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摘要
近年來為了減少石油資源的使用，替代能源的開發成為很重要的目標。而有
些替代能源正在發展及被使用中，如太陽能、風力發電、氫能、地熱、與生質能
等。由於氫能沒有汙染，可再生利用，並可由廣泛的來源取得，故燃料電池則成
為一個重要且具有高效率低污染等特性的替代能源。除了水的電解,氫氣也可從生
質能源與石油化學材料中取得。一般來說，氫產物可基於乙醇分解、蒸氣重組、
部分氧化、以及氧化蒸氣重組等反應中取得。然而，在產氫的實驗過程中容易因
為氧化不完全而有毒化反應產生。因此，以微觀模擬分析及研究氧化蒸氣重組反
應的機制改善製氫過程為本研究的重點。
在本研究中，我們利用密度泛函理論與動態蒙地卡羅去模擬蒸氣氧化重組反
應實驗中以銠金屬作為催化劑的化學機制。首先，利用密度泛函理論去建立與最
佳化計算各個在氧化蒸氣重組反應中的反應物結構與最佳吸附位置，並利用微動
彈性帶方法找出各反應的過度態。再者，我們利用動態蒙地卡羅方法去模擬各反
應物在平衡狀態下的吸附、脫附和擴散等化學行為。根據實驗的結果，我們調整
系統中氧與乙醇 (氧氣/乙醇=0.687/1, 0.802/1, 0.916/1, 1.030/1, 1.145/1, 1.260/1,
1.374/1, 1.489/1, 1.603/1)，以及水與乙醇 (水/乙醇＝1/1, 3/1, 5/1, 10/1) 的比例來探
討以氧化乙醇來提供重組反應之能量的乙醇氧化蒸氣重組反應對氧氣的靈敏度與
系統的影響。藉由動態蒙地卡羅法模擬結果可知氧氣以及水含量增加會改變蒸氣
氧化重組反應的反應路徑，並可降低一氧化碳的生成以及提高二氧化碳的產量，
這研究可進一步幫助我們去預測實驗上最佳的控制條件，提高乙醇氧化蒸氣重組
的轉換效率。

關鍵字: 動態蒙地卡羅、密度泛函理論、乙醇、氧化蒸氣重組、催化劑
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Abstract
In recent years, in order to reduce the use of petroleum resources, the
development of alternative energy sources has become an important goal. Alternative
energy sources such as solar energy, wind power, hydrogen energy, geothermal, and
biomass energy have been developed. Fuel cells are an important element of alternative
energy due to their high efficiency and low pollution, with hydrogen the best material
due to the convenience in obtaining it from biomass energy and petrochemical materials.
In general, hydrogen is produced from ethanol decomposition, steam reforming, and
partial oxidation, as well as oxidative steam reforming (OSR) and other reactions. The
most important issues for production are how to prevent poisoning from these reactions.
Due to its specific advantages, the OSR reaction is studied here to improve efficiency
by investigating its mechanism at the nanometer scale.
In this work, the reaction mechanism of the OSR of ethanol on the Rh(111) surface
was systematically examined by density functional theory (DFT) and the kinetic Monte
Carlo (kMC) method calculation was carried out to simulate the experimental condition
on an Rh-based catalyst. First, DFT was employed to optimize the local minimums and
transition states for a series of elementary steps. Next, the statistical mechanics of OSR
were simulated by kMC, and adsorption, desorption, and combination of the chemical
reactions were illustrated under steady state conditions. According to the experimental
results, various fractions of oxygen/ethanol (0.687/1, 0.802/1, 0.916/1, 1.030/1, 1.145/1,
1.260/1, 1.374/1, 1.489/1, and 1.603/1) and water/ethanol (1/1, 3/1, 5/1, 10/1,) were
adjusted to investigate the effects of oxygen and water in the OSR of ethanol reaction.
The computed kMC results show that the pathways will be affected by increasing
oxygen and water content and adjustments can decrease CO and enhance CO2
iv

production. This computational study can further help to predict the optimal operational
conditions of OSR in order to produce the best performance.

Keywords: Kinetic Monte Carlo, density function theory, ethanol, oxidative steam
reforming, catalyst
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Chapter 1 Introduction

Alternative energy has become an important goal due to the ongoing decrease in
petroleum resources. Several alternative energy sources have been developed and
refined, such as solar energy, wind energy, hydroelectric energy, geothermal energy, and
biomass energy. Because hydrogen fuel is clean, renewable and can be obtained from a
wide variety of sources, it has recently become an important alternative energy with
high efficiency and low pollution rates. Other than the electrolysis of water, the
hydrogen gases can also be acquired from biomass energy and petrochemical materials.
In fact, a variety of hydrogen fuel applications have been expanded in many countries in
the world and their development and technology will progress. Table 1-1 illustrates
ethanol production by country from 2009 to 2014[1], and shows a gradual increase as
more and more people use petroleum with bioethanol. According to historical data,
predictions of gasoline consumption indicate future increases (Figure 1-1). In general,
hydrogen production in a CO2-neutral process is based on the reactions of ethanol
dissociation, steam reforming (SR), partial oxidation (POX) and oxidative steam
reforming (OSR). The most important thing in the efficient production of the fuel is
how to increase the hydrogen yield in these reactions. Therefore, many different
methods have been tried to improve efficiency. It is important to understand the
1

mechanism for the OSR reaction if this application is to be advanced at the atomistic
scale. Accordingly, the effects on oxygen content were studied in hydrogen production
reactions, and their recent modeling studies are reviewed. Finally, the motivation and
outline of this dissertation are described as follows.

Table 1-1 Annual Fuel Ethanol Production by Country from 2009 to 2014.[1]
Annual Fuel Ethanol Production by Country
(Millions of U. S. Liquid gallons per year)
2014

2013

2012

2011

2010

2009

United States

14300

13300

13768

13900

13231

10938

Brazil

6190

6267

5577

5573

6921

6577

European
Union

1445

1371

1139

1199

1176

1039

China

635

696

446

554

541

541

Canada

510

523

449

462

356

290

Austria

N/A

87

71

87

66

56

Rest of world

865

727

N/A

N/A

N/A

N/A

2

Figure 1-1 The prediction of gasoline consumption based on historical data [1].
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1-1

Introduction of hydrogen production from ethanol

The many advantages of hydrogen fuel are well-understood by advanced countries,
and have produced much interest. Compared with the reaction heat and combustion heat
of commonly-used hydrocarbon fuels, the energy density of hydrogen in hydrogen fuel
are much higher than other fuels, therefore its main application may be used in a fuel
cell. Fuel cells have high energy efficiency, and can be implemented into motor vehicles
with a fuel combustion engine. If changes to the original approach to high efficiency
hydrogen fuel cells are successful, it will significantly increase the energy conversion
efficiency. In addition, the final production of the gas is clean water vapor, and greater
use can greatly reduce the amount of harmful pollutant gases, as well as improving air
and environmental pollution.
Other than the electrolysis of water, hydrogen gases can also be acquired from
biomass energy and petrochemical materials. Hydrogen production usually comes from
the reforming reaction of biomass alcohol with a transition metal or a metal oxide, such
as steam reforming of methane, methanol or ethanol. However, the process of methane
steam will produce CO, and alcohol also produces the toxic gas CO during processing if
not completely oxidation in the reorganization process. In addition, CO not only affects
the human body and harms the environment, but can poisons upon reaction with a metal
surface. CO possesses strong adsorption on a metal surface, such that it absorbs on the
4

active position of the surface, and the metal surface will be greatly reduced in reaction
activity. Therefore, taking into account the products and material sources, ethanol from
multiple sources is used as the material for hydrogen production. Bioethanol is
produced by fermentation of biomass materials. When oxygen is insufficient for normal
cellular respiration, anaerobic respiration takes place from yeasts, and then converts
glucose into ethanol and carbon dioxide, as
𝑓𝑒𝑟𝑚𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛

C6 H12 O6 + 3H2 O →

2CH3 CH2 OH + 2CO2

(1-1)

There are several different reaction steps for hydrogen production by the ethanol
OSR reaction [2, 3], and the following will describe conditions for various chemical
reactions of ethanol with certain characteristics and conditions, so that we better
understand how to obtain efficient hydrogen from ethanol. In general, ethanol is a
flammable liquid; combustion will occur with oxygen in the air, and the reaction
formula and heat of reaction is as follows:
0
C2 H5 OH + 3O2 → 3H2 O + 2CO2 ∆𝐻298𝐾
≑ −305.9 kcal/mol

(1-2)

The combustion reaction of ethanol and oxygen can exhaust large amounts of
energy, but it does not release hydrogen; therefore, combustion reaction is of no help in
obtaining hydrogen from ethanol.
Studies indicate that it is possible to use the ethanol partial oxidation reaction to
react with oxygen aided by a certain catalyst, with the reaction formula and heat of
5

reaction as follows:
0
C2 H5 OH + 3⁄2 O2 → 3H2 + 2CO2 ∆𝐻298𝐾
≑ −132.4 kcal/mol

(1-3)

This reaction illustrates the oxygen partial oxidation reaction of ethanol and
oxygen occurring through a catalytic mechanism. The oxygen partial oxidation reaction
is exothermic, and with 1 mole of ethanol releasing 3 moles of hydrogen, there is great
worth in studying the oxygen partial oxidation reaction for hydrogen production.
Previous studies, however, have pointed out the shortcoming of this reaction is the easy
appearance of unwanted byproducts.
Incomplete oxidation in the partial oxidation reaction can also produce CO, which
is harmful and may cause the problem of catalyst poisoning. A method to resolve this is
through the water-gas shift (WGS) reaction with appropriate catalyzing conditions to
consume CO gas in the presence of water [4, 5], wherein the reaction and the heat of
reaction is as follows:
0
CO + H2 O → CO2+ H2 ∆𝐻298𝐾
≑ −9.6 kcal/mol

(1-4)

Note that the WGS reaction products can be further reacted with water to produce
harmless carbon dioxide and hydrogen after the partial oxidation reaction of ethanol, so
that effective catalytic reaction binding of the partial oxidation reaction with the WGS
reaction will increase hydrogen production efficiency of ethanol and reduce the
production of harmful CO.
6

In addition, ethanol can also obtain hydrogen by steam reforming (SR) reactions,
the reaction and the reaction heat is listed as follows:
0
C2 H5 OH + 3H2 O → 6H2 + 2CO2 ∆𝐻298𝐾
≑ 41.5 kcal/mol

(1-5)

Among all these reactions mentioned, SRE reaction can obtain the maximum
amount of hydrogen, that of 1 mole of ethanol releasing 6 mole of hydrogen, which is
the highest hydrogen production efficiency. However, additional heat must be supplied
to the reaction, and is therefore an endothermic reaction.
If the partial oxidation reaction of ethanol is combined with the ethanol steam
reforming reaction, a new catalytic reaction formula can be obtained. This reaction is
called the oxidative steam reforming (OSR) reactions [4], and the reaction formula is
shown as follows:
C2 H5 OH + (3 − 2δ)H2 O + δO2 → (6 − 2δ)H2 + 2CO2

(1-6)

This reaction will be spontaneous and not require a supply of extra energy if
performed at properly controlled conditions at high temperature.

1-2

Review of oxidation steam reaction of ethanol on various catalysts

Up to now, many studies have investigated full steam pyrolysis ethanol
restructuring or reorganization of self-heating to obtain hydrogen [2, 6], almost all of
which require a catalyst for the reactions [7]. As previous research has shown, a variety
7

of catalyst materials can be prepared for hydrogen production reaction. For instance, the
plain metals of cobalt (Co), nickel (Ni), and copper (Cu) [8-15]; and the pre

cious

metals of rubidium (Ru), rhodium (Rh), palladium (Pd), platinum (Pt), iridium (Ir) ,
silver (Ag), and gold (Au) [16, 17]. Both have detailed discussions elsewhere. Many
studies have concluded that noble metals such as rhodium (Rh), rubidium (Ru), and
iridium (Ir) have higher hydrogen selectivity and higher yields in ethanol steam
reforming reactions [12, 14, 15]. This is because the carbon bonds (C-C bond) and
carbon-hydrogen bonds (C-H bond) in ethanol are easy to break through the use of these
metal catalysts such that there is a precise cleavage and desorption of hydrogen from
ethanol which maintains a high catalytic activity and stability under a long catalytic
mechanism [17, 18]. Although it is easier to produce ethylene (C2H4) in the Ru metal
catalytic process and cause activity to decrease due to carbon deposition on the metal
catalyst, this issue can be solved by increasing the content of Ru metal on the
support/substrate and selecting the appropriate supports. The base metals of Ni and Co
with a suitable support and metal content in the ethanol steam reforming reaction also
have good abilities to break C-C bond and dehydrogenate

[18]. In spite of the

hydrogen production efficiency and long term stability of base metals being poorer and
the selectivity of byproducts being higher than precious metal, their price advantage still
attracts much research and development.
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In addition, poor efficiency occurs if only a single pure metal is employed as a
catalyst. This is due to the carbon deposition, which is found on single metal catalysts in
the steam reforming reaction of ethanol, affecting the catalytic activity, as well as a
poisoning problem caused by the byproducts of CO. Wang et al. [16] investigated coke
formation over Co/CeO2 catalysts for the steam reforming of ethanol and found that
when the reaction temperature was 450 °C or lower, catalyst particles were heavily
enclosed by coke, leading to severe deactivation. As the reaction temperature was in the
range of 500~ 550 °C, encapsulation of catalyst particles was rarely observed due to the
formation of another kind of carbon. At reaction temperatures from 550 °C to 600 °C,
the problem of carbon deposition improved in Co/CeO2 catalysts, finally nearly
disappearing over 600 °C. Other than this rise in temperature, other methods have been
shown to be effective in this issue. Methane steam reforming also has been observed to
have high resistance toward carbon deposition on CeO2 [17-20]. Furthermore,
Laosiripojana et al. [21-25]

examined catalytic steam reforming of ethanol on an

oxidative metal surface of CeO2, Ni/Al2O3, and Rh/Al2O3 and found that although the
resistance toward carbon deposition of Rh/Al2O3 was considerably lower, the hydrogen
selectivity at steady state from ethanol steam reforming on Rh/Al2O was higher than
CeO2. This demonstrates that the Rh oxidative metal is also an excellent catalyst for the
OSR reaction, as shown in Figure 1-2. The cooperative scholar of this study, J. H. Wang
9

[26], has investigated the catalytic behaviors of conversion efficiency, hydrogen yield
and product distribution among these M/Al2O3 catalysts and this work has been
systematically examined to aid in our understanding of the catalytic effect of OSR with
different metals. This study examines the OSR of ethanol on Rh/Al2O3 at various
H2O/ethanol and O2/ethanol ratios, the two important parameters influencing OSR
reaction during different operational conditions, and a diagram of experiment devices is
shown in Figure 1-3.

Figure 1-2 Steam reforming of ethanol at 900 °C for Rh/Al2O3 (◆), CeO2 (HSA)
(◊), CeO2 (LSA) (▲), Ni/Al2O3 (△) (4 kPa C2H5OH, and 12 kPa H2O) [25].
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Figure 1-3 Diagram of steam reforming experiment devices [26].

1-3

Review of kMC simulation studies of various reactions

Because the reaction mechanisms and micro-behavior of OSR on catalysts in
experiment are not entirely clear, the results generally depend in a very complicated
way on these interactions, and these simulations have been investigated to obtain
reliable values for lateral interactions by DFT calculation. The DFT studies are
employed to determine the respective reactants and products in a reaction process [27].
Furthermore, the minimum energy pathways and transition states of chemical reaction
processes on metal surfaces were also studied by transition state theory (TST). The TST
is an efficient method to obtain the barriers from the initial and final states by DFT
calculations [28]. This method has already been extensively applied in different
problems, including dissociative adsorption and diffusion processes of a molecule on a
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metal surface [29-38]. However, the results of DFT studies are assumed in absolute zero
states, and the outcomes do not account for the actual rate and the coverage of
intermediates in every elementary reaction. It can only explain roughly the relationship
between calculated barriers and probability in each element reaction; hence, the kMC
method is employed to further elucidate the reaction kinetics. The kMC simulation
requires various parameters to accurately describe precise dynamic behavior, such as the
rate constant and activity energy which can support the variety of mechanism. Therefore,
it consumes a great deal of computational time and resources, hence most studies focus
on the pure chemical reactions, such like oxidation and poisoning. Farkas et al. [39]
employed kMC simulation to investigate the CO oxidation mechanism, including
diffusion, adsorption/ desorption, and recombination of surfaces based on reaction rates
of elementary steps. According to temperature programmed desorption (TPD) and
temperature programmed reaction (TPR) experiments, they constructed a feedback loop
between theories and experiment to provide information about microscopic structures
on the catalyst surface. As illustrated in Figure 1-4, Franz and Mittendorfer [40] found
that models based on a parametrization with only pairwise interactions have a relatively
large error in the predicted adsorption energies. This error can be significantly reduced
by including three-body and four-body interactions. They conclude that an accurate
parametrization of the adsorbate interactions is mandatory for the correct prediction of
12

the adsorption phases, but a significantly lower level of accuracy is needed for the
prediction of the thermal desorption spectra. Even though in most cases, the kMC
method is applied on a surface in a three-dimensional model, a one-dimensional pattern
formation has also been discussed [41]. The difference is that local adsorption
probabilities found from DFT calculations are dependent on inter-adsorbate interactions
within the row, and simplify the lateral interaction. In addition, complicated reactions
such as CO hydrogenation, ethanol decomposition, and steam reforming have also been
simulated for research and the mechanism has been analyzed at molecular levels. Lin et
al. [42] examined the competitive paths for methanol and methane formation on the
Pd(111) surface by DFT method. The results suggested that the reaction from the CO
and H2 synthesis gas to methanol was more favorable than methane generation due to
kinetic factors. They concluded the synthesis of methanol on Pd surfaces prefers the
pathway: CO* → CHO* → HCOH* → CH2OH* → CH3OH*, which is shown in
Figure 1-5. Choi et al. [43] combined DFT study and kMC simulations to understand
the kinetics for ethanol decomposition on Rh(111). They showed that ethanol on
Rh(111) is decomposed into C and CO, consistent with previous experimental findings.
The results revealed two pathways via CH3CHOH* or CH3CH2O* may run in parallel,
with the CH3CH2O* pathway contributing more. Finally they concluded the most
probable

reaction

pathway

is:

CH3CH2OH*→
13

CH3CH2O*→

CH2CH2O*→

CH2CHO*→ CH2CO*→ CHCO*→ CH* + CO*→ C* + CO*, as shown in Figure 1-6.
The literature illustrated, interestingly, that the key intermediate is often the critical
factor for studying the channel selection in each elementary steps, and a detailed
investigation of this phenomenon will be discussed in Chapter 5.

Figure 1-4 Formation energy plot. Red points show formation energies (eV) per
oxygen atom given by the DFT calculations. Blue points show the lowest formation
energies obtained by the LGH. The DFT ground state line in red is the convex hull of
the DFT formation energies [40].
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Figure 1-5 Diagram of methanol synthesis on Pd(111) surface [42].

Figure 1-6 Proposed reaction pathways for ethanol decomposition on Rh(111).
Energies are in units of eV [43].
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1-4

Motivation

Bioethanol is a powerful replacement for petroleum fuels and has been added into
petroleum due to its many advantages, such as lower CO2 in emissions and the fact that
it is a renewable resource. Unfortunately, due to the fact that experimental equipment
has some limitations at the atomic level, it is relatively difficult for experiments to
analyze the actual behaviors of each reactant in the process. In order to compensate for
the experimental insufficiency, several numerical methods have been utilized to settle
these problems. In this dissertation, we cooperate with Prof. J. H. Wang [26], and
combine experimental results and kMC simulation to investigate oxygen and ethanol in
the oxide steam reaction with various weight fractions of oxygen/ethanol (0.687/1,
0.802/1, 0.916/1, 1.030/1, 1.145/1, 1.260/1, 1.374/1, 1.489/1, and 1.603/1) and
water/ethanol (1/1, 3/1, 5/1, 10/1,). The kMC program was constructed with FORTRAN
code and the parameters in the kMC simulation were obtained by DFT calculation with
the TST method. To understand which reactant is more favored, various chemical
behaviors such as adsorption and desorption are investigated and predicted by adjusting
barriers on the Rh(111) surface. Finally, the favored reaction path of ethanol OSR can
be obtained in order to reach high purity bioethanol standards.
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1-5

Outline of this dissertation

This dissertation first provides background information about the oxidative steam
reforming, and the role of ethanol in biofuel applications. Next we situate this research
among other important associated studies, and illustrate the importance of the
dissertation. Chapter 1 also reviews some experimental and simulation results for
various reactions and the effects on dynamic behavior of different catalytic surfaces. In
Chapter 2, the theory of DFT is explained in detail, such as the equation of Hohenberg
and Kohn theorems and Kohn and Sham theory. Moreover, in Chapter 3, the kinetic
Monte Carlo program will be introduced, including details of preparation steps and
rate constant calculations. The numerical methodology is illustrated in Chapter 4,
including the periodic boundary condition (PBC), the neighbor list for non-bonded
interaction and a flow chart of kMC simulation. Chapter 5 presents the simulation
detail and the construction methods of oxygen/ethanol. Next follows a description of
the effects of oxygen content and weight fraction of oxygen/ethanol on the chemical
behaviors of various reactant molecules. Finally, the favored chemical process in the
OSR system can be predicted from our results. In Chapter 6, we summarize these
topics and conclude preliminary results for this dissertation. In addition, the possibility
for future work is also presented in this chapter.
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Chapter 2 Density Functional Theory (DFT)

2-1 DFT introduction
In current quantum mechanical laws, the description of physical properties of
many-particle systems is still the most important problem in physics, such as the
Schrödinger equation. In general, real systems (such as solid or molecules) have a
number of particles, which have a large number of electrons. The electrons are not only
affected by the atomic nuclei in their lattice sites but also by the other electrons. In order
to calculate ground energy, it is necessary to solve the Schrödinger equation and
determine the many-body electronic wave function of 3N spatial variables and N spin
variables (for electrons), where N is the number of particles in the system. Therefore, it
is very difficult to calculate the interactions of electrons in the Schrödinger equation for
an N-body system without making some approximations. However, the multi-electron
problem into a single-electron problem can generally be divided into two types. One,
the traditional solution of the Hartree-Fock wave function approximation [44]
approach, can only be calculated to dozens of atoms. The other is DFT, which is a
method of describing electronic structure and used by electron density instead of the
wave function, DFT is derived from the quantum mechanics equations, it is possible to
deal with accurately a multi-electron system simulation, and can handle an about one
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hundred atom system, much more than the traditional solution. DFT theory is
computationally more efficient, therefore using DFT theories in condensed matter
physics and computational chemistry research is currently very common. The following
will describe detailed instructions of the use of the DFT.

2-1-1 Schrödinger equation in a multi-electron system
The Schrödinger equation in a multi-electron system can be written as follows:
̂ 𝛹(r1, r2, … , r) = 𝐸 𝛹 (r1, r2, … , r𝑛)
𝐻

(2–1)

̂ is the Hamiltonian operator; 𝛹 is the wavefunction for the system, and
Where 𝐻
is also a function of electronic coordinates; and E is the energy of system. The
̂ , is
Hamiltonian operator, 𝐻
̂ = 𝑇̂ + V
̂(r) + 𝑉ee + 𝑉cc
𝐻

(2–2)

𝑛

ℏ2
𝑇̂ = −
∑ ∇2𝑖
2𝑚

(2–3)

𝑖

𝑛

𝑁

̂(r) = 𝑉ext (𝑟) = − ∑ ∑
V
𝑖
𝑛

𝑛

𝑉ee = ∑ ∑
𝑖

𝑖<𝑗

1
|ri − rj |

𝛼

Z𝛼
𝑒2
|ri − 𝑅𝛼 |

(2–4)

𝑒2

(2–5)
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𝑛

𝑁

𝑉cc = − ∑ ∑
𝛼

𝛽

Z𝛼 𝑍𝛽
𝑒2
|ri − 𝑅𝛼 |

(2–6)

where 𝑉(r) is the interaction with the external potential; 𝑇̂ is the electron kinetic
energy; 𝑉ee is the electron-electron Coulomb repulsion; and 𝑉cc is the nucleus-nucleus
repulsion.
2-1-2 Born-Oppenheimer approximation
The Born-Oppenheimer approximation was put forward by Born and Oppenheimer
in 1927 [45]. They noted that the mass of a nucleus is almost two thousand times more
than that of an electron. Therefore, nuclei can be assumed to be frozen at fixed positions
(kinetic energy is zero) when compared to the velocity of electrons in a molecular
system. Another situation is that, when considering nuclear motion, the electron does
not consider the specific distribution space. So after many-particle system’s adiabatic
approximation, the kinetic energy of the nucleus is zero, and the interaction between the
nucleus and the nucleus will become a constant. Thus the Hamiltonian operator can be
simplified as the following:
𝑛

𝑛

𝑁

𝑛

𝑖

𝑖

𝛼

𝑖<𝑗

𝑛
ℏ2
Z𝛼
1
̂
𝐻=−
∑ ∇2𝑖 − ∑ ∑
𝑒2 + ∑ ∑
𝑒2
|ri − 𝑅𝛼 |
2𝑚
|ri − rj |
𝑖
𝑛

𝑁

+∑ ∑
𝑖

𝑖<𝑗

(2
1
|ri − rj |

𝑒2

–7)

The Eq. (2–7) is obtained for quantum many-body problems after the ﬁrst level
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approximation (Born-Oppenheimer). The equation is much simpler than the
original Schrödinger equation, but still far too difficult to solve. This is a major
motivation to use density functional theory. To clearly understand Eq. (2–7), the
coordinate system of the simplest multi-electron atom with two electrons and a nucleus
is shown in Fig. 2–1.

Figure 2–1 The coordinate system plot for an atom with two electrons and a
nucleus.

2-2 Hohenberg and Kohn theorems
2-2-1 Introduction
Hohenberg and Kohn [46] developed a theory of the electronic ground state in
1964, stating that the ground-state energy of a many-body system is a unique functional
of the particle density 𝑛(r) . All ground-state properties of the system will be
determined by the electron distribution 𝑛(r) of the system. Their method was to
simplify the Hamiltonian of a molecular system by using a variable density
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function 𝑛(r). They deal with the ground state of an interacting electron gas in an
external potential 𝑉ext (r). It is proved that there exists a universal functional of the
density, 𝐹[𝑛(r)], independent of 𝑉ext (r) , so that we can express the ground state
energy E0 as 𝐸[n(r)], as shown in Eq. (2–8) ,
𝐸[n(r)] = ∫ 𝑉ext (r)𝑛(r)𝑑𝑟 + 𝐹[𝑛(r)]

(2–8)

where the 𝐹[𝑛(r)] is a universal functional, which operates only on density and is
valid for any number of particles and any external potential. The 𝐹[𝑛(r)] and density
of electrons n(r) can be written as
𝐹[𝑛(r)] = 𝑇𝑠 [n] + 𝑉𝑒𝑒 [𝑛]
n(r) = ∑

𝑛

(2–9)

|𝜑𝑖 (𝑟)|2

(2–10)

𝑖=1

so that 𝐸[n(r)] becomes
𝐸 [𝑛(r)] = 𝑇𝑠 [n] + ∫ 𝑉ext (r)𝑛(r)𝑑r + 𝑉𝑒𝑒 [𝑛]
𝑛

𝑛

𝑖

𝑖<𝑗

𝑛
ℏ2
1
=−
∑ ∇2𝑖 + ∫ 𝑉ext (r)𝑛(r)𝑑𝑟 + ∑ ∑
𝑒2
2𝑚
|r
−
r
|
𝑖
i
j

(2–11)

The first term 𝑇𝑠 [n] in Eq. (2–11) is the kinetic energy of a system of
non-interacting electrons with density n(r), the second term is the interaction with the
external potential, including the electron-nucleus interaction, and the last term 𝑉𝑒𝑒 [𝑛] is
the electron-electron interaction.
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2-2-2 Kohn and Sham theory
Because the kinetic and interaction were still unsolved terms, Kohn and Sham put
forward the Kohn-Sham theory for resolving the question in 1965. The Kohn-Sham
theory [47] is the most common present-day implementation of DFT for determining
acceptable approximations. They developed an approximation method to treat an
inhomogeneous system. Through the Kohn-Sham equations, the quantum mechanical
ground-state many-electron problem can be reduced to a self-consistent one-electron
form. From Hohenberg and Kohn forms, we know that the ground-state energy of the
many-electron system can be written as the form of Eq. (2–8). Because of the long
range of Coulomb interaction, classical Coulomb energy 𝐹[𝑛] can be separated as
following:
𝐹[𝑛(r)] = 𝐸𝐻 [𝑛] + 𝐺[𝑛]

(2–12)

where 𝐸𝐻 [𝑛] is the classical electrostatic (Hartree) energy of the electrons; 𝐺[𝑛] is a
universal functional of the density like F[n]. 𝐸𝐻 [n] and G[n] can be written as follows:
n(r)n (r )
1
𝐸𝐻 [𝑛] = ∬
drdr ′
′
2
|r − r |
′

(2–13)

𝐺[𝑛] = 𝑇𝑠 [n] + 𝐸𝑋𝑐 [𝑛]

(2–14)

Kohn and Sham separated 𝐹[𝑛(r)] into three distinct parts, so that the functional
𝐸[𝑛(r)] becomes the following form.
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n(r)n (r )
1
𝐸[𝑛(r)] = ∫ 𝑉ext (r)𝑛(r)𝑑𝑟 + ∬
drdr ′ + 𝑇𝑠 [𝑛] + 𝐸𝑋𝑐 [𝑛]
′
2
|r − r |
′

(2
–15)

Therefore, 𝐸[𝑛(r)] can be written
1

𝐸[𝑛(r)] = ∫ 𝑉ext (r)𝑛(r)𝑑𝑟 + 2 ∬

n(r)n(r′ )
|r−r′ |

drdr ′ + 𝐺[𝑛]

(2–16)

where 𝑇𝑠 [𝑛] is the the kinetic energy of non-interacting electrons with density 𝑛(r) and
𝐸𝑋𝑐 [𝑛] is the exchange-correlation energy of an interacting system with density 𝑛(r). It
can be denoted as:
𝐸𝑋𝑐 [𝑛] = ∫ 𝑛(r)𝜀𝑥𝑐 (𝑛(r))𝑑𝑟

(2–17)

where 𝜀𝑥𝑐 (𝑛(r)) is the exchange and correlation energy per electron of a uniform
electron gas of density 𝑛.
The ground-state density of the interacting system can be obtained by
self-consistently solving a set of Kohn-Sham equations
n (r ′ )
1 2
[− ∇𝑖 + 𝑉ext (r) + ∫
dr ′ + 𝑉xc (r)] 𝜑𝑖 (𝑟) = 𝜀𝑖 𝜑𝑖 (𝑟)
′
2
|r − r |

(2–18)

where the exchange-correlation potential 𝑉xc (r) is defined by

𝑉xc (r) =

𝛿𝐸𝑋𝑐 [𝑛(𝑟)]
𝛿𝑛(𝑟)

(2–19)

The one-particle density is constructed according to
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n(r) = ∑

𝑛

|𝜑𝑖 (𝑟)|2

(2–20)

𝑖=1

where 𝜑i is related to the states of one particle of non-interacting system. Equation
(2-18) can be written by using an effective potential V𝑒𝑓𝑓

[−

1 2
∇ + V𝑒𝑓𝑓 (r)] 𝜑𝑖 (𝑟) = 𝜀𝑖 𝜑𝑖 (𝑟)
2 𝑖

(2–21)

where

V𝑒𝑓𝑓 (r) = 𝑉ext (r) + 𝑉ℎ (r) + 𝑉xc (r)
= 𝑉ext (r) + ∫

n (r ′ )
|r − r ′ |

dr ′ +

𝛿𝐸𝑋𝑐 [𝑛(𝑟)]
𝛿𝑛(𝑟)

(2–22)

Unfortunately, in Eq. (2-22), EXC is not known. To solve the exchange-correlation
energies of atomic and molecular systems, some gradient-corrected density-functional
approximations have been developed. Among approximations, the local density
approximation (LDA) and the generalized gradient approximation (GGA) are the two
most commonly used methods. The general LDA exchange-correlation energy
functional is taken to be
𝐿𝐷𝐴 [𝑛]
𝐸Xc
= ∫ 𝑛(r)𝜀𝑥𝑐 (𝑛(r))𝑑𝑟

(2–23)

where 𝜀𝑥𝑐 (𝑛(r)) is the exchange and correlation energy per electron of a uniform
electron gas of density n. In general, the LDA provides an accurate description for the
structural, elastic, and vibrational properties for a wide range of systems, but it is
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unreliable for energetics of chemical reactions (binding energy, heats of reaction and
activation energy barriers). GGA has demonstrated that there are more realistic
descriptions than LDA in the energetics of chemical reactions.
2-3 Nudged elastic band (NEB) method
The nudged elastic band (NEB) method [48-50] is an efficient method for finding
minimum energy pathways (MEP) and transition states (TS) of a reaction when both the
initial and final states are obtained from first-principle calculations. This method has
already been externally applied in different problems including dissociative adsorption
and diffusion processes of a molecule on a metal surface [51, 52], contact formation
between metal tip and a surface [53], and multiple atom exchange processes during
sputtering deposition [54]. In the NEB method, the initial state (reactant) and the final
state (product) must be determined first. Then, a series of images along the reaction path
(an "initial guess" at the MEP) is constructed by a linear interpolation. After images are
set up, a constraint is imposed by adding spring forces along the band between images
so that each image is minimized to find the lowest energy path, which moves the
''elastic band of images'' towards the optimal path until the force parallel to the path is
zero. The method of determining the energetic minimum path can be illustrated in the
following Fig. 2-2.
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Figure 2–2 Simplified drawing of NEB method. An initial band (dashed line) is
connected between the reactant and product state (blue circles) of a reaction. Then a
number of images (gray circles) are interpolated along the band. The configuration of
each image in the band is then minimized to determine the MEP (solid line).
2-4 VASP introduction
All DFT calculations are implemented by the Vienna ab initio Simulation Package
(VASP) [55-57] software package, quantum computing software developed from the
University of Vienna. VASP is the simulated software based on DFT, and carries out the
first principles calculations of quantum mechanics and molecular dynamics by a plane
wave basis set, projector-augmented wave, and pseudopotential.
VASP can be used to simulate a variety of materials to clarify the nature of
structure parameters and not only contains calculation of material, mechanical,
electronic structure, optical, magnetic, and chemical properties, but also molecular
behaviors on surface systems.
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Chapter 3 The kinetic Monte Carlo (kMC) Method

3-1 Introduction
Among molecular simulations, MD is a valuable approach for clearly describing
the dynamic behavior at the atomic level. However, for a substantially large polymeric
system, it is possible for MD simulation to become trapped at some local energy
minima. For this reason, numerous MC simulations have been developed to improve the
problem. Instead of evaluating forces to determine incremental atomic motions, MC
simulation is an attempt to determine an energetically favorable configuration.
Compared to MD simulation, Monte Carlo (MC) simulation is more efficient in
conformation sampling due to the fact that MC simulation does not need to follow a
realistic path to obtain the correct equilibrium distribution, and can make large changes
to a configuration rapidly [58]. Currently, MC simulation has developed various
approaches depending on the reaction type and specific conditions. In molecular
simulations, the more famous MC approaches are the Metropolis method and the kinetic
Monte Carlo Method. The Metropolis Monte Carlo (MMC) was developed in 1950’s
[59]; it samples configurational space and generates configurations according to the
desired statistical-mechanics distribution. However, there is no time domain in
Metropolis MC and the method cannot be used to study evolution of the system or
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kinetics. In 1960’s, an alternative computational technique was developed to study the
kinetics of slow processes, the different types of MC algorithm were evolved into the
dynamical system [60-63]. After a serious of developing, the method was gradually
settled as kMC in 1990’s. So far, there have been developments and applications in
surface adsorption, diffusion and growth, and various studies of statistical physics. Like
MMC, the rate constants of all processes are required to perform the dynamic behaviors
in kMC simulation. In addition, time increments are defined by the rates of all processes
and are formulated so that they relate to the microscopic kinetics of the system.
Deciding which method should be adopted to simulate the topic reaction depends on the
specific conditions of the simulation.
Materials inherently interact with their environment at the atomic scale, e.g., via
mechanical, chemical, or electrical means. However, their response is usually manifest
and observed at the continuum scale. kMC is a powerful computational tool for
spanning these length and time scales. Critical events, such as diffusive hops or
reactions, are defined and rate equations can be specified in terms of external fields,
such as electric potential or solute concentration, in order to capture the model’s
relevant physical underpinnings. Efficient kMC algorithms can then select sequential
events with the correct probabilities and update the state of the system, without the need
to follow detailed atomic motion and spend CPU time waiting for events to occur.
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However the classic kMC algorithm is inherently serial, and thus kMC has often been
limited in the size of systems and timescale of phenomena it can model.

3-2 The kMC program
For the kMC simulation, we have developed a code to simulate the selectivity of
every product in the OSR reaction. The code is written purely in FORTRAN and was
designed to be used as a framework for constructing general kMC simulations, and is
not inherently restricted to the Rh (111) surface simulations considered in this text. The
main factors affecting the kMC simulation are the barriers of each channel, so it is
necessary to calculate the relative pathways beforehand.
The steps of constructing kMC simulation are listed as follows:
(1) Construct an initial configuration.
In general, we should define the lattice and site numbers to build up the
substrate for every possible reaction.
(2) Design the pathway channel of chosen reaction.
This thesis simulates the OSR reaction. Before obtaining the parameters which are
used in kMC simulation, we need to design and arrange every possible reaction channel.
For example, a product such as CO2 can be formed by an initial product CO :
CO(surface)+ O(surface)  CO2(surface) CO2(gas); or CO(gas)+O(surface) 
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CO2(gas). The reaction could be simple or difficult, but the purpose of designing the
pathway channel is to consider every reaction and find the most probable pathway.
(3) Obtain the barriers in every pathway with DFT calculation
This step is a very simple, but also very important, element of the simulation. In
kMC simulation, the rate constant determines whether or not a reaction occurs, and the
barrier significantly affects the rate constant, according to the Arrhenius form. Therefore,
it is very important to pay attention to precision in DFT calculations
(4) Obtain the rate constant
Calculating rate constants involves determining the initial and the transition state
of a process, the energies of these states, and their partition functions. We show that the
general expression for the partition functions can often be simplified when a degree of
freedom is a vibration, a rotation, or a free translation.
(5) KMC algorithm implementation
After we complete all parameter arrangements, the kMC algorithm will be
implemented. According to the reaction product distribution, the products are placed on
random sites for the process, until a site is found where the process can actually occur.
3-3 The adsorption sites arrangement
In chemical reactions, there are many different reactions with a variety of types and
conditions, even differing by environments. Reaction types include oxidation, reduction,
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complexation, acid-base reaction, precipitation, solid-state reaction, and photochemical
reaction. However, in kMC simulation we need convert these reactions to simple
movements. There are four basic reaction types: synthesis, decomposition, single
replacement, and double replacement. We do not consider the chemical mechanism or
electronic translation, but only consider pure atom or molecule moves. Therefore, it is
necessary to sufficiently understand the reaction, and determine the pathway and details
of the product changes.

3-3-1 Adsorption
There are a variety of reactions in the OSR mechanism, including adsorption,
desorption, combination, simple and dissociative adsorption, desorption of dissociative
adsorption, and diffusion. Figure 3-1 represents the adsorption mechanism, showing a
gas molecule adsorbing on the vacuum site, replacing the original location. This can be
explained and notated as A+*A*.

Figure 3-1 Diagram of sample molecule adsorbing on the surface
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3-3-2 Desorption
The desorption reaction possesses the opposite mechanism to adsorption, and is
shown in Figure 3-2. In fact, the chemical mechanism of desorption includes many
different types, such as the stripping off of one component of a liquid stream moving
by mass transfer in a chemical separation process, desorption from dissociative
adsorption, or desorption from a combination on the surface. Here we discuss only
simple desorption: a reactant desorbing from a surface. This simple desorption is
notated as A* A+*.

Figure 3-2 Diagram of sample molecule desorbing from the surface

3-3-3 Combination
The combination mechanism means that one reactant and another reactant combine
to form a new product. However, in the kMC program, it is necessary to consider the
concept of lateral sites. For this mechanism, we only discuss the simple combination.
The simple combination that we define is merely a surface reaction; such a situation is
shown as Figure 3-3. Note that we define the vacuum site as a “reactant” or a “product.”
In fact, the kMC process does not consider the chemical mechanism or electronic
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translation, but rather only considers the pure atom or molecule movements. Therefore,
the vacuum site plays an important role in the kMC programe. If there are no vacuum
sites on the surface, the adsorption mechanism will not occur, which is why we take the
vacuum site as a reactant. In addition, this reaction mainly represents the OSR reaction
on the Rh(111) surface, with any reactions of molecules not on the surface not
considered in this case. This simple desorption is notated as A* + B*  C*+ D *, with
the vacuum site being one of these reactants or products.

Figure 3-3 Diagram of the combination mechanism of sample molecules on
surface

3-3-4 Dissociative adsorption
The dissociative adsorption is similar to the adsorption mechanism. While the
molecules are affected by the catalyst or surface material, they dissociate to small
molecules and adsorb on the surface. In this process, because the dissociation barriers
are generally very small, and the reactions do not consider non-surface ones, the
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dissociative adsorption is independent of adsorption. An example of the dissociative
adsorption mechanism on the surface is shown in Figure 3-4.

Figure 3-4 Diagram of the dissociative adsorption of sample molecule on the
surface

3-3-5 Desorption from the dissociative adsorption/combination
The reaction of desorption from dissociative adsorption is just the reverse reaction
of dissociative adsorption. Other than in dissociation, only if the neighbor
molecules/atoms react with each other is it possible to choose the channel of desorption.
Of course, the various paths depend on the barriers in the kMC process, but it is
necessary to consider the distribution on the surface and adjacent atoms which may be
reactive. The mechanism is expressed as A*+B* C+*+*, and can be clearly
differentiated from simple desorption. Note that there are two vacuum sites (*) in this
formula; as previously mentioned, the vacuum sites are taken as the reactant or product,
and the number of vacuum sites should be maintained with the same values in our kMC
program. The diagram desorption from the dissociative adsorption is shown in Figure
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3-5. In addition, the Eley–Rideal reaction is also classified as this reaction mechanism,
which is shown in Figure 3-6. This mechanism was proposed by Eley and Rideal in
1938, with the definition being where only one of the molecules adsorbs and the other
one reacts with it directly from the gas phase, without adsorbing. Eley–Rideal reaction
has two process, and is represented as (1) A+B* AB* and (2) AB* C + *. In
process (1), the A reactant forms an intermediate and adsorbs on the B reactant instead
of surface. In process (2) the AB* intermediate desorbs from the surface. Note the
numbers of vacuum sites. The difference between them is the vacuum site values, which
not only determines the different reactive channels, but also affects the rate constant
calculation in our kMC program.

Figure 3-5 Desorption via dissociative adsorption mechanism of sample molecule
from the surface

Figure 3-6 The Eley–Rideal reaction mechanism of a sample molecule on the
surface
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3-3-6 Diffusion
In our work, the lattices are arranged to act as the surface site, and diffusion is
represented as a hopping of an adsorbate from one site to a neighboring one. The
diffusion diagram is used to illustrate possible sites for diffusing at an adjacent location,
and is shown in Figure 3-7. The arrangement of lattice is like a chessboard, with a site
having only above, below, left, and right as the four possible neighbor sites. Although
each absorbate has different barrier of diffusion, it acts in combination with its neighbor
absorbate to determine a possible location on the surface; these are shown in Figure 3-8.
In fact, the diffusion barriers are commonly higher in this work. Moreover, it is more
difficult for the diffusion mechanism to occur because movement in the lattice may be
limited by the adjacent molecules. The diffusion mechanism is emphasized in kMC
studies mainly regarding the thin film growth process of semiconductor materials or
surface diffusion of molecules [64-70]; however, the OSR reaction includes so many
mechanisms that diffusion only slightly affects the system.
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Figure 3-7 Possible locations of the diffusion mechanism on the surface

Figure 3-8 Possible situations of the diffusion mechanism on the surface

3-4 Designing the pathway channel of the chosen reaction.
Kinetic experiments often start with the preparation of the system. One might try to
simulate this preparation to obtain the initial configuration for the simulation of the
kinetic experiment itself. That is indeed an option, but it may be not a convenient one.
The preparation often consists of processes that may be hard to simulate or it may not
be completely clear as to what mechanisms of the processes take place during the
preparation. For example, there often is adsorption involved. Simple adsorption causes
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no problems for a simulation, but if there is a precursor involved, then it might be
difficult to determine which processes take place and what the rate constants are of all
these processes. As the desired end result is just an adlayer with a specific coverage,
there are much easier ways to obtain the initial configuration. We will assume that it is a
trivial matter to create a configuration in which all lattice points have the same label.
This already takes care of many situations. For example, kinetic experiments in
catalysis often start with an empty surface of the catalyst. Suppose, however, that we
want to create an adlayer with some fractional coverage. The easiest way to do this
would be to implement a simple adsorption desorption equilibrium.

3-5 The pathway barriers from DFT calculations
We have focused in this chapter, and also in the preceding ones, almost exclusively
on the processes. We need, however, some initial configuration to do a kMC simulation.
Creating such an initial configuration is often fairly straightforward, but not always. It is
possible to make it by hand or to use a special-purpose tool or code. Here we look at
how to use our modeling framework to create various types of initial configurations.
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3-6 The rate constant calculations
This section shows how rate constants can either be calculated or be derived from
experimental results. Calculating rate constants involves determining the initial and the
transition state of a process, the energies of these states, and their partition functions.
We show that the general expression for the partition functions can often be simplified
when a degree of freedom is a vibration, a rotation, or a free translation. Recipes can be
given for how to combine partition functions to get rate constants for processes like
Langmuir–Hinshelwood and Eley–Rideal reactions, adsorption and desorption, and
diffusion. The phenomenological or macroscopic equation is the essential equation to
obtain rate constants from experiments, so that they can be used for simple desorption,
simple and dissociative adsorption, uni- and bimolecular reactions, and diffusion
simulations. Lateral interactions can affect rate constants substantially, but because they
are relatively weak, special attention needs to be given to the reliability of calculations
of these interactions. Cross validation and Bayesian model selection are discussed in
relation to the cluster expansion for these interactions.

3-6-1 The simple rate constant
In an isolated system which does not allow the access of matter and heat, a
reversible reaction occurs if concentration and pressure are not changed, because this
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reaction has reached equilibrium state. Chemical equilibrium is a dynamic equilibrium,
such that more subtle experimental observations can detect continuing reactions during
this time; the reactions of the forward and reverse reaction rates are equal and not zero.
The concept of equilibrium constant was summarized the results found by M.
Bodenstein in the 1893. According to the experiment results, we can assume if there is a
response
𝐴 + ∗ ⇌ 𝐴∗

(3-1)

where 𝐴 is a reactant adsorbing on surface, this reversible reaction includes adsorption
and desorption. By setting the 𝐴 adsorbate to occupy the concentration of bare sites (*),
and with the partial pressure 𝑃𝐴 of 𝐴, the equilibrium constant equation can be
presumed to be
k=

[𝐴∗ ]
[∗]×𝑃𝐴

(3-2)

As we know, the quantity is sum of 𝐴 and other free sites:
[𝐴∗ ] + [∗] = 1

(3-3)

such that the original equation could be derived as follows:
𝑘=

[𝐴∗ ]
(1 − [𝐴∗ ]) × 𝑃𝐴

(3-4)

𝑘 × 𝑃𝐴 = [𝐴∗ ] × (1 + 𝑘𝑃𝐴 )

(3-5)

Then we can obtain the coverage 𝐴:

41

[𝐴∗ ] =

𝑘𝑃𝐴
(1 + 𝐾𝑃𝐴 )

(3-6)

In addition, if there are multiple adsorbates on surface, we can assume the basic
chemical reaction is as follows:
𝐴 + ∗ → 𝐴∗

(3-7)

𝐵 + ∗ → 𝐵∗

(3-8)

As we derived from Eq. (3-6), the rate constant of 𝐴 and 𝐵 can be represented as
𝑘𝐴 =

[𝐴∗ ]
[∗] × 𝑃𝐴

(3-9)

𝑘𝐵 =

[𝐵 ∗ ]
[∗] × 𝑃𝐵

(3-10)

The concentration of all sites is the sum of the concentration of free sites (*) and of
occupied sites:
[𝐴∗ ] + [𝐵 ∗ ] + [∗] = 1

(3-11)

We can then define the rate constant of A and B on the surface as follows:
𝑘𝐴 =

[𝐴∗ ]
(1 − [𝐴∗ ] − [𝐵 ∗ ]) × 𝑃𝐴

(3-12)

𝑘𝐵 =

[𝐵 ∗ ]
(1 − [𝐴∗ ] − [𝐵 ∗ ]) × 𝑃𝐵

(3-13)

Furthermore, the coverage A and B will be easy to represent as
[𝐴∗ ] = 𝑘𝐴 𝑃𝐴 (1 − [𝐴∗ ] − [𝐵 ∗ ])

(3-14)

[𝐵 ∗ ] = 𝑘𝐵 𝑃𝐵 (1 − [𝐴∗ ] − [𝐵 ∗ ])

(3-15)

We now define the fraction of the surface sites covered with 𝐴∗ and 𝐵 ∗ , as:
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[𝐴∗ ] 𝑘𝐴 𝑃𝐴
=
[𝐵 ∗ ] 𝑘𝐵 𝑃𝐵

(3-16)

We can continue to deduce further results as in the previous formulae:
[𝐴∗ ] = 𝑘𝐴 𝑃𝐴 (1 − [𝐴∗ ] − [𝐴∗ ]

𝑘𝐴 𝑃𝐴
)
𝑘𝐵 𝑃𝐵

(3-17)

𝑘𝐴 𝑃𝐴 = [𝐴∗ ](1 + 𝑘𝐴 𝑃𝐴 + 𝑘𝐵 𝑃𝐵 )

(3-18)

Inserting the equilibrium equations and rearranging in the same way we did for the
single-species adsorption, we get similar expressions for both [𝐴∗ ] and [B ∗ ]:
𝑘𝐴 𝑃𝐴
[𝐴∗ ] = (
)
1 + 𝑘𝐴 𝑃𝐴 + 𝑘𝐵 𝑃𝐵

(3-19)

𝑘𝐵 𝑃𝐵
[𝐵 ∗ ] = (
)
1 + 𝑘𝐴 𝑃𝐴 + 𝑘𝐵 𝑃𝐵

(3-20)

3-6-2 The Arrhenius equation
The computed activation energies (Ea) and reaction energies (ΔE) have been
applied to qualitatively elucidate the reaction mechanism. Furthermore, the energetics
have been employed for the kinetic calculation to investigate the product selectivities at
various operational conditions and quantitatively compare them with experimental
observations. In a heterogeneous reaction, reactants initially adsorb on the surface at
thermal equilibrium. The equilibrium constant can be expressed as
𝑘 = exp(

−Δ𝐺
)
𝑘𝐵 𝑇

(3-21)

where 𝑘𝐵 is Boltzmann constant. ΔG is Gibbs free energy and can be expressed as
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ΔG = Δ𝐸𝑎𝑑𝑠 − 𝑇Δ𝑆

(3-22)

where Δ𝐸𝑎𝑑𝑠 is the adsorption energy computed from DFT. The term Δ𝑆, the change
of entropy in the adsorption process, is the summation of contributions from
translational, rotational and vibrational modes and can be obtained by examining the
molecular mass, moments of inertia and vibrational frequencies, respectively, from DFT
results. For the condensed-phase species, adsorbed molecules, their translational and
rotational modes are replaced by vibrational modes, frustrated translations and rotations.
For gas molecules, Δ𝑆 from translational and rotational modes are over two orders of
magnitude higher than those from vibrations. Thus, Δ𝑆 in an adsorption process is
mainly constituted from translational and rotational modes of gas phase species. On the
other hand, the contributions from vibrational modes of condensed-phase species, the
clean and adsorbed surfaces, are negligible, even at high temperatures [71].
Alternatively, Δ𝑆 can be obtained from the NIST Chemistry Web book [72] for gas
molecules.
Furthermore, surface species follow a series of interfacial reactions according to
the mechanism. The rate constants, k, for each reaction step can be obtained by
transition state theory (TST) [28].
k = Aexp (

−𝐸𝑎
)
𝑘𝐵 𝑇

(3-23)

Ea is the activation energy from DFT calculation. A is the prefactor or frequency
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factor.
A=

𝑘𝐵 𝑄 ∗
ℎ 𝑄𝑅

(3-24)

Since the partition functions for the transition state (𝑄 ∗ ) and reactant (𝑄𝑅 ) have
only one vibrational mode difference, which corresponds to the reaction coordinate,
they are very similar. In the previous literature, the prefactor A has very often been
given by (𝑘𝐵 𝑇/ℎ)(𝑄∗ /𝑄𝑅 ) ≈ 1013 𝑠 −1. This is because there are two limiting cases
that accidentally give results of the same order of magnitude [73]. The vibrational
excitation energies are either of the same orders of magnitude as the thermal energy, or
they are much larger. In the former, partition functions become approximately(𝑘𝐵 𝑇/
ℏ𝜔), and (𝑘𝐵 𝑇/ℎ)(𝑄 ∗ /𝑄𝑅 ) become the product of vibrational frequencies of the initial
state divided by the product of the vibrational frequencies of the transition state. The
result is generally on the order of 1013 . In the most case, the partition function becomes
approximately equal to 1. Now (𝑄 ∗ /𝑄𝑅 ) ≈ 1 and (𝑘𝐵 𝑇/ℎ) is also about 1013 s-1. If
one does not want to calculate partition functions, then 1013 s-1 is a good value to take
for the prefactor.
The final steps for the heterogeneous reaction are desorption of surface
intermediates in the formation of experimentally observable products. The rate
constants 𝑘𝑑𝑒𝑠 , for the desorption can be predicted from
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𝑘𝑑𝑒𝑠 = 𝐾/𝑘𝑎𝑑𝑠

(3-25)

where 𝐾 is the equilibrium constant and can be obtained by substituting DFT results
into Eq. (3-21) and (3-22). The rate constant of adsorption 𝑘𝑎𝑑𝑠 is determined from the
collision theory:
𝑘𝑎𝑑𝑠 =

𝜎
(3-26)

√2𝜋𝑚𝑘𝑏 𝑇

where m is the mass of adsorption species and σ is the sticking coefficient, set as 1 for
the upper limit in the present calculations.
At any given time t, the system configuration is denoted as 𝑀(𝑡). To advance the
system, an event table was first generated that covers all possible processes from𝑀(𝑡).
A random number 𝜌1 was then used to choose the next process from the event table.
This process, which is denoted as the jth process, was chosen if it satisfies the following
equation:
𝑗−1

𝑗

𝑁

∑ 𝑘𝑖 ≤ 𝜌1 ∑ 𝑘𝑖 < ∑ 𝑘𝑖 (0 ≤ 𝜌1 < 1),
𝑖=1

𝑖=1

(3-27)

𝑖=1

where ∑𝑁
𝑖=1 𝑘𝑖 is the total rate for all events with N as the number of all possible events.
The time step can also be evaluated, assuming it follows the Poisson statistics.
Specifically, Δt is determined by a second random number 𝜌2 according to
𝛥𝑡 = −𝑙𝑛(1 − 𝜌2 )/𝐾

(3-28)

The configuration of the system is updated accordingly and denoted by 𝑀(𝑡 + 𝛥𝑡).
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The procedure is repeated until all reactions are completed and adsorbates desorb.

3-7 Lateral interaction
Interactions between adsorbates, or lateral interactions, have been known for at
least as long as diffraction techniques have revealed that adlayers can form very
well-defined structures at low temperatures. The importance of these interactions for
kinetics at higher temperatures has only more recently been acknowledged, but now
forms an active area of research. This is understandable if one realizes that even small
interactions between adsorbates can be of the same magnitude or larger than the thermal
energy, and can therefore change rate constants by an order of magnitude or more,
especially at low temperatures. It is now possible to do quantum chemical calculations
on quite realistic models of adsorbates on transition metal surfaces, especially using
DFT. However, many lateral interactions are small, and although it may be possible to
obtain a value for a particular lateral interaction using DFT, it does not mean that the
result is necessarily accurate. One should, therefore, always determine if a particular
lateral interaction can be calculated reliably at all.
3-7-1 Periodic boundary condition (PBC)
Due to the limitation of computer techniques, it is difficult to calculate a system
with bulk properties which contains many particles or atoms. To solve this limitation,
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the periodic boundary condition (PBC) is utilized to mimic an infinite system. This
method is interpreted as a 2-D system, as shown in Figure 3-9. The central cell is our
simulation system, and the surrounding cells are the image cells. Molecules in the
central cell only have the interaction with molecules in the nearest neighbor cell. When
a molecule leaves from the real box to the image cell, its image enters from the opposite
image cell to the real cell, and the total amount of particles is conserved. Note that the
range of the interaction is assumed to be smaller than half of the box length.

Figure 3-9 Diagram of periodic boundary condition
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3-7-2 Neighbor list for non-bonded interaction
In kMC simulation, calculating the non-bonded interaction takes excessive time
due to N2 calculation of interaction force and energy in a system with N particles. Hence,
to reduce calculation time for a non-bonded interaction, many different ways have been
developed [74-76], such as Verlet neighbor list, cell-linked list, and Verlet cell-linked
list. In the Verlet list method, the surrounding particles within a Verlet radius rL of
particle i are recorded and listed. In general, the Verlet radius is chosen as a radius larger
than the truncation radius rc. The neighbor list is updated once every about 5 to 20 steps
depending on the mobility of the particles, such that during the update time interval the
displacement of the surrounding particles remain at the difference between rL and rc. In
the cell-linked list, the simulation box is divided into several cells. All particles are then
listed in individual cells, as shown in Figure 3-10. When calculating the interaction
force of particle i in cell 10, only the particles in its surrounding cells (cells 5-7, 9, 11,
and 13-15) should be considered. The Verlet cell-linked list combines the advantages of
the Verlet and cell-linked lists so that when calculating the interaction force of particle i
in a cell, only the particles within the Verlet radius are involved. Consequently, it is the
most efficient methodology for modeling.
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Figure 3-10 Diagram of combination of Verlet list and cell link
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3-8 Flow chart of kinetic Monte Carlo simulation

In this section, we show the general flow chart of the kMC simulation. First,
we need to determine all possible processes p for given system configurations
and build a list. For this reason, the every configuration should be constructed for
DFT calculation, and then the relative barriers in pathways calculated by NEB
method. The active energies will be used to obtain all rate constants in each
pathway as were previously listed (and will be detailed in Chapter 4). Herein, the
kMC intrinsic process is implemented by preparing a random constant (𝜌1 ) to
select the probable process. After executing the process number “q”, the
configuration of the surface molecules will be updated. Simultaneously, the time
t also updates according the reciprocal with another random constant (𝜌2 ). Finally,
the kMC process terminates at the target time and equilibrium configuration.
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Figure 3-11 Flow chart of kMC simulation
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Chapter 4 Results and Discussion

4-1 Theoretical methods and simulation models
The DFT calculations before implementing kMC simulation were prepared by Prof.
Wang, the computed results had published in previous study [77]. In this work, all
present calculations were performed with the DFT plane wave method utilizing the
Vienna ab-initio simulation package (VASP) with spin polarization [55, 56, 78]. In these
electron-ion interactions, we used the projector-augmented wave method (PAW) [79,
80], which combines the accuracy of augmented plane waves with the cost-effective
pseudopotentials in conjunction with the revised Perdew-Burke-Ernzerhof (rPBE) [81]
density functional. The Brillouin zone (BZ) is sampled with the Monkhorst-Pack grid
[82] at 0.05 × 2 (1/Å ) intervals in the reciprocal space. The calculations were carried out
using (4 × 4 × 1) Monkhorst-Pack mesh k-points for bulk and surface calculations,
respectively. The kinetic cutoff energy of plane-wave basis is set at 600 eV, and allows
convergence to 1 × 10-4 eV in total energy.
Figure 4-1 (a-b) shows the structures of the Rh(111) surface. The calculations were
carried out using (4 × 4 × 1) Monkhorst-Pack mesh k-points for bulk and surface
calculations, respectively. The kinetic cutoff energy of plane-wave basis is set at 600 eV,
and allows convergence to 1 × 10-4 eV in total energy. These studies show that the effect
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of neighbor molecule on the calculated stability of this species is negligible (smaller
than 0.1 eV). Therefore, we chose the computationally less expensive p(4×4) model of
the Rh(111) surface as the simulation model. The p(4×4) lateral
surface is modeled as periodically repeated

cell of the Rh(111)

slabs of 5 layers, as shown in Figure

4-1(b). The bottom two atomic layers were kept frozen and set as the experimentally
estimated bulk parameters, and the remaining layers were fully relaxed during the
calculations. The lateral cell has dimensions of a = 10.76 Å , b = 12.18 Å , and c = 14.18
Å , which includes a vacuum region of thickness ca. 15 Å on the Rh(111) substrate,
which guarantees no interactions between the upper and lower slab of the Rh(111)
substrate.
The NEB method [49, 50] was applied to locate transition states, and MEP was
constructed accordingly. The NEB method is an efficient method to find the MEP
between the given initial and final state of a transition state. At least 16 images were
used to locate each calculated transition state (TS).
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(a)

(b)

Figure 4-1 (a) Optimized geometries of the various adsorbates and (b) schematic
diagram of a Rh(111) surface. The labels T, H, and B represent top, hollow, and bridge
sites. Note that the bridge site is between two surface Rh atoms

4-2 The species of OSR reaction in every pathway
In this section, the initial configurations are important and required to perform the
kMC simulation. It is possible to make it by hand or to use a special-purpose tool or
code. We will investigate how to use our modeling framework to create various types of
initial configurations. In the kMC simulation of the OSR reaction, the reactants have 3
species: O2(g), H2O(g), and CH3CH2OH(g). The products have 6 species: C2H4(g),
CH3CHO(g), CH4(g), CO(g), CO2(g), and H2(g). The adsorbates on the surface include 22
species: CH3CH2OH*, CH3CHO*, CH3CH2O*, CH2CH2O*, CH3CO*, CH3CH2*,
CH2CH2*, C2H4*, CH4*, CH3*, CH2*, CH*, HCHO, CHO*, CO2*, CO*, C*, O2*, O*,
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H*, OH*, and H2O*. All these molecular species involve a type of vacuum site are
listed in Table 4-1, as mentioned in Chapter 3, the vacuum site is considered as a
reactant for convenient simulation.

Table 4-1 The reactants, products, and adsorbate species on Rh(111) in this work.
Reactants

O2(g), H2O(g), CH3CH2OH(g)

Products

C2H4(g), CH3CHO(g) , CH4(g), CO(g), CO2(g), H2(g)
CH3CH2OH*, CH3CHO*, CH3CH2O*, CH2CH2O* CH3CO*,

Adspecies

CH3CH2*, CH2CH2*, C2H4*, CH4*, CH3*, CH2*, CH*,
HCHO, CHO*, CO2*, CO*, C*, O2*, O*, H*, OH*, H2O*
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4-3 The stable configurations of relative adsorbates
To obtain the stable configuration and understand the adsorption properties of the
various adsorbates on the Rh surface, the different adspecies are placed at one of three
types of sites on the Rh(111). As shown in Figure 4-2, the optimizations are
implemented by DFT calculations. Because recognizing and determining the regions of
activation directly on the Rh(111) is important, the possible adsorption sites on the
surface are labeled in Figure 4-1. Three types of adsorption sites were considered: top
sites (T), bridge sites (B) and hollow sites (H), and the corresponding adsorption
energies and geometrical configurations have listed in Table 4-2. In this study,
co-adsorption energies were calculated according to the following equation:
∆𝐸𝑎𝑑𝑠 = 𝐸𝑡𝑜𝑡𝑎𝑙 − (𝐸𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 + 𝐸𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒 )

(4-1)

In the aforementioned equation, 𝐸𝑡𝑜𝑡𝑎𝑙 , 𝐸𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 , and 𝐸𝑎𝑑𝑠orb𝑎𝑡𝑒 correspond to
the electronic energies of adsorbed species on the Rh substrate, the bare Rh substrate
and other gaseous molecules, respectively. Here 𝐸 is the electronic energy calculated
at 0K in vacuum. Therefore, a negative co-adsorption energy indicates a stable
adsorption.
In Table 4-2, C possesses the most strong adsorption energy of -7.2 eV, and the
molecules of CH3CH2OH* and CH3CHO* have weak adsorption energies of -0.32 and
-0.49 eV. Except for CH2CH2O* and O*, the mono-carbon products of CH2*, CH*, and
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C* also possess a high adsorption energy which surpasses 4 eV, due to the bonding
from their π electrons. In this tight interaction, it is difficult for these adsorbates to
desorb or diffuse. In addition, the products of CH4* and CO2* show no adsorption on
Rh(111), which reveals the desorption mechanism could originate in a later pathway
arrangement. As for the other intermediates of CH3CH2O*, CH2CH2O**, CH2CH2*,
CH3CO**, HCHO*, CH3*, CH2*, CH*, CHO*, CO*, C*, O* and H*, they can tightly
adsorb on the surface. Compared to previous studies in Table 4-3, our results show
similar adsorption configurations. Also, most of our calculations have somewhat higher
adsorption energies because of the larger (4×4) surface used in the present work. The
catalytic reaction starts from O2* and H2O* dissociations, by breaking O-O and two
O-H bonds, respectively, forming atomically adsorbed O*, the key adspecies in the
oxidation steps for ethanol and its fragments. The O* results from H2O* through two
consecutive O-H bond scissions, which are nearly in thermodynamic equilibrium (0.16
and -0.09 eV) and whose barriers are relatively higher (1.00 and 0.81 eV). In contrast,
O2* through O-O dissociation is highly exothermic (-2.57 eV) and has a low barrier
(0.50 eV). In addition, these barriers of O* formation could be further decreased if the
dissociations occur on oxides, such as CeO2 or TiO2 (𝐸𝑎 < 0.35 eV), thus explaining the
importance of oxide supporters in reforming reactions [12, 83-87]. All optimized
structures are shown in Figure 4-3. Final products of CO(g), CO2(g), CH3CHO(g),
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CH2CH2(g), and CH4(g) are shown, with C, O, H, and Rh atoms represented in gray, red ,
white, and cyan, respectively. Reactions for ethanol, on the other hand, take place
mainly on the metal surface. The important elementary steps in the formation of major
carbon products are CH3CHO(g), CH4(g), CH2CH2(g), CO(g) and CO2(g). The complete
mechanism possesses a total of 70 interfacial reactions, and the relative energetics (∆𝐸
and 𝐸𝑎 ) is detailed in Table 4-4. The comparison shows that our calculations have
slightly lower and higher activation barriers for the bond dissociation and association
reactions, respectively, attributable to the stronger adsorption energy assisting and
retarding the bond breaking and forming steps, respectively [88-90].
Initially, CH3CH2OH* can easily break its O-H bond, forming CH3CH2O* through
a low-barrier (0.58 eV) and mild exothermic (-0.19 eV) step (R1). This result is
consistent with previous experiments [17, 18, 91-94] where ethoxy can quickly form on
the surface at low temperatures, and as well as computations determining that the O-H
bond dissociation is the most energetically favorable step for adsorbed ethanol [95, 96].
Subsequently, the energetic preference for the four possible dissociations follows the
order of Cβ-H > Cα-H > C-O > C-C bond breaking steps (𝐸𝑎𝑑𝑠 = 0.55, 0.95, 1.27 and
1.41 eV, respectively). Cα-H (R2) and Cβ-H (R3) bond scissions with the two lowest
activation energies provides the important intermediates of surface acetaldehyde
(CH3CHO*) and oxametallacycle (CH2CH2O*), respectively. The other two (C-O and
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C-C) bond scissions play insignificant roles in the overall catalytic performance due to
their high reaction barriers and are not considered in the mechanism in this study. This
assumption has also been confirmed from the kinetic calculation as described in Section
3-2.
The key intermediate of CH3CHO* can directly desorb from the surface or proceed
through the other Cα-H bond scission (R4) in the formation of CH3CO* because of its
low adsorption energy (-0.49 eV) and the negligible reaction barrier (0.09 eV). The C-C
or C-O bond scissions of CH3CHO* are less likely to occur since their activation
energies (0.78 and 1.47 eV, respectively) are higher than the desorption energy. The
resulting CH3CO* could further break its C-C bond (R5) with a 0.63-eV barrier in the
formation of CO* and CH3*. The fragment of CO* could be further oxidized to CO2(g)
through a 1.34-eV barrier (R6) or could directly desorb from the surface, forming
another product of CO(g). The other fragment of CH3* will proceed through a series of
elementary steps, ultimately leading to the products CH4(g), CO(g) and CO2(g). The
stronger adsorption energy will assist and retard bond breaking and forming steps,
respectively [89, 97]. CH3* can react with H*, forming the product of CH4(g) (R7) with
a reasonable activation energy (0.60 eV). Alternatively, CH3* can readily break its C-H
bonds in R8 and R9 and quickly form CH2* and CH*, respectively, because of their low
activation barriers (0.18 and 0.11 eV, respectively) and exothermicities (-0.25 and -0.50
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eV, respectively). The following C-H bond breaking step of CH* (R10) in the formation
of C* and H* is an endothermic (0.42 eV) and high-barrier (1.07 eV) step. The resulting
C* can further be oxidized by O* (R11) through a C-O bond formation step, forming
CO*, eventually leading to CO(g) or CO2(g). This step is thermodynamically favorable
(-1.50 eV) but has the highest activation barrier (2.22 eV) among all steps in the
mechanism. Alternatively, CO* could be obtained when CH* is oxidized by O* in R12
(before its dissociation) with a 1.23-eV barrier. The resultant CHO* readily breaks its
C-H bond forming CO* (R13) with a quite low barrier (0.34 eV) and high
exothermicity (-1.19 eV).
Examining those oxidation steps from CH* to CO2(g), the adsorptions for CH*, C*,
CO* and CHO* are much stronger (-5.74, -7.21, -1.99 and -2.78 eV, respectively) than
the corresponding barriers (1.23, 2.22 and 1.34, respectively). This result indicates that
the oxidation steps are energetically feasible, but has rather slow kinetic rates; thus they
can be considered as the rate-determining steps for OSR of ethanol on Rh(111).
Furthermore, a comparison of the two oxidation pathways for CO* formation (R10 +
R11) and (R12 + R13), where the C-H bond scission occurs either before or after the
C-O bond formation, indicates that the former pathway has two high barriers while the
latter has only one. Thus, CH* is likely oxidized through the oxygen-assisted C-H bond
breaking steps in R12 + R13, similar to the H-assisted C-O bond scission [98-102].
61

The other key intermediate of CH2CH2O* will follow the subsequent C-C (R14)
and C-O (R15) bond breaking steps, respectively. The C-C bond scission occurs much
faster due to its low activation barrier (0.45 eV), which is attributable to the surface
geometry, charge distribution and high-lying d-band structures of Rh(111) [103]. The
fragment of HCHO* from the C-C bond scission readily breaks its C-H bond (R16)
with a negligible barrier (0.07 eV), forming CHO*, ultimately becoming CO(g) or
CO2(g). The other fragment of CH2* can proceed to the final products of CO(g) and
CO2(g) as well. The C-O bond scission, on the other hand, takes places at a slower rate.
The resulted CH2CH2* is likely to desorb from the surface, directly forming the product
CH2CH2(g) or further decomposing to CH2* in R17 with a 0.99 eV barrier. The
polymerization or addition reactions for CH2CH2* are less likely to occur since Rh(111)
favors dissociation over association reactions [89, 97]. As a result, the key intermediate
of CH2CH2O* leads mainly to the products CH2CH2(g), CO(g) and CO2(g). It is also
worth noting that although those two key intermediates (CH3CHO* and CH2CH2O*)
might follow other subsequent C-H bond scissions with lower barriers, which has not
been examined in the present calculation, their decomposition will not go beyond the
formation of CH* or C*. The key and rate-limiting oxidation steps are still intact in
those reactions.
Our results agree well with experimental observations. First, both CH3CHO* [18,
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84, 104] and CH2CH2O* [17, 18, 91, 92, 94, 96] are considered as the key intermediates
for the OSR of ethanol, attributable to the low formation barriers in the Cα-H and Cβ-H
bond breaking steps, respectively. Second, the lowest C-C bond breaking barrier of
CH2CH2O* indicates that it is the most plausible intermediate for ethanol
decomposition on Rh-based catalysts [18, 43, 91, 93, 96, 105, 106]. In addition, the fact
that the C-C of CH2CH2O* bond breaking barrier is lower than its formation barrier
implies that the key intermediate of CH2CH2O* has a short lifetime and is difficult to
observe experimentally [17, 92]. Third, the stronger adsorptions and high oxidation
barriers for C*, CH*, and CO* explain previous observations that identify them as the
most abundant adspecies [17, 92, 107-112] and their removal is the major obstacle in
OSR of ethanol rather than the C-C bond scission [43]. Most importantly, those
oxidation steps are considered as the rate-determining steps in the overall catalytic
reaction. This statement proves that Rh-based catalysts do not favor the oxidation
process, which is in accordance with previous experiments that demonstrate the
oxidation process preferentially occurs on metals with lower energetic and a broader
d-band, such as coinage metals [20, 88, 89, 113-115]. Also, these high oxidation
barriers retard the CO(g) and CO2(g) formation and can be applied to explain the higher
CH3CHO(g) and CH2CH2(g) observation which occurs at low reaction temperatures,
oxygen ratios, and residence times [7, 18, 26, 84, 107, 108, 116, 117], and ultimately
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lowers hydrogen production.
As can be concluded from the energetic results, surface ethanol initially breaks its
O-H bond, forming CH3CH2O* and is followed by the low-energetic Cα-H and Cβ-H
bond scissions in the formation of the two key intermediates CH3CHO* and CH2CH2O*,
respectively. CH3CHO* can desorb from the surface, forming the product of
CH3CHO(g), or further dissociate to CH3* and CO*, which ultimately leads to the
formation of CO(g) and CO2 through a series of decomposition and oxidation steps. In
addition, CH3CHO* is also considered as the main intermediate in the formation of
CH4(g) since it has a low C-C bond breaking barrier in the formation of CH3*, which
could produce CH4(g) through only one C-H bond association step. The other key
intermediates of CH2CH2O*, which has the lowest C-C bond breaking barrier, can
quickly dissociate to CH2* and HCHO*, and eventually to the products of CO(g) and
CO2(g). In addition, the C-O bond breaking barrier, the crucial step for CH2CH2(g)
formation from CH2CH2O*, is relatively lower than that for CH3CH2O* in the R6 step
in Table 4-4. This indicates that CH2CH2O* can be considered the key intermediate
forming the product of CH2CH2(g). Finally, the oxidation steps control the overall
catalytic performance for the OSR of ethanol, while ethanol decomposition only plays a
minor role in Rh-based catalysts.
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Figure 4-2 Optimized structures of surface species on Rh(111), as listed in Table 1;
gray, red, white, cyan represent C, O, H, and Rh, respectively.
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Table 4-2 Adsorption energies (Eads) in eV and geometrical configurations of adspecies on Rh(111). Corresponding structures are shown in
Figure 4-2
Adspecies

Eads

CH3CH2OH*

-0.32

top through O

2.300

CH3CH2O*

-2.37

bridge to fcc through O

2.118, 2.118, 2.379

CH3CHO*

-0.49

top through α-C; top through O

2.138(α-C), 2.064(O)

CH2CH2O*

-4.72

bridge through β-C; top through O

2.133(β-C), 2.379(β-C), 1.977(O)

CH3CO*

-2.46

top through α-C; top through O

1.965(α-C), 2.145 (O)

CH2CH2*

-0.94

top through two C

2.203, 2.207

CH4*

0.00

no adsorption

CH3*

-1.93

fcc through C

2.263, 2.269, 2.296

CH2*

-4.36

fcc through C

2.026, 2.033, 2.217

CH*

-6.75

fcc through C

1.983, 1.988, 1.990

HCHO*

-0.71

top through C; top through O

2.131(C), 2.010(O)

CHO*

-2.78

bridge through C; top through O

2.106, 2.098(C), 2.095(O)

CO2*

0.00

no adsorption

CO*

-1.99

bridge to hcp through C

2.078, 2.078, 2.130

C*

-7.20

fcc through C

1.893, 1.893, 1.893

O*

-5.40

fcc through O

2.010, 2.010, 2.010

H*

-2.86

fcc through H

1.863, 1.863, 1.863

Configuration
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Bonding length to Rh(Å )

Table 4-3 Comparison of the adsorption energies (Eads) in eV of adspecies on Rh(111) between this and previous works.
Adspecies

This work

Previous works

CH3CH2OH*
CH3CH2O*

-0.32 (O: top)
-2.37 (O: bridge to fcc)

-0.35 (top) [118]; -0.28 (top) [119]
-2.24 (bridge) [118]; -2.17 (fcc) [95]

CH3CHO*
CH2CH2O*
CH3CO*
CH2CH2*
CH4(g)
CH3*
CH2*

-0.49
-4.72
-2.46
-0.94
0.00
-1.93
-4.36

(α-C: top; O: top)
(β-C: bridge; O: top)
(α-C: top; O: top)
(two C: top)

-0.53(α-C: top; O: top) [118]; -0.06 (H of α-C: top) [119]
-3.61 (β-C: top; O: bridge to hcp) [118]; -4.01 (C: top; O: top) [95]
-2.39(α-C: top) [118]; -2.41(α-C: top) [119]
-0.95(top) [120]; -0.97(bridge) [120]
0.00 [119]; -0.03 [121]
-1.74(C: top) [118]; -1.90(C: top) [119]; -1.88(C: fcc) [90]; -1.83(C: fcc) [121]
-4.14(C: hcp) [119]; -3.86(C: bridge to hcp) [118]; -4.24(C: bridge) [122]

CH*
HCHO*
CHO*
CO2(g)
CO*

-6.75
-0.71
-2.78
0.00
-1.99

(C: fcc)
(C: top; O: top)
(C: bridge; O: top)

C*

-7.20 (C`: fcc)

O*
H*

-5.40 (O: fcc)
-2.86 (H: fcc)

(C: fcc)
(C: fcc)

(C: bridge to hcp)

-6.36(fcc) [95]; -6.56(cap) [122]; -6.62(hcp) [119]; -6.92(hcp) [118]
-0.84 (C:top; O: bridge) [118]
-2.40 (O: top) [118];
> 0.00 [123, 124]
-1.89(C: hcp), [125] -2.14(C: hcp) [126]; -1.84 (C: top) [95]; -1.73(C: hcp) [124];
-1.68(C:fcc) [127]
-7.13(C: hcp) [118]; -7.15 (C: hcp) [119]; 6.79(C: hcp) [95]; -6.58(C:fcc) [127]
-5.02 (O: fcc) [118]; -5.29(O: fcc) [119]; -4.85(fcc) [128]; -4.88(fcc) [129]
-2.59 (H: fcc) [118]; -2.74 (H: fcc) [119]; -2.79 (H: fcc) [95]; -2.81(H: fcc) [130];
-2.79(fcc) [120]
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Figure 4-3 Optimized structures of reactants, transition states and products for the
elementary steps listed in Table 2, for OSR of ethanol on Rh(111); gray, red, white, cyan
represent C, O, H, and Rh, respectively.
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Table 4-4 Computed activation energies (Eai), heat of reactions (i) and rate constants (ki) at 873 K for the elementary steps in oxidative
steam reforming of ethanol.
Eai (eV)
0.00

Ea-i(eV
)0.37

△Hi (eV)

RH2O

elementary step
H2O(g) → H2O*

RCH3C

CH3CH2OH(g) → CH3CH2OH*

0.00

0.32

-0.32

O2(g) → O2*

0.00

1.58

-1.58

R1

O2* + * → 2O*

0.50

3.077

-2.57

2.4×1010

R2

H2O* + * → H* + OH*

1.00

0.84

0.16

3.1×107

R3

OH* + * → H* + O*

0.81

0.90

-0.09

3.8×108

R4

CH3CH2OH* + * → CH3CH2O* + H*

0.58

0.77

-0.19

8.1 × 109

R5

CH3CH2O* + 2* → CH3* + HCHO**

1.41

0.76

0.65

1.3 × 105

R6

CH3CH2O* + * → CH3CH2* + O*

1.27

1.34

-0.07

8.5 × 105

R7

CH3CH2O* + 2* → CH2CH2O** + H*

0.55

0.04

0.51

1.2 × 1010

R8

CH3CH2O* + 2* → CH3CHO** + H*

0.95

0.94

0.01

6.0 × 107

R9

CH3* + H* → CH4* + *

0.60

0.68

-0.08

2.6 × 108

R10

CH3* + * → CH2* + H*

0.18

0.43

-0.25

1.7 × 1012

R11

CH2* + * → CH* + H*

0.11

0.61

-0.50

4.2 × 1012

R12

CH* + * → C* + H*

1.07

0.65

0.42

1.2 × 107

R13

C* + O* → CO* + *

2.22

3.72

-1.50

1.6 × 104

RO2
H2OH
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-0.37

Rate constant
(s-1)

R14

CO* + O* → CO2* + *

1.34

0.77

0.57

3.3 × 105

R15

CH* + O* → CHO**

1.23

0.98

0.25

1.4 × 106

R16

CHO** → CO* + H*

0.34

1.53

-1.19

2.0 × 1011

R17

HCHO** + * → CHO** + H*

0.07

0.75

-0.68

7.2 × 1012

R18

HCHO** → CH2* + O*

1.12

1.35

-0.23

6.2 × 106

R19

CH3CH2* + * → CH3* + CH2*

1.43

1.07

0.36

1.0 × 105

R20

CH3CH2* + * → CH2CH2* + H*

0.28

0.79

-0.51

4.4 × 1011

R21

CH2CH2* + * → 2CH2*

0.99

0.17

0.82

3.5 × 107

R22

CH2CH2O** + * → HCHO** + CH2*

0.45

0.69

-0.24

4.6 × 1010

R23

CH2CH2O** → CH2CH2* + O*

1.00

1.11

-0.11

3.1 × 107

R24

CH3CHO** + * → CH3CO** + H*

0.09

0.89

-0.80

5.5 × 1012

R25

CH3CO** → CH3* + CO*

0.63

1.02

-0.39

4.4 × 108

R26

CH3CHO** + * → CH3* + CHO**

0.78

1.20

-0.42

5.7 × 108

R27

2H* → H2(g) + 2*

1.16

0.02

1.14

RCO

CO* → CO(g)

1.50

0.00

1.99

5.21×10-2

RCO2

CO2* → CO2(g)

0.00

0.00

0.00

2.75×108

RCH4

CH4* → CH4(g)

0.00

0.00

0.00

8.05×109

RC2H4

C2H4* → C2H4(g)

0.94

0.00

0.94

5.62×101

RCH3C

CH3CHO** → CH3CHO(g)

0.22

0.00

0.22

3.29×105

HO
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4-4 The reaction channel of OSR (The prediction path of oxide steam reaction)
The kMC results confirm the predictions of the various pathways calculated by the
DFT calculations as summarized in Figure 4-4. In the pathway map, we know the
relationship of each path, which includes the reactants and the reaction products. The
initial adsorption reactions of alcohol, oxygen and water are R1, R2 and R3 channels,
respectively. The desorption channels are RCO, RCO2, RCH4, RCH3CHO, and RCH2CH2. The
remainder of R5 ~ R26 are mostly combination, with a few reactions of the dissociative
adsorption type and desorption of dissociative adsorption type, on the surface. We can
employ the kMC simulation to analyze the reaction mechanism on the surface and
understand which pathway is more favored in the OSR reaction.

Figure 4-4 Proposed reaction pathways of every elementary for OSR reaction on
Rh (111).
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4-5 The effects of catalyst and condition in the OSR reaction
The various ethanol OSR reactions are considered under steady state condition in
this kMC simulation. The reactions take place mainly on the Rh(111) metal surface. The
important elementary steps in the formation of major carbon products of CH3CHO(g),
CH4(g), CH2CH2(g), CO(g) and CO2(g) is schematically summarized in Figure 4-4. The
complete mechanism and the energetics (Ea) for a total of 70 interfacial reactions are
detailed in Table 4-4. The comparison shows that our calculations have slightly lower
and higher activation barriers for the bond dissociation and association reactions,
respectively, attributable to that the stronger adsorption energy will assist and retard
bond breaking and forming steps, respectively.
The selectivities of the prepared catalysts are presented in the previous
experimental result [26]. The results of this study show the rate-determining
mechanisms in the overall catalytic process by kMC simulation, and compare the
experimental results which are observed at a condition with higher oxygen content. We
will first introduce the experimental details, and then illustrate the part pertinent to this
study. All products were examined the conversion efficiency with carbon selectivity (𝑆𝑥 )
as defined in the following equations:
𝑆𝑥 % =

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑐𝑎𝑟𝑏𝑜𝑛 𝑖𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑋
× 100%
𝑡𝑜𝑡𝑎𝑙 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑐𝑎𝑟𝑏𝑜𝑛 𝑖𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠

(4-2)

In Prof. Wang’s work [26], they investigated the OSR of ethanol on a series of
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metals under various catalytic conditions to understand the reaction mechanism and to
optimize the catalytic conditions for optimal hydrogen production. Different catalysts
were synthesized and their catalytic properties were tested as a means to improve the
efficiency of the OSR reaction. The results indicate that the ethanol was oxidized to
acetaldehyde on Cu, Ag, and Au, and dehydrated to form ethylene on Co, Ni, Pd and Pt.
Ethylene can form coke and degrade catalysts after long-term OSR.
Furthermore, the ethanol preferentially breaks its Ce-C bond and is further
oxidized to CO or CO2 on Ru, Rh and Ir, providing optimal hydrogen production. In
addition, increasing H2O/ethanol and O2/ethanol ratios can improve catalytic activity,
attributable to atomic oxygen from H2O and O2 efficiently rupturing the C-C bond of
ethanol. This concept explains the improved performance of OSR on the
Metla-O2-modified catalyst, which shows better oxygen storage capability. We
summarize below the results corresponding to the different conditions and catalysts in
the former experiment.
The catalytic performance and mechanism of ethanol OSR was systematically
investigated on a series of chemically-related catalysts under various catalytic
conditions. As schematically summarized in Table 4-5, the result shows that the
mechanism varied for different metals studied. The reaction for Group 11 metals (Cu,
Ag and Au) preferentially follows the oxidation pathway and primarily produces
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CH3CHO. The dehydration of ethanol preferentially occurs on Co, Ni, Pd, and Pt with
higher SC2H4. The C-C bond of ethanol is efficiently ruptured on Ru, Rh and Ir. This
bond cleavage results in the highest SCOx and the best H2 yield. In addition, the catalytic
performance can be further improved by increasing the H2O/ethanol and O2/ethanol
ratios. These oxidants can also aid C-C bond cleavage, increase SCOx, and improve H2
yield.

Table 4-5 The schematic summary of OSR mechanism
Conditions

Products

high H2O/ ethanol

high CO2, high H2

high O2/ ethanol

high CO2, high H2

high temperature

high EtOH conversion efficiency, high H2

Catalysts

Products

Cu, Ag, Au

high CH3CHO, low H2

Co, Ni, Pd, Pt

high C2H4, low H2

Ru, Rh, Ir

high COx, high H2
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4-6 The effect of oxygen in the OSR reaction
The various product diffractions for Rh are observed in the experimental process at
a temperature of 873K. Oxygen can quickly form atomic O and react with ethanol and
its fragments. The catalytic behavior varies with O2/ethanol ratios and follows trends
similar to those observed for different H2O/ethanol ratios, with OSR performance
mainly influenced by the chemical properties of the catalysts. In the initial experimental
condition of the OSR reaction, oxygen is introduced through the pre-heater chamber by
a mass flow controller at rates of 30, 35, 40, 45, 50, 55, 60, 65, and 70 SCCM (cm3/min),
corresponding to the O2/ethanol ratios of 0.687, 0.802, 0.916, 1.030, 1.145, 1.260, 1.374,
1.489, and 1.603, respectively. Then the OSR reaction of ethanol proceeds with a fixed
ratio of H2O: ethanol = 3:1. The experiment results which were examined on Rh
catalysts are represented by the five main desorption products, and listed in Table 4-6.
The relative selectivities are shown by percentages, and the product fractions of SCH3CHO,
SCH4, SCO, SCO2, and SCH2CH2 are 1.026, 5.641, 45.128, 46.154, and 2.051 at a low
oxygen content of 30SCCM. It can be observed that CO and CO2 are the principle
products. When the oxygen content increases, the most significant phenomenon is an
increase in the selectivity of CO2. Thus at a high oxygen content fraction, the product
fractions of SCH3CHO, SCH4, SCO, SCO2, and SCH2CH2 are 0.794, 4.563, 27.579, 65.873, and
1.190, respectively. The selectivity of each product is only apparent after the
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equilibrium state; therefore, this present study examines the effects of O 2 ratio by the
kinetic calculation for a better understanding of the competitions of various channels
and relationships of participating reactants.
According to sections 4-1 to 4-3, the kMC parameters have been prepared with
DFT and rate constant calculations. As described in section 4-4, the pathway predictions
will be the basis of analyzing the channel competitions. The model consists of a 30 × 30
lattice as the catalyst surface (Rh (111) surface). The grid point of every lattice is taken
as a site. All detailed information of species are explained in Table 4-4, including
elementary processes, activation energies, and reaction energies. Furthermore, all the
processes are considered as irreversible processes in the kMC model, and their
prefactors are set as ≈ 1013 𝑠 −1 which be given by(𝑘𝐵 𝑇/ℎ)(𝑄∗ /𝑄𝑅 ). There are 70
total processes in this simulation, including adsorption, desorption, combination,
dissociative adsorption and desorption from dissociative adsorption processes.
The kMC simulation results of oxygen content effects are presented in Table 4-7,
which shows the catalytic performance for OSR on the Rh surface under experiment
conditions. In accordance with the experimental results, we also list the selectivity of
every product’s dependence on different oxygen content. To clearly understand the
comparison between experiment and simulation results, the states of relative products
are diagrammed to investigate the mechanisms in Figure 4-5 (a). CH3CHO(g), CH4(g),
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CO(g) , CO2(g), and CH2CH2(g) are shown with black, green, blue, light blue, and red
symbols for experiment values, and lines representing the simulation results. CO(g) and
CO2(g) are clearly chief products among all outputs, the other few adsorbates are shown
in the small panel. As in the experiment results, the kMC results also predict a similar
tendency where the oxygen content fractions increase from 0.802 to 1.603. Other than
the major products CO(g) and CO2(g), other gases like CH3CHO(g), CH4(g) , and
CH2CH2(g) are minor. While the CO2(g) production is in excellent agreement with
experimental values, the CO production is good but at slightly depressed values due to a
corresponding increase in CH4(g). R9 is the reaction preceding CH4 desorption (RCH4),
with the pre-reactant CH3 formed by R5, R19, R25, R26, and by the backward reaction
R9-r and R10-r (the reverse reactions of R9 and R10). Specifically, most CH3 is
produced by R25, which is the composition of CH3CO. The two reactions of R9 and
RCO compete to form the production of CH4(g) and CO(g), respectively, with the R9
barrier (0.6 eV) lower than RCO (1.5eV). This results leads to a slight production of
CH4(g) even at high oxygen content, and demonstrates the effects of pathways to CH3
production. We should note will be significantly influenced in the process by increases
and decreases of O2. As we know, one of the input reactants O on the surface is
produced by the dissociative adsorption of O2. This indicates that reactions including
the O species are more important than others in terms of the effects of an increase in O2.
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Therefore, R3, R13, R14, R18-r, and R23-r are more likely to exhibit some effect.
Referring to these reactions, it can be seen that although there are intermediaries
involving O, there are no main products participating in desorption or adsorption in R18
and R23. R13 and R14, however, could form final products of CO and CO2. It is
possible, then, that CO* or C* will form more CO2 and CO depending on oxygen
content by speeding up the R13 and R14 reactions. Although the barrier of R13 (2.22
eV) is very high, carbon deposition was still observed in previous experiment and other
references [17-20]. For this reason, some necessary adjustments of DFT calculation
have been discussed in previous literature [131].
After we representing the approximate results with experiment from products of
desorption. The surface mechanism can further discuss and analyze the main channel in
OSR reaction. No matter the results are obtained from experiment and simulation, we
only know the final observation, therefore, we need find the key intermediate through
revers deduction. The kinetic behaviors of principle adsorbates with different
oxygen/ethanol fractions at the equilibrium state are shown in Figure 4-6(b). The
coverage is estimated by percentage, but not including vacuum. In fact, vacuum sites
occupy throughout the almost 70% of all sites in oxygen effect case. Note that the
reactions only react with an extremely small site on catalyst surface in real experiment;
the more vacuum sites are reasonable and useful for this complicated “molecular
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circulation”, because only the neighbor molecules are possible to react each other. The
adsorbate distribution on surface with O2/ ethanol = 0.687, 1.145, and 1.603 are shown
in Figure 4-6 (a-c). From low oxygen content to high oxygen content, the O* coverage
rises continually. It is obvious to show that the O* adsorbate and CO(g) have opposite
tendency, because O* and CO* combine to form CO2(g) and retrain the desorption
CO(g) in R14. In the Figure 4-5 (b), all the reactions of involving O* are only R13, R14,
and R15, the results with oxygen content must be affected by these reactions. CO2(g) is
formed by CO*, and the source can be trace back to R13, R16, and R25. Even though
R25 is an upper reaction than others, but according to the O*, CH* coverage, and
amount of CH4(g), the CH4 production is rare and the presence of CH* show that CH3*
is more favorite to dehydrogenate, instead of hydrogenating. For this reason, we can
infer the channel is R25R10R11R15R16R14 by reverse deduction. Besides,
the barrier of R13 (2.22 eV) is too high to not be considered. Moreover, based on the
selectivity of desorption products, the C2H4(g) products are so few that the R7 can be
ignore. Note that the barrier of R7-r is very low, even the barrier of R8 is higher than
R7, but the channel still passing through R4R8R24. It is worth noting that
dehydrogenation of CH3CH2O* to CH2CH2O* is the major route in some DFT
calculations literatures [42, 43]. However, they did not consider the reverse reaction
from CH2CH2O* to CH3CH2O*. Consequently, the enhancement of oxygen content
79

improves the CO2(g) desorption, and retrain the poisoning of CO in the ethanol OSR
reaction. We can infer the main channel is CH3CH2OH* CH3CH2O* CH3CHO*
CH3CO* CH3* CH2* CH* CHO* CO* CO2(g), and analyze the kinetic
mechanisms with micro-sight by kMC simulation.

Table 4-6 Experiment results for OSR on Rh surface under the following catalytic
conditions: O2/ ethanol = 0.687~1.603, and H2O/ethanol = 0.300 at 873K

Selectivity (%)

SCCM
Fractions

(cm3/min)

CH3CHO

CH4

CO

CO2

CH2CH2

0.687

30

1.026

5.641

45.128

46.154

2.051

0.802

35

1.351

12.162

39.64

45.946

0.901

0.916

40

0.305

7.317

42.378

48.78

1.22

1.031

45

1.159

7.536

37.971

51.594

1.739

1.145

50

1.718

6.873

38.488

52.921

0

1.260

55

1.325

5.96

34.437

56.623

1.656

1.374

60

0.995

6.219

30.348

61.692

0.746

1.489

65

0.202

8.097

30.972

59.919

0.81

1.603

70

0.794

4.563

27.579

65.873

1.19
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Table 4-7 The kMC simulation results for OSR on Rh surface under the following
catalytic conditions: O2/ ethanol = 0.687~1.603, and H2O/ethanol = 0.300 at 873K

Selectivity (%)
Fractions
CH3CHO

CH4

CO

CO2

CH2CH2

0.687

8.34

3.54

40.14

45.26

2.71

0.8015

5.56

3.46

44.22

44.63

2.14

0.916

3.51

3.16

46.46

45.81

1.06

1.0305

2.29

2.5

47.14

47.56

0.49

1.145

1.28

1.85

46.69

50.08

0.11

1.2595

0.88

1.34

43.66

54.03

0.08

1.374

0.54

1.07

39.79

58.53

0.06

1.4885

0.31

0.97

36.76

61.91

0.05

1.603

0.19

1.09

36.49

62.18

0.05
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Figure 4-5(a) Product selectivity comparison for CO2(g), CO(g), CH4(g),
CH3CHO(g) and C2H4(g) between the experimental observations (symbols) and kinetic
calculations (lines), (b) The coverage of relative adsorbates on surface.
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(a)

(b)

(c)
Figure 4-6 The adsorbate distribution on surface with O2/ ethanol = (a) 0.687, (b)
1.145, and (c) 1.603. The corresponding species are presented respectively with
different color in the panel.
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4-7 The effect of water in the OSR reaction
Another influence to consider is the effect of water content in the OSR reaction.
The way that catalytic behavior varies with H2O/ethanol ratios is similar to that of
varied O2/ethanol ratios. Except for the oxygen content remaining fixed and the
fractions of H2O/ethanol changing, other conditions are similar to the former analysis.
In the initial experimental condition of the OSR reaction, oxygen is introduced through
the pre-heater chamber by a mass flow controller at a constant rate (SCCM=50), then
the H2O /ethanol ratios are varied at 1:1, 3:1, 5:1, and 10:1. The experiment results were
examined on Rh catalysts represented by the five main desorption products, and are
listed in Table 4-8. The relative selectivities are also shown with percentage, as the
product fractions of SCH3CHO, SCH4, SCO, SCO2, and SCH2CH2 are 9.99, 5.78, 58.66, and
24.72 at low water content. Similar to the case of oxygen content, it could be observed
that CO and CO2 are the principle products, but the amplitude of variation is more
significant. When the water content increases, the most significant phenomenon is an
increase in CO2 selectivity and sharp decrease in CO selectivity. Thus, at a high water
content fraction, the product fractions of SCH3CHO, SCH4, SCO, SCO2, and SCH2CH2 are 0, 0,
5.89, and 94.11, respectively. Compared to oxygen content, the role of CO2(g) products
is more significant in the desorption products. In addition, the transformation of CO to
CO2 is a critical process depending on the enhancement of water. Therefore, the effects
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of O2 ratio are also investigated by kinetic calculation for a better understanding of the
competitions of various channels and relationships of participated reactants.
In the kMC simulation, the model also consists of a 30 × 30 lattice as the catalyst
surface (Rh (111) surface). The grid point of every lattice is taken as a site. All detailed
information of species are explained in Table 4-4. Furthermore, all the processes are
considered as irreversible processes in the kMC model, and their prefactors are set as
≈ 1013 𝑠 −1 . In addition, there are 70 processes including adsorption, desorption,
combination, dissociative adsorption and desorption from dissociative adsorption
processes, just as in the previous simulation.
The kMC simulation results of water content effects are presented in Table 4-9. In
accordance with the experimental results, we also list the selectivity of every product’s
dependence on oxygen content. To clearly understand the comparison between
experiment and simulation results, the states of relative products are diagrammed to
investigate the mechanisms in Figure 4-7 (a). CH3CHO(g), CH4(g), CO(g) , CO2(g), and
CH2CH2(g) correspond to black, green, blue, light blue, and red; the symbols are
experiment values, and the crosses represent simulation results. The results show the
production of CO(g) clearly increases while CO2(g) decreases with increasing water
content. For both experimental and simulation results, CO(g) is the dominant product at
the ratio of H2O/ethanol =1; however, at a H2O/ethanol fraction of about 3, the two
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main products cross and CO2 becomes dominant. At higher values, the CO2 production
rises continually until about 94% selectivity for all gases which desorb in the OSR reaction.
A comparison of simulation and experiment values indicates that a larger difference
between them appears at a ratio of H2O/ ethanol = 5. At other proportions of water and

ethanol, accurate results can be obtained by kMC simulation. The peroxidation of CO(g)
and CO2(g) is considered to be a reason for extremely high CO2 production. In
experiment, it is possible for the un-adsorbed CO and O2 to react in the air with no
catalytic surface, such that it is not possible for the peroxidative behavior to be
simulated by the kMC method, which is performed on lattice sites. Therefore, the
differences between experiments and calculations are within our error range. As for the
other adsorbates such like OH, CH3, CH2, CH, could be ignored due to the
micro-amount of quantity.
As in the analysis in section 4-6, the surface mechanism can be further deduced
from the changes of adsorbates in OSR reaction. A diagram of the main adsorbates at
different water/ethanol fractions at the equilibrium state are shown in Figure 4-7(b).
Every molecule is estimated by percentage, and does not include vacuum sites;
snapshots of relative water ratios and corresponding species are shown with different
colors in Figure 4-8 (a-d). In the water content case, the OH* and H* are produced from
the pathway RH2O (H2O(g) → H2O*)  R2 (H2O* + * → H* + OH*), hence the
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major coverage on the surface is occupied constantly by H*, and has no obvious
changes in ratio. Furthermore, the O* coverage rises to about 20% depending on water
content, with CO* decreasing relatively. It should also be mentioned that the content of
C* exceeds that of O* at low water content; however, C* is still consumed by CO at the
ratio of water/ethanol = 5. This result indicates that it is possible for carbon deposits to
appear at low water content conditions, namely the increase of H2O and O2 will quickly
consume the C* on the surface, as explained in previous studies. As shown in previous
analyses, the other desorption products are very rare, with the exception of CO(g) and
CO2(g). This also illustrates that R9 is blocked at the surface, and distributes O* and H*.
One worthwhile study is how to solve the congestion of H and O atoms distributed on
the surface. Based on the principle of experimental devices, the initial gases of oxygen,
water, and ethanol are passed through the experimental device continually until they
approach the equilibrium state, and it is possible for the three initial gases to desorb
directly. We have to consider, then, the reverse reactions of RH2O, RCH3CH2OH, and RO2
to counter the depositions of O* and H* in kMC simulation.
In Figure 4-9, the proportions of H2O desorption and adsorption are shown to
explain the mechanism differences occurring in the oxygen and water content cases. In
the oxygen content case, the desorption production of H2O is more than adsorption
during increasing oxygen content. This indicates that the main channel does not need
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the H* and OH* adsorbates under high oxygen coverage, but produces more CO(g)
with incomplete reactions. Moreover, the water enhancement also produces O* and H*
through R2 (H2O* + * → H* + OH*)  R3 (OH* + * → H* + O*). The difference
with high oxygen content is a two order process of R2 and R3 affecting elementary
reactions on the surface. R2 and R3 including reverse reactions R2-r and R3-r, which
help complete the CO2(g) formation in the kMC step. However, due to the high barrier
of the reverse reaction, it is difficult for the O* from the main pathways R1 (O2* + * →
2O*, 0.5eV) and R1-r (2O* → O2* + *, 3.07 eV) in the oxygen content case to react
backward and block the channel. Therefore, we can conclude that the water content can
improve CO consumption and CO formation. In addition, the channel is inferred to be
R25R10R11R15R16 R14, although R12 and R13 contribute at low water
ratios. To summarize, the main channel is still CH3CH2OH* CH3CH2O*
CH3CHO* CH3CO* CH3* CH2* CH* CHO* CO* CO2(g), with the
difference in the oxygen content case being the mechanism of coverage on the surface.

88

Table 4-8 Experiment results for OSR on Rh surface under the following catalytic
conditions: H2O/ ethanol = 1~10 and O2 SCCM = 50 at 873K

Selectivity (%)
Fractions
CH3CHO

CH4

CO

CO2

CH2CH2

1

9.99

5.78

58.66

24.72

0.85

3

1.28

1.85

46.69

50.08

0.11

5

0.12

0

10.16

87.49

0

10

0

0

5.89

94.11

0
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Table 4-9 The kMC simulation results for OSR on Rh surface under the following
catalytic conditions: H2O/ ethanol = 1~10 and O2 SCCM = 50 at 873K

Selectivity (%)
Fractions
CH3CHO

CH4

CO

CO2

CH2CH2

1

5.081

6.234

57.093

31.218

0.374

3

3.869

4.55

40.509

50.681

0.391

5

2.676

2.689

19.767

74.677

0.192

10

1.684

1.082

8.238

88.936

0.06
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Figure 4-7 (a) Product selectivity comparison for CO2(g), CO(g), CH4(g),
CH3CHO(g) and C2H4(g) between the experimental observations (symbols) and kinetic
calculations (lines), (b) The coverage of relative adsorbates on surface.
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(a)

(b)

(c)
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(d)
Figure 4-8 The adsorbate distribution on surface with O2/ ethanol = (a) 0.687, (b)
1.145, and (c) 1.603. The corresponding species are presented respectively with
different color in the panel.
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Figure 4-9 The H2O converted fraction of desorption and adsorption
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Chapter 5 Conclusions and Future Works

5-1 Conclusions
In this thesis, the DFT calculations and kMC simulation were employed to
investigate the reaction mechanism of OSR of ethanol on Rh(111) surface. In addition,
we also compare the simulation results with systematically examined experiments. The
kinetic behaviors are helpful to analyze and illustrate the effects from different reactions
of adsorption, desorption, and diffusion under varied conditions of oxygen and water
content conditions. This computation can further help us to predict the optimal
operational conditions of OSR that produce the best performance. The important results
in this study are presented as follows:
5-1-1 The DFT calculations of OSR reaction
Before kMC simulation, it is necessary to design the various elementary pathways
and consider the relative process. The mechanism for OSR of ethanol on Rh(111) has
been systematically resolved by DFT calculations. First of all, the adsorption energies of
each adspecies are calculated with multiple configurations on different sites, and then
Eads is compared with previous literatures to ensure accuracy. Furthermore, the barriers
in every pathway, for a total of 70 interfacial reactions, are detailed in Table 4-4.
Ethanol breaks its O-H bond, initially forming ethoxy on the surface and follows by
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C-H bond scissions in the formation of the two key intermediates, CH3CHO* and
CH2CH2O*, respectively. As designated by the pathway map, the channel will easily
pass through the low barrier. Though some reactions can be detailed by first-principle
calculations, the OSR reaction channel is much more complicated. Therefore, the
precision of DFT calculation is very important.
5-1-2 KMC simulation of effects of oxygen in the OSR reaction
The kMC simulation results of oxygen content effects are presented and shown.
The catalytic performance for OSR on the Rh surface is demonstrated under
experimental conditions of O2/ethanol ratios = 0.687, 0.802, 0.916, 1.030, 1.145, 1.260,
1.374, 1.489, and 1.603, and a fixed ratio of H2O: ethanol = 3:1. To clearly understand
the comparison between experiment and simulation results, the selectivity of every
product’s dependence on different oxygen content are compared. The results of CO(g)
and CO2(g) are clearly the chief products among all outputs. Other than the major
products CO(g) and CO2(g), other gases like CH3CHO(g), CH4(g) , and CH2CH2(g)
exist in small amounts. While the CO2(g) production is in excellent agreement with
experimental values, the CO production is good but at slightly depressed values due to a
corresponding increase in CH4(g).
From low oxygen content to high oxygen content, the O* coverage rises
continually. It is clear that the O* adsorbate and CO(g) have the opposite tendencies,
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because O* and CO* combine to form CO2(g) and retrain the desorption of CO(g) in
R14. For this reason, we can infer the channel is R25R10R11R15R16R14
by reverse deduction. Note that the barrier of R7-r is very low. Even though the barrier
of R8 is higher than R7, the channel still passes through R4R8R24. It is worth
noting that dehydrogenation of CH3CH2O* to CH2CH2O* is the major route in some
DFT calculations literature. However, they did not consider the reverse reaction from
CH2CH2O* to CH3CH2O*. Consequently, the enhancement of oxygen content improves
the CO2(g) desorption, and restrains the poisoning of CO in the ethanol OSR reaction.
We can infer the main channel is CH3CH2OH* CH3CH2O* CH3CHO*
CH3CO* CH3* CH2* CH* CHO* CO* CO2(g), and analyze the kinetic
mechanisms in micro-sight by kMC simulation. The most probable reactions are shown
as follows:
RCH3CH2O

CH3CH2OH(g) → CH3CH2OH*

R4

CH3CH2OH* + * → CH3CH2O* + H*

R8

CH3CH2O* + 2* → CH3CHO** + H*

R24

CH3CHO** + * → CH3CO** + H*

R25

CH3CO** → CH3* + CO*

R10

CH3* + * → CH2* + H*

R11

CH2* + * → CH* + H*

R15

CH* + O* → CHO**
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R16

CHO** → CO* + H*

R24

CO* + O* → CO2* + *

RCO2

CO2* → CO2(g)

5-1-3 KMC simulation of effects of water in the OSR reaction
The way that catalytic behavior varies with H2O/ethanol ratios is similar to that of
varied O2/ethanol ratios. The catalytic performance for OSR on the Rh surface is
examined under experimental conditions of H2O/ethanol ratios of 1:1, 3:1, 5:1, and 10:1.
The O2/ethanol is fixed at 1.145:1 (SCCM=50). In desorption products, the main
production of species are CH3CHO(g), CH4(g), CO(g) , CO2(g), and CH2CH2(g). From
the results, the production of CO(g) clearly increases while CO2(g) decreases. At higher
values, the CO2 production rises continually until about 94% selectivity for all gases which
desorb in the OSR reaction. In comparison with experimental values, accurate values are

obtained by kMC simulation. The peroxidation of CO(g) and CO2(g) is considered to be
a reason for extremely high CO2 production.
In the water content case, the OH* and H* are produced from the pathway RH2O
(H2O(g) → H2O*) R2 (H2O* + * → H* + OH*), hence the major coverage on the
surface is occupied constantly by H*. As shown in previous analyses, the other
desorption products are very rare, except for CO(g) and CO2(g). Different from results
found in the oxygen content study, the C* adsorbates are clearly more than both CO*
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and O*. The large amount of H* affects the O* weight on the surface, and the amount of
C* increases due to the lack of O* for combination. The most possible reaction
pathways are listed as follows:
RCH3CH2O

CH3CH2OH(g) → CH3CH2OH*

R4

CH3CH2OH* + * → CH3CH2O* + H*

R8

CH3CH2O* + 2* → CH3CHO** + H*

R24

CH3CHO* + * → CH3CO* + H*

R25

CH3CO* → CH3* + CO*

R10

CH3* + * → CH2* + H*

R11

CH2* + * → CH* + H*

R12

CH* + * → C* + H*

R13

C* + O* → CO* + *

R24

CO* + O* → CO2* + *

RCO2

CO2* → CO2(g)

However, the amount of C* still decreases quickly when the fraction of
water/ethanol reaches 5, and the barrier of R13 is higher than the reverse reaction itself
and R15.
From analyzing the surface mechanism, we can conclude that the water content can
improve CO consumption and CO formation. To summarize, the main channel is still
CH3CH2OH* CH3CH2O* CH3CHO* CH3CO* CH3* CH2* CH*
CHO* CO* CO2(g). The difference with the oxygen content case is due to the
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coverage mechanism leading to channel changes on the surface.
5-2 Future Works
The results of this study show the reaction mechanism of OSR of ethanol on
Rh(111) surface, and was systematically examined by DFT and the kMC calculation to
simulate an experimental observation on an Rh-based catalyst. From the conclusion of
the present study, the improvement and the future research directions of the kMC
method including system size, computational processes, and obtained parameters are
proposed as follows:
1. Fast process and longer time scale simulations
In many simulations the period that one has to simulate a system is determined by
how long it takes the system to reach the steady state, and the time one needs to
simulate the system to get good statistics for the results. It is not always possible to get
to the time scale of interest with a conventional kMC simulation. For real time reactions,
much computational time and calculation resources are required. Therefore, a parallel
code is needed that requires shorter computational time over multiple processes to
obtaining results quickly.
2. The temperature effects on OSR reaction
In a previous study, the OSR reaction experiments were also investigated from 400°
C~600°C . The temperature effects can be further analyzed in the future.
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3. The size enlargement in the kMC simulation
In order to make the results more practical, the system size can be enlarged.
Therefore, the simulation results will be more accurate compared to the experimental
results.
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