research is still needed in explaining these determinants of surface reactivity properties. 

 

In this paper, the plane-wave DFT method is used to systematically investigate the adsorption 

of atoms and molecules on the surface of silver metal, explain the law and nature of their adsorption 

phenomenon on the metal surface in depth, study the selective oxidation mechanism of ethylene on 

the surface of silver metal, and obtain some conclusions. meaningful patterns and outcomes. 

 

By studying the selective oxidation reaction of ethylene on pure Ag(111) surface, the adsorption, 

reaction mechanism and selectivity of the species involved in the reaction process were investigated 

in detail, and the conclusions were drawn: the selectivity of ethylene oxide is likely dependent on 

both activation barriers and thermodynamic driving forces. Both of the OMCs and OMC/Os 

mechanisms may exist on the catalytic surface under reaction conditions with a moderate oxygen 

surface coverage as supported by experimental studies. The OMCs mechanism has a much higher 

activity than OMC/Os mechanism and takes the dominance kinetically in ethylene selective oxidation 

at lower oxygen surface coverages. The probable rate-determining steps are the isomerization of 

OMC to ethylene oxide and aldehyde. The ratio of reaction rates of these two branching reactions 

directly reflects the selectivity of the target product, ethylene oxide. 
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By studying the mechanisms of selective ethylene oxidation processes on clean Ag(100), 

Ag(110) and Ag(111) surfaces, we got the results: For EO selectivity, the Ag(111) surface is slightly 

higher than the other surfaces, which means that there is no correlation between strong adsorption of 

intermediates and high selectivity; the closer the transition state structure is to the product, the higher 

the activation energy of the epoxidation reaction . 

 

The behaviors of Cs-promoted and Re-promoted Ag(110) surfaces in ethylene oxidation process 

get studied. To identify the important factors affecting catalyst selectivity toward the formation of 

EO with respect to AA formation, the structural features of the TSs for both reactions were studied. 

The results obtained show that both of Cs and Re promoters could enhance the selectivity of the 

partial ethylene oxidation on Ag(110) surface. The addition of promoters could weaken the strength 

of C-O bond in the isomerization of OMC and make EO formation more favorable. The results are 

consistent with experimental and theoretical studies on promoted Ag(111) surfaces, and could 

provide a solid theoretic support for the further studies on other rational promoted catalysts and also 

the synergistic effect of multiple metallic promoters in industry use. 

 

Although the research in this paper has achieved some meaningful results, there are still some 

problems worth noticing. The simulation model used is relatively rough, which is somewhat different 

from the real catalyst system. Due to the responsibility of writing on the real solid surface, future 

research should pay attention to the influence of surface defects and other macroscopic factors. With 

the development of surface science, the further revised and improved microscopic reaction kinetic 

model will be applied in this project to more accurately describe the nature of the catalytic process 

of the catalyst. 
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5.2 Computational Study on the Effect of Gas-phase Additives on 

Ethylene Epoxidation on Ag(110) and Ag(111) Surfaces with Plane-

wave DFT Methods 

Gas-phase additives are used macroscopically as components of the raw gas feedstock to the 

reactor. Because of the existence of oxidizing agents, such as high-purity oxygen or air, in the 

industrial production, it is important to use ballast (diluent) gases like nitrogen and methane to ensure 

the safe operability of the gas-phase reaction mixture.169 The addition of ballast (diluent) gases can 

increase the oxygen flammability limit of the gas mixture effectively. In the recent years, methane 

has almost replaced nitrogen in almost all commercial oxidation epoxidation processes. Organic 

halides as gas-phase additives are always added at 1.5-6.3 ppmv levels to remove the by-product, 

CO2 and water, and improve the selectivity of target products.16, 54 Inert gases are always used as 

carrier gas.170 

 

Gas-phase additives can be also introduced into the micro-reactions as promoters or inhibitors. 

The atoms or molecules of this kind of additives are adsorbed on the catalytic surfaces and have 

interactions with other species.17  

 

Chlorine and chlorides are excellent examples for this reaction engineering technique to modify 

reaction rates. Industrially, the addition of Cl inhibits the occurrence of side reactions, prevents the 

deactivation and aging of the silver catalysts due to the excessively high temperature in reactors, and 

helps to increase the reaction selectivity, reduce the unit consumption of ethylene, and improve 

economic benefits.171 Experiments showed that the adsorbed strong and weak chlorine atoms 

provided by 1,2-dichloroethane can effectively weaken the adsorption of surface atomic oxygen and 



 

112 
 

promote the desorption of EO which inhibits the EO isomerization and improves the selectivity.172 

Scanning transmission electron microscopes (STEM) and O2-TPD methods were used and the results 

showed that the adsorbed chlorine atoms, Cla, could repair the voids on the silver catalyst surface 

formed in ethylene oxidation which may cause the low selectivity on unpromoted silver catalyst 

surface and prevent the formation of C-Ag bonds required in the complete oxidation by decreasing 

the electron cloud density of these bonds (shown in Fig. 5).126, 173-176 Also, Cl can decrease the Ebind 

of surface atomic atoms, make Osurf more electrophilic and easier to react with C=C bonds in ethylene 

and form EO, which were proved both experimentally and theoretically.158, 177 Furthermore, the 

chlorine-based additives can be also used with metallic promoters such as Re and Cs.121, 149, 163, 178 

The complexes under the synergy of the above promoters can enhance EO selectivity by forming 

smooth and defect-free silver surfaces and also cause the reduction in the activity of ethylene 

oxidation.  

 

 

Fig. 5 Ex situ STEM images under UHV showing the formation and repair of pores formed in ethylene 

epoxidation on a supported Ag/α-Al2O3 catalyst without and with vinyl chloride promotion respectively.173 

(Copyright permission obtained from ACS, 2018) 
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The research on the surface modification mechanism of gas-phase additives is a focus in the 

area of silver-catalyzed ethylene epoxidation process. The industrial selection of additives is always 

based on experience and there is an overwhelming lack of evidence on the fundamental underlying 

mechanisms. The interactions between additives and silver catalysts were studied experimentally and 

theoretically, but systematic theoretical works on the binding geometries of additives and 

mechanisms of energy changes caused by the surface modification are still needed. 
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5.3 Future Directions for the Study of Ethylene Epoxidation on 

Silver Surfaces with Microkinetic Modeling Methods 

In the recent decades since 1970s, the reaction mechanism of ethylene oxidation on silver 

catalysts have attracted much attention because of not only its guiding status but also the unclear 

details of the intermediates in the reaction network.17, 122, 125 It is believed by many researchers that 

the understanding on the interaction between oxygen and silver surface plays a key role in the study 

on the mechanism of ethylene oxidation. Many hypotheses about the possible intermediates, such as 

molecular oxygen, atomic oxygen, subsurface oxygen and surface carbonate, were put forward and 

studied with surface science methods.123, 126-138 Currently, the most widely accepted mechanism is 

the surface atomic oxygen mechanism which is also proved with experimental results: the gas-phase 

oxygen molecules will be first adsorbed on the silver catalytic surface and converted into the active 

atomic oxygen, and then react with the adsorbed ethylene.123 A central intermediate, oxametallacycle 

(OMC), is formed on the surface and branched into EO and AA.  

 

Based on the mechanisms mentioned above, a combined reaction network of ethylene oxidation 

on unpromoted silver surface containing both the metallic silver sites and surface oxide sites was 

built in our last paper.139 This network is aimed to study the mechanism with a moderate surface 

coverage in order to compare the behaviors of the kinds of sites under the same reaction conditions. 

The possible reactions among ethylene, OMC, EO and AA adsorbed on both sorts of sites were listed 

in the network and studied with periodic plane-wave DFT methods. The combustions of EO and AA 

which were always considered as an elementary step because of its rapid reaction rates and the 

difficulties in detecting the intermediates are expanded to sets of sub-reactions and get further 

studied.59, 64 The calculated energy results are consistent with the experimental results and provide 

details on selectivity trends in ethylene oxidation network.16, 123, 175, 179, 180 As far as we know, this is 
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the only plane-wave DFT study on the mechanisms containing two kinds of co-existing surface sites 

and the sets of detailed sub-reactions in EO and AA combustions. 

 

Microkinetic modeling has become an effective way in studying most of the important industrial 

reactions.181-185 It’s a powerful tool to determine the relationships between the reaction performance 

and a number of reaction conditions such as surface coverages, concentrations and temperatures. 

Based on its fundamental character, microkinetic modeling can be used under various conditions, not 

restricted to a narrow set of specific conditions. As a continuation of our last work, a microkinetic 

model will be then developed for further details in ethylene oxidation on unpromoted Ag(111) 

surface was then developed in the present work. The rate of each elementary steps and the parameters 

would be deduced from the previously DFT-calculated reaction enthalpies and activation barriers. 

Pre-exponential factors and reaction entropies would be calculated by statistical thermodynamics. 

Rate-determining steps in the reaction process were identified. Detailed profiles of concentrations 

for reactants, products and surface species would be established as a function of operating conditions. 

In this paper, the designed microkinetic model is focused on the simulations of ethylene oxidation on 

Ag(111) surface; however, it could be also used as a guide on process design and development for 

reaction networks in other catalytic systems under different operating conditions.186-190  
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