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Abstract 

Heterogeneous catalysis is universally acknowledged as a paramount 

approach in a wide range of the chemical, biological, and energy industries. 

Moreover, heterogeneous catalysis has also been applied to solving the 

problem of many aspects in our daily life, such as environmental 

enhancement, energy shortage, efficient synthesis. Just as its name implies, 

heterogeneous catalysis is catalysis where the phase of catalyst differs from 

the reactants or products. Normally it usually happens at the gas-solid or 

liquid-solid interface. 

 

This PhD theses mainly addresses two types of heterogeneous reactions: 

the one happens at the interface between gas and solid (chapter 3 and 

chapter 4), and the other occurs between liquid and solid (chapter 5 and 

chapter 6). According to the reaction properties, we tackle these two kinds 

of reactions with different methods. The gas-solid reactions are solved by 

traditional Density Functional Theory (DFT) method; while liquid-solid 

reactions are carried out using ab initio Molecular Dynamics (MD) simulation. 

 

Chapter 1 focuses on the background and theoretical methods applied in 

the projects. In chapter 2, fundamental theories and techniques in this thesis 

are introduced in detail, as well as VASP software packages.  

 

Chapter 3 comprehensively introduces the mechanism of Fisher-Tropsch 

process on stepped Ru(0001) surface. In this part, two most possible 

mechanisms are both discussed: CO insertion and carbide mechanism. 

Additionally, the coverage effect is introduced to acquire more realistic 
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results, based on which we reveal the selectivity, activity and rate-

determined step of Fisher-Tropsch process from syngas to C2 compounds. 

 

Chapter 4 presents the distinct catalytic performances on three different 

types of NiO surface. The methane combustion process is investigated as 

a probe on these surfaces. In this part, activation of methane is studied 

under different coordination environment of Ni2+, such as sheet NiO, cubic 

NiO and octahedral NiO represented by NiO(110), NiO(100) and NiO(111), 

respectively. The mechanism schemes of the pathway are all simulated to 

search the most favorable methane oxidation route. 

 

Chapter 5 presents the calculation on Pt(111)/H2O interface to research the 

preference for CO adsorption in liquid with an advanced Molecular Dynamic 

(MD) approach, namely umbrella sampling. Both the hollow site and the top 

site are simulated for CO adsorption and desorption with free energy 

chemisorption energy obtained. 

 

In chapter 6, the slow-growth (SG) approach and constrained molecular 

dynamics (CMD) are adopted and combined to address the oxygen 

evolution reaction (OER) on the interface between water and IrO2(110) 

surface under electrostatic potential environment. The surface is terminated 

by adsorbed oxygen atoms on the iridium atoms to account for the 

electrochemical potential in experiments. The different reaction pathways 

are discussed to figure out the most possible mechanism. In order to make 

the reaction environment closer to the realistic condition, a constant 

potential model is achieved by correcting constant potential charge via 

workfunction calculations.   



 

VII 

 

CONTENTS 

Acknowledgements .................................................................................................... II 

Publications ................................................................................................................ IV 

Chapter 1 ..................................................................................................................... 1 

General Introduction .................................................................................................. 1 

1.1 Theory of Chemical Reactions ............................................. 1 

1.1.1 The Arrhenius Equation and Transition State Theory ....... 1 

1.1.2 Heterogeneous Catalysis ..................................................... 4 

1.1.3 Heterogeneous Electrocatalysis ........................................ 11 

1.2 Computational Chemistry and Methods ........................... 13 

1.3 Content of This Thesis ....................................................... 14 

Chapter 2 ................................................................................................................... 18 

Theory and Computational Methods ...................................................................... 18 

Abstract ............................................................................................ 18 

2.1 Early Theories of Quantum Chemistry .............................. 18 

2.1.1 The Schrödinger Equation ................................................. 18 

2.1.2 The Many-Body Problem .................................................... 19 

2.1.3 The Hartree-Fock Approximation ...................................... 21 

2.2 The Density Functional Theory .......................................... 23 

2.2.1 The Hohenberg–Kohn Theorems ...................................... 24 

2.2.2 The Kohn-Sham Equations ................................................ 25 

2.2.3 Local (Spin) Density Approximation (L(S)DA) .................. 27 

2.2.4 Generalized Gradient Approximation (GGA) .................... 28 

2.2.5 Advantages and Disadvantages of DFT ............................ 29 

2.3 Applying DFT Calculation in Solids .................................. 30 

2.3.1 Basis Sets ............................................................................ 30 

2.3.2 The Supercell Approach ..................................................... 31 

2.3.3 The Pseudopotential Approximation ................................ 32 

2.3.4 The Projector Augmented Wave Method .......................... 34 

2.4 Some Technique Aspect .................................................... 34 

2.4.1 Geometry Optimization....................................................... 34 



 

VIII 

 

2.4.2 Transition States and the Constrained Minimization Method

 36 

2.4.3 Chemisorption Energies..................................................... 38 

2.4.4 Free Energy and Thermodynamic Corrections ................ 39 

2.4.5 Microkinetic Modelling ....................................................... 40 

2.4.6 Reaction Rate Constant and Rate ..................................... 42 

2.4.7 Steady-State Approximation and Quasi-equilibrium 

Approximation ................................................................................. 44 

2.5 Molecular Dynamics (MD) .................................................. 45 

2.5.1 Classical and Ab Initio Molecular Dynamics ........................ 45 

2.5.2 Umbrella Sampling (US) and Weighted Histogram Analysis 

Method (WHAM) ............................................................................... 48 

2.5.3 Slow-growth Approach and Constrained Molecular 

Dynamics ......................................................................................... 52 

2.6 Van Der Waals (VDW) Interactions .................................... 56 

2.7 Electronic Potential Correction ................................................ 59 

Chapter 3 ................................................................................................................... 61 

A DFT Study towards Fischer–Tropsch Process on the Ru (0001) Stepped 

Surface ....................................................................................................................... 61 

Abstracts .......................................................................................... 61 

3.1 Introduction ......................................................................... 62 

3.2 Methods ............................................................................... 67 

3.3 Results and Discussion...................................................... 73 

3.3.1 The Elementary Reaction Steps in the Fisher-Tropsch 

Reaction on Ruthenium (0001) Stepped Surface and the 

Adsorption Structures of Adsorbates ........................................... 73 

3.3.2.1 Stability Order of Intermediates in all Possible Elementary 

Process ............................................................................................ 80 

3.3.2.3 C1 Reaction Pathways and the Formation of Methane .... 84 

3.3.2.4 C1+C1 Coupling Reactions on the Ruthenium (0001) 



 

IX 

 

Stepped Surface .............................................................................. 86 

3.3.2.5 CHxCHy Hydrogenation Reaction ....................................... 89 

3.3.3 The Possibility of CO-insertion during Fisher-Tropsch 

Reactions at 500 K ........................................................................... 93 

3.3.3.1 CO-Insertion Mechanism Elementary Process ................. 93 

3.3.4 Fisher-Tropsch Elementary Reactions at 425 K with 

Coverage-Dependent Model on Stepped Ru (0001) Surface ....... 97 

3.4 Conclusion ........................................................................ 105 

Chapter 4 ................................................................................................................. 108 

Coordination Number-dependent Catalysis on Transition Metal Oxide by Density 

Functional Theory Method ..................................................................................... 108 

Abstract .......................................................................................... 108 

4.2 Experimental and Computational .................................... 111 

4.2.1 Adsorption Energy and Surface Energy ............................. 112 

4.2.2 Calculation Detail ................................................................. 113 

4.3 Results and Disscussion.................................................. 114 

4.3.1 Surface Structures and Stabilities of Different Facets .. 114 

4.3.2 Oxygen Vacancy Facets Structures and Stabilities ....... 115 

4.3.2 Activities on Stoichiometric and Nonstoichiometric 

Surfaces ......................................................................................... 116 

4.3.3 Reaction Mechanisms of Methane Oxidation on NiO(110)

 119 

4.4 Conclusions ...................................................................... 138 

Chapter 5 ................................................................................................................. 141 

Desorption and Adsorption of CO at the Pt(111)/H2O Solid-Liquid Interface using 

Umbrella Sampling ................................................................................................. 141 

Abstract .......................................................................................... 141 

5.1 Introduction ....................................................................... 142 

5.2 Computational Method ..................................................... 147 

5.3 Results and Discussion.................................................... 151 

5.4 Conclusion ........................................................................ 159 



 

X 

 

Chapter 6 ................................................................................................................. 160 

The Insight into Oxygen Evolution Reactions on IrO2/H2O System under 

Constant Electrode Potential ................................................................................ 160 

Abstract .......................................................................................... 160 

6.1 Introduction ....................................................................... 161 

6.2 Methods ............................................................................. 164 

6.2.1 Calculation Methods ......................................................... 164 

6.2.2 Correction Method ............................................................ 167 

6.3.1 Electrocatalysis of OER without Electrostatic Potential 

Correction ...................................................................................... 175 

Chapter 7 ................................................................................................................. 190 

Conclusions and Outlook ...................................................................................... 190 

Reference  ........................................................................................... 197 

 



 

1 

 

Chapter 1 

General Introduction 

 

1.1 Theory of Chemical Reactions 

1.1.1 The Arrhenius Equation and Transition State Theory 

The reaction rate is a measurement to describe how fast the reactants are 

converting to the products. The Arrhenius equation is used to qualifies the 

reaction rates. For elementary reactions, k  is often defined by Arrhenius 

equation as follows: 

E
( )

( E )
a

a RTk Ae Ae


−

−
= =                   (1.1) 

where A  is the pre-exponential (frequency) factor which denotes an 

empirical relationship between temperature and rate coefficient, Ea  the 

activation energy and R  the molar gas constant. From the Arrhenius 

Equation, the reaction rate constant k is highly sensitive to the activation 

energy Ea ; even a minor difference will lead to a significant change in k . 

For various catalysts, it is of great importance to choose a proper one for a 

specific reaction. Two main factors are improving the reaction rate (reactivity) 

and forming more target products (selectivity). Since the last century, 

numerous ideas [1-3] on reaction activities have been put forward, among 

which transition state theory (TST) has excellent efficiency in explaining the 

chemical reactivity. Transition states theory (TST) was founded by Henry 

Eyring [4] and Evans [5] in 1935 separately. It is also referred to as 

activated-complex theory, absolute-rate theory, and theory of absolute 

reaction rates. The core idea of transition state theory is that a chemical 
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reaction is a process from one local minimum (reactants) to another 

(products), during which it goes through a saddle point (transition state), as 

shown in Figure 1.1 and Figure 1.2. 

 

Figure 1.1 Simple description of a one-dimensional energy landscape. Two curves are the 

energy potential of the initial state (IS) (reactants) and the final state (FS) (products). Both 

of them are local minimums in the curves. The intersection of two curves (saddle point) is 

regarded as the transition state (TS); the difference between IS and TS is the activation 

energy, and between IS and FS the reaction enthalpy. 

 

 

Figure 1.2 Two-dimensional potential energy surface. The potential energy surface, 

obviously, is a saddle surface. The IS and FS are local minimum structures along an axial 
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direction, while the TS is not only a relative minimum along an axial direction but also a 

relative maximum along the crossing axis (along the reaction pathway). The red dot in the 

figure is exactly a TS. 

 

Like Arrhenius equation, Eyring-Polanyi equation was come up by Henry 

Eyring, Meredith Gwynne Evans and Michael Polanyi in 1935. Both Eyring-

Polanyi equation and Arrhenius-equation have similar expression; however, 

they are essentially different: Arrhenius equation is an empirical equation, 

while the Eyring-Polanyi equation is based on the statistical mechanics. The 

general form of Eyring-Polanyi equation is: 

T
oG

B RT
k

k e
h


−

=                        (1.2) 

Where G  is activation Gibbs energy, the Gibbs free energy difference 

between IS and TS;   is the transmission coefficient; Bk  and h  are 

Boltzmann's constant and Planck's constant. Transmission coefficient 

represents how much flux fraction proceeds to FS through TS. 

Therefore, the transmission coefficient  is always equal to 1 for TS without 

recrossing occurring. Then if we hold that 

                   (1.3) 

Then the reaction rate constant can be expressed simplified as 

( )-RT
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Comparing the Eyring-Polanyi equation with empirical Arrhenius equation 

about transition state theory expression, it can be concluded: 

E o o

a T S H =  +                  (1.5) 

T
oS

B R
k

A e e
h



=                      (1.6) 

It is clear that activation energy Ea  mainly relates to activation enthalpy

oH  ; and the pre-exponential factor is determined activation entropy 

oS  . Therefore, once the activation enthalpy is calculated by the first-

principle theory, other relative properties can be obtained as well, which 

facilitates the understanding of chemical reactivities.  

 

1.1.2 Heterogeneous Catalysis 

Catalysis is a very ancient subject which has already aroused humans’ 

interests. Tens of thousands of years ago, Chinese alchemy, tried to find out 

magic drug to help emperor live longer by transmuting base metals into gold, 

which is funny behaviors in modern science. Modern concept of catalysis 

was come up by I. Chorkendorff, J. W. Niemantsverdriet [6], and that book 

“introduces catalysis from a molecular perspective, and stresses how it is 

interwoven with the field of reaction kinetics.” Besides, author [6] discussed 

the different scales(from nano- to micro and then to macro-) that influenced 

the catalysis process and explained “how the real world of industry is 

connected”, and how processes occurred such as “gas-to-liquids, coal-to-

liquids, biomass conversion and hydrogen production.” In the last few 

centuries people generally started to understand catalysis concept. 

Between 1880s and 1890s, Wilhelm Ostwald, a German chemist, defined 

the rate of chemical reaction after investigating into acids and bases 
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catalyzed reactions systematically, and proposed that a catalyst is 

substance that can accelerate the rate of chemical reaction rather than part 

of the products [7]. After mid-1920s, it was feasible to study of catalytic 

mechanisms basing on the adsorption isotherm of Langmuir (1915) [8] 

which described adsorption by assuming an adsorbate behaves as an ideal 

gas at isothermal conditions; the desorption is a reversible process. Then 

the kinetic formalism of Langmuir–Hinshelwood (LH) kinetics(1927) (1927) 

[8] is the most commonly used kinetic expression to explain the kinetics of 

the heterogeneous catalytic processes. Meanwhile the advent of 

spectroscopy and more sophisticated experimental techniques to 

investigate catalyst and reaction characterization make it possible to 

observe catalytic reactions at the microscopic level. 

 

As is known that catalysis is a process of increasing the reaction rate of a 

chemical reaction by adding a species named catalyst. The presence of 

catalyst can accelerate the reactions because it provides an alternative way 

with lower activation energy than non-catalyzed mechanism as shown in 

Figure 1.4. Catalysts are not consumed in catalyzed reactions, which can 

promote the reaction process continuously. Therefore, catalysts alter the 

reaction rate in many cases with a small amount of catalyst.  

 

According to the nature of catalysts, catalytic reaction can be categorized 

into three types: 

1. Homogeneous catalysis: both catalysts and reactants are in the same 

phase during the reaction (i.e. gas phase or liquid phase) 

2. Heterogeneous catalysis: catalysts are in the different phase from the 

reactants or products (i.e. reactants catalyzed by solid or reactions 
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happen at the interface) 

3. Biocatalysis: natural catalysts, such as enzymes, performing chemical 

transformation on organic compound. 

 

In this chapter, we focus on the heterogeneous catalysis process. As the 

name indicates, homogeneous catalyst exerts catalytical effects in the same 

phase with reactants; while heterogeneous catalyst in the different physical 

state from reactants. Heterogeneous catalysis exerts great impacts on the 

industry, which provide a faster, larger-scale and more selective products 

[9]. It is reported that 90 percent of chemicals (by volume) is produced with 

solid catalysts [10]. The heterogeneous catalysis usually concerns the solid 

catalysts and gas reactants or reactants in the liquid phase. In this case, a 

series of adsorption, desorption and dissociation process occurs on the 

surface of the catalyst. It is universally acknowledged that adsorption is a 

vital and necessary process in heterogeneous catalysis, during which 

molecules in the gas phase or solvent bind to solid surface or liquid interface 

atoms. The adsorbate is the reactant, and adsorbent is the catalyst. A 

summary of several early breakthroughs in recent decades is shown in 

Figure 1.3. The contribution of pioneers like Davy, Faraday, Kirchhoff and 

Ostwald [11, 12]. 

 

Nowadays, two main mechanisms are applied to describe bimolecular 

surface reactions for A B C+ →  [10]:   

(i) Langmuir-Hinshelwood mechanism: A and B as reactants both 

adsorb to the catalytic surface firstly; then they combine to form 

product C.  

(ii) Eley-Rideal mechanism: Only one of the reactants A adsorbs to the 
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catalytic surface without B adsorbing in this mechanism. Then 

adsorbed A reacts with B in the gas or liquid phase to form product 

C. 

 

It was impossible to acquire the image of surface process at atomic level 

because of lacking modern techniques until surface science emerging 

around 50 years ago [13-15]. Since then, research about the mechanism of 

heterogeneous catalysis stepped into a new era of exploration and 

discovery. With surface science technique, detailed electronic properties 

were obtained; it promotes the understanding of the heterogeneous catalytic 

process in atomistic levels.  
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Figure 1.3 A timeline summarizing serval of the significant developments in the field of 

catalysis from 1814 to 1925. 

 

Several technique methods were applied to uncover the geometry, 

electronic structure and properties: low energy electron diffraction (LEED) 

spectroscopy [16], temperature-programmed desorption (TPD) [17, 18], 

scanning tunneling microscopy(STM) [19], atomic force microscopy 

technique (AFM)[20] and high-pressure X-ray photoelectron spectroscopy 

(HPXPS) [21]. Low-energy electron diffraction (LEED) is a technique to 
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determine surface structure of single-crystalline materials by bombardment 

with a collimated beam of low energy electrons (from 20 to 200 eV) [22] and 

observation of diffracted electrons as spots on a fluorescent screen. The 

temperature-programmed desorption (TPD) technique is often applied to 

monitor surface interactions between adsorbates and substrate surface. It 

depends on temperature varied during the processes with different 

activation parameters, such as activation energy, rate constant, reaction 

order and Arrhenius pre-exponential factor. An ultra-high vacuum (UHV) 

chamber and a quadrupole mass spectrometer is required to provide a 

reliable result and estimate several important kinetic parameters [23]. A 

scanning tunneling microscope (STM) is a tool for imaging surfaces at the 

atomic level. STM detects the surface with an extremely sharp conducting 

tip which can distinguish surface structure smaller than 0.1 nm with a 0.01 

nm (10 pm) depth resolution [24]. Atomic force microscopy is a kind of 

scanning probe microscopy facilitate. It uses piezoelectric elements to 

detect tiny but accurate and precise movements on (electronic) command 

in order to achieve a precise scanning, whose resolution on the order of 

fractions of a nanometer, more than 1000 times better than the optical 

diffraction limit [25]. XPS belonging to the family of photoemission 

spectroscopies, it works via electron population spectra which is obtained 

by irradiating a material with a beam of X-rays. Basing on the photoelectric 

effect, surface-sensitive quantitative is achieved, then it can identify the 

elements existing in one material or covering its surface, as well as their 

chemical state, and then the overall electronic structure and density of the 

electronic states in the material [26, 27]. All these techniques could only give 

us a relative picture of adsorbed molecules and surface structure without 

any evidence of reaction mechanisms [28, 29]. Additionally, it was based on 

the idealized “single-crystal” surface that these investigations were carried 

out under ultra-high vacuum (UHV) condition. With complexities of 



 

10 

 

researches increasing, like solvent reactions occurring on the liquid-solid 

interface, UHV conditions are not suitable to these processes to reveal the 

atomistic structures of intermediates, free energies and reaction kinetics 

[30-32].  

 

Confronted with bottlenecks of techniques, the theoretical methods were 

developed to solve the issue and assist in understanding the reaction 

mechanisms, such as density functional theory (DFT), and molecular 

dynamics (MD) approaches. Comparing with LEED, TPD, STM techniques, 

these theoretical calculation methods can not only provide the geometric 

structures and accurate energies but also reveal the reaction intermediates 

and transition states along reaction pathways. With MD approaches, it is 

realistic to obtain these properties even on the liquid-solid interface, which 

is impossible for experimental surface science techniques up to now. But 

overall, it is very efficient to combine the experimental surface science and 

computational theoretic methods to sketch the heterogeneous reaction. It 

worth noting that Molecular Dynamics (MD) plays an important role in the 

thesis, which couples with Density Functional Theory (DFT), to calculate the 

dynamics and energetics of reacting system, especially involving the 

interface between liquid water and solid phase at the atomic level. 
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Figure 1.4 Schematic representation of energy profile for a reaction between reactants A 

and B formatting a production C. The black line represents the non-catalyzed process, 

while the red line is the catalyzed process with the intermediate production X. 

 

1.1.3 Heterogeneous Electrocatalysis 

Electrochemical reactions always occur with electron transfer between the 

solid catalysts (typically a metal or metal oxidation) and electrolyte, which 

can be a liquid solution but also a polymer or ceramic with ionic conduction 

capability. The reaction kinetics relies on both the catalyst and electrolyte as 

well as the interface property between them. In order to improve the reaction 

activity, it is common to modify the electrocatalysts by alloying two or more 

metals. Moreover, higher reaction rates can be achieved by rearranging the 

surface atom precisely. For nanometric system, the available reactive site 

is another important influence because exposed reaction site on the surface 

can help estimate the electrocatalytic activity. Nowadays, advanced 

technologies make it possible to design the desirable crystal surface 
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exposed to the reactants and maximize site efficiency [33].  

 

Quantum mechanical (QM) simulations have been extensively employed to 

study the catalytic reaction mechanism. Firstly, QM methods generally 

assume that catalyst is usually at neutral charge to achieve the calculation 

simplicity; to simulate more realistic reaction conditions, charge-induced 

model is established to compensate the charge effect with grand canonical 

density functional theory; in our work, an advanced simulation arise, 

consider not only charge effects but also solvent effect in the model to study 

the one of the most important electrocatalysis process Oxygen Evolution 

Reaction (OER). Figure 1.5 illustrates the development of electrocatalysis 

simulation process [34]. 

 

 

Figure 1.5 Schematic illustration of decomposing adsorption free energy. Gray rectangles, 

blue rectangles, and navy dots represent catalysts, solutions, and adsorbates, respectively. 

Reprint from Reference [34],© 2018 Journal of the American Chemical Society. 
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1.2 Computational Chemistry and Methods  

A salient trend in chemistry research over the last decade is the rapid 

expansion of Computational chemistry. The history of computational 

chemistry began in the late 1920s, then the book written by Linus Pauling 

and Edgar Bright Wilson improve influence on computational quantum 

chemistry [35, 36]. With the development of efficient computer technology 

in 1950s, semi-empirical atomic orbital calculations were performed, 

especially a major advanced method Linear Combination of Atomic Orbitals 

Molecular Orbitals ("LCAO MO" approach) [37]. The calculation methods 

which were applied in computational chemistry have been improved 

dramatically, such as ab initio methods, Density Functional Theory (DFT) 

and Molecular Dynamics (MD).  

 

Ab initio method doesn’t include any empirical or semi-empirical parameters 

in their equation to solve molecular Schrödinger equation; therefore, all 

results directly obtained from theoretical principle. However, it doesn’t imply 

the solution is an exact one; it means the particular approximation is 

rigorously defined on first principle whose error margin is qualitatively 

predicted beforehand. 

 

Density Functional Theory (DFT) method is often regarded as an ab initio 

method to determine the molecular electronic structure, even if some 

functions applied in the calculation are derived from empirical data or more 

complex calculation. The energy obtained via DFT method is total energy, 

which is expressed in the total one-electron density instead of wavefunction. 

To solve Schrödinger equation, DFT method adopts Hamiltonian 

approximation and total electron density expression approximation. DFT is 
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praised as an accurate method at the cost of small amount of computation 

resource.  

 

Molecular Dynamics (MD) is to solve Newton's laws of motion to monitor the 

time-dependent system behaviour by either using quantum mechanics (QM) 

or molecular mechanics (MM) or a mixture of them to obtain the forces. The 

result of MD simulation is a reaction trajectory describing the position and 

velocity change of particles in the system. 

 

In this thesis, these three approaches are mainly adopted to investigate a 

series of heterogeneous chemical reactions and to explain experimental 

phenomena. 

 

1.3 Content of This Thesis 

The main concern of this thesis is to understand the reaction mechanism of 

heterogeneous with theoretical methods. In the following parts, I will present 

the work on the heterogeneous catalytic reaction in my PhD period, both on 

gas-solid surfaces and liquid-solid interfaces. 

 

Chapter 2. All methods and fundamental theories applied in this thesis will 

be introduced detailly, as well as VASP software package. Early theories of 

Quantum chemistry has been clearly illustrated including Schrodinger 

equation [38], many-body problem and Born-Oppenheimer approximation 

[39] as well as density functional theory. We explained the Hohenberg-Kohn 

theorems to help understand the concept of ground state density and total 

energy of a system [40], Kohn-Sham equations to simplify the many-
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electron wavefunction to a single Slater determinant of one electron 

wavefunction [41]. Some approximation methods like local (spin) density 

approximation (L(S)DA) [42, 43] and generalized gradient approximation 

(GGA) [44, 45] were introduced in next chapter, both of which were 

acknowledged as efficient and accurate method in modern calculation field. 

Additionally, we described how to apply DFT calculation method to solving 

solid surface problem. Several concepts were interpreted to deal with solid 

surface, such as basis sets, supercell, pseudopotential and projector 

augmented wave. All of these great ideas and method balanced the 

computational costs and results accuracy, and greatly boost heterogeneous 

catalysis in theory. In the aspect of calculation technique, the most useful 

method and their simulation mechanism were simply and clearly reviewed. 

To optimize structure geometries, methods like quasi-Newton algorithm [46] 

and conjugate-gradient algorithm [47] were come up to search the local 

minimum on the potential energy surface. Similarly, constrained 

minimization method [48], as well as other methods, was put forward to 

search the saddle point of the targeted chemical species on the potential 

energy surface. But all these calculated energies were obtained under zero 

kelvin, which is defined as total energy. To compare the theoretic value with 

experimental results, thermodynamic corrections were taken into 

consideration, including zero-point energy (ZPE), thermal energy and 

entropy energy. Microkinetic modelling [49, 50] became a bridge between 

calculation and experiment, which could predict reaction mechanisms, 

reaction rates, surface coverages, activities, selectivities. Another 

improvement was to simulate reaction occurring on the interface between 

liquid and solid, which is based on advanced molecular dynamic(MD) 

method like slow-growth(SG) [51], constraint MD [52], and umbrella 

sampling(US) [53]. 

 



 

16 

 

Chapter 3. The mechanism of Fisher-Tropsch process on stepped Ru (0001) 

surface will be discussed comprehensively. In this part, the differential 

chemisorption energy is calculated to simplify the following energy 

comparison. DFT with van der Waals interaction is applied for these 

calculations work. Two probable mechanisms are both discussed: CO 

insertion and carbide mechanism. At last, the coverage effect is also 

introduced to obtain more realistic results, based on which we reveal the 

selectivity, activity and rate-determined step of Fisher-Tropsch process from 

syngas to C2 compound.  

 

Chapter 4. The distinct difference catalytic performances on three different 

types of NiO surface will be present during the simulation of the methane 

combustion process in Chapter 4. In this part, activation of methane is 

studied under different coordination environment of Ni2+, such as sheet NiO, 

cubic NiO and octahedral NiO represented by NiO(110), NiO(100) and 

NiO(111) respectively. The mechanism schemes of pathways are all 

obtained to search the most favorable methane oxidation route. 

 

Chapter 5. Based on DFT method, the site preference for CO adsorption is 

investigated at liquid water and Pt (111) interface with an advanced 

Molecular Dynamic (MD) approach, namely umbrella sampling. Both hollow 

sites and top sites are simulated for CO adsorption and desorption with free 

energy chemisorption energy obtained. 

 

Chapter 6. Slow-growth (SG) approach and constrained molecular 

dynamics (CMD) are adopted to address the Oxygen Evolution Reaction 

(OER) on IrO2 (110) surface under electrostatic potential environment. 
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Considering the experiment electrochemical potential, the surface is 

terminated by adsorbed Oxygen atoms on the Iridium atoms. The different 

reaction pathways are discussed to figure out the most probable mechanism.  
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Chapter 2 

Theory and Computational Methods 

 

Abstract  

In this chapter, we concentrate on the underlying theory and theoretical 

simulation techniques applied in projects. Firstly, the quantum-chemical 

theories, especially density functional theory (DFT) and molecular dynamic 

(MD), are introduced with their history and development. The main 

approaches of DFT are discussed to explain how to make our model simple 

and calculation efficient. The supercell approach and k-points sampling are 

introduced as good approximations, which help us to establish the solid 

surface model. Secondly, other approximations, such as pseudopotential 

approximation and the projector augmented wave (PAW) method, are also 

described in this chapter, which helps to choose a better method before 

simulations. In the third part, ab initio MD and other advanced MD 

approaches, such as umbrella sampling (US) approaches, slow-growth (SG) 

methods and constrained molecular dynamics (CMD), are presented with 

their advantages and disadvantages mentioned. In the final section, several 

technique issues of simulations are discussed. 

 

2.1 Early Theories of Quantum Chemistry 

2.1.1 The Schrödinger Equation  

The Schrödinger Equation is an equation that describes the wave function 

or state function of a certain quantum-mechanical system [38]. This 
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equation is named after Erwin Schrödinger, who firstly postulated it in 1925 

and published it in 1926 [54]. It is universally acknowledged that the 

Schrödinger Equation exerts significant effects on electronic structure 

description: 

E =                            (2.1) 

Where  is the Hamiltonian operator;  is wavefunction of the system, E

is the corresponding eigenvalue of that equation representing the system 

energy. The Hamiltonian operator can be written by two terms, the potential 

energy and kinetic energy: 

2
2

2
V

m

−
 =  +                       (2.2) 

Where  is 
2

; m is mass; V is potential energy; and  is a symbol of 

Laplace operator: 

2 2 2
2

2 2 2x y z

  
 = + +

  
                  (2.3) 

Herein, x, y and z are positions of three-dimension Cartesian coordination. 

 

Considering the complexities of all related terms, Schrödinger Equation can 

only be solved for very simple systems like hydrogen atom and 2H +

molecular ion. To address more complex system, numerical approaches are 

introduced to combine with the Schrödinger Equation. 

 

2.1.2 The Many-Body Problem 
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The many-body problem is a problem concerning many interactive particles 

in one microscopic system, where quantum mechanics is necessary to be 

adopted. In quantum chemical system, the interaction between particles 

includes electron-electron interaction, electron-nuclei interaction and many 

other cross interactions. It is impossible to achieve an exact and precise 

calculation. The Born–Oppenheimer approximation [55] is used to simplify 

the Schrödinger Equation by assuming that the nuclei are static and 

electrons are in the ground state because of the electrons in molecules and 

solid move much faster than nuclei at any instant time. That is to say, the 

system can be regarded as frozen nuclei with surrounding electrons moving 

at ground state, and the total Hamiltonian operator can be separated to 

nuclei part terms and electron terms: 

n e nn ne eeV V V = + + + +                   (2.4) 

Where n  and e  are kinetics operators of nuclei and electrons 

respectively; nnV  , neV  and eeV  represent the potential operators of 

Coulombic interaction of nuclei-nuclei, nuclei-electrons and electrons-

electrons. 

 

With Born–Oppenheimer approximation, the Schrödinger equation can be 

written to nuclei part and electron part: 

, ,n er R R r R( ) =  ( ) ( )                     (2.5) 

Where n R ( ) is the wavefunction describing nuclei, and it only relates with 

nuclei position R  ; while (r,R)e  is the wavefunction describing the 

electrons, and it relates not only nuclei position R but also electrons position
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r . Similarly, the Schrödinger equation is applied to solve electronic energy 

and nuclei energy again: 

(r,R) (r,R) (r,R)e e e eE  =                    (2.6) 

(R) (R) (R)n n n nE  =                     (2.7) 

Where eE is electronic energy; nE represent nuclei energy. The total energy 

of the system, therefore, can be summarized with total electronic energy 

and nuclear-nuclear energy interactions: 

total electronic nuclear nuclearE E E −= +                  (2.8) 

 

2.1.3 The Hartree-Fock Approximation  

Although nucleus and electrons wavefunction are separated according to 

Born–Oppenheimer approximation, it still remains difficulties to solve 

Schrödinger equation because of too many electrons in a system. Hartree 

proposed Hartree method in 1928, which he called as self-consistent field 

method, to simplify the wavefunction description and energy calculation of 

atoms and ions [39]. In Hartree method, the electron motions are 

approximately independent for a stable molecule or atom; every electron 

moves in the electronic field formed by nucleus and other electrons; each 

electron state can be described by corresponding single-electron 

wavefunction and the total electron states are obtained by simply multiplying 

all sing-electron wavefunction together. In other words, wavefunction of an 

n-electron system can be treated as a simplified system of n single electron 

wavefunction: 

 1 2(r ) (r ) (r )r n n( ) () () ( ) =                    (2.9) 
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While in 1930, Slater [56] and Fock [57] pointed out that Hartree neither 

obeyed the wave function anti-symmetry principle nor took spin situation 

into consideration. Then they put forward a method to better describe the 

electronic wavefunction of a system, namely Hartree-Fock approach. 

Herein, the method regards electrons as fermions, i.e. two electrons can’t 

be located in the same quantum state following the Pauli exclusion principle. 

Electron 1 occupies 1  with spin   ; electron 2 occupies 1   with spin 

  ,and so forth. To satisfy the anti-symmetry principle at the same time, 

Slater determinant is used to representing the wavefunction of the N-

electron system as follow: 

1, 1, N,

1, 1, N,

1, 1, N,

(1) (1) (1)

(2) (2) (2)1

!

(N) (N) (N)

HF
N

  

  

  

  

  
 =

  

            (2.10) 

Where the columns are single wavefunctions and the rows are electron 

coordinates. In line with our mathematics knowledge, the sign of Equation 

(2.10) will change when we exchange any two rows or columns, which 

guarantees the anti-symmetry principle. Besides, Equation (2.10) also 

assure us that two different electrons won’t occupy the same electron state 

owing to two equivalent rows or columns resulting in the value of 

determinant zero.  

 

In summary, the Hartree-Fock algorithm, based on five essential 

simplifications, makes it possible to solve the many-body problem. Five 

major approximations are listed as follow: 
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(1) The Born-Oppenheimer approximation is an assumed itself. The 

wavefunction of a molecule includes not only electrons but also nucleus 

in the system. 

(2) All relativistic effects are neglected in the approximation. The 

operators applied in are all non-relativistic.  

(3) The solution is assumed to be a linear combination of basis function 

which should be orthogonal. 

(4) The energy eigenfunction is assumed obtained by a single Slater 

determinant, in other words, one-electron wavefunction with anti-

symmetry characteristic. 

(5) The electron correlation effects are neglected in the Hartree-Fock 

method since the approximation is used in a mean-field environment.  

 

Due to most significant approximation, the last one of the Hartree-Fock 

method, it leads to large deviations from experiment results to calculation 

results. The correlation effects, therefore, is defined as: 

exact HF correlationE E E− =                 (2.11) 

In some situations, the Hartree-Fock method can be substituted by density 

function theory, which can take consideration of both exchange and 

correlation energies in the meanwhile.  

 

2.2 The Density Functional Theory  

In 1960s, density functional theory (DFT) was developed as an alternative 

of the Hartree-Fock method with lower computational costs. This method 

determines the properties of a many-electron system by using the 
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functionals of the spatially dependent electron density in the replacement of 

wavefunctions. It can be traced back to the Thomas-Fermi model [42, 58] in 

1927, which assumed an approximately uniform distribution of electrons in 

an atom. However, this model still has the errors in the exchange energy 

and neglects the electron correlation. The density functional theory was built 

a firm theoretical foundation with the publication of the Hohenberg-Kohn 

theorems [40]. 

 

2.2.1 The Hohenberg–Kohn Theorems 

In the 1960s, a method named density function theory (DFT) was developed 

to calculate the total energy of a system with both exchange and correlation 

considered. Pierre Hohenberg and Walter Kohn [40] demonstrated the 

ground state electronic energy was determined by electronic density (r )

in 1964. Two main theorems are proposed in that paper: 

Theorem 1: The external potential (r)extV and the obtained total energy totalE , 

are functional of the electron density (r ) . 

Theorem 2: Only the density is ground state density, the system energy 

reaches the lowest energy, which means any other energies with random 

density of the system is larger than energy with ground-state density. 

[ (r)] [ (GS GS GSE E r  )                   (2.12) 

The subscript GS is the abbreviation of the ground state; [ (r)]GSE  is system 

energy calculated by random density; while [ (GS GSE r )  is the minimum 

energy due to the density state reaching ground state. To make following 
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expression more simply, the subscript GS is omitted; therefore, the energy 

function, with the Born–Oppenheimer approximation can be expressed as: 

[ (r)] [ (r)] [ (r)] V [ (r)]ee enE T V   = + +             (2.13)               

Where [ (r)]T   , [ (r)]eeV    and [ (r)]enV    represent kinetic, electron-electron 

and electron-nuclear energies respectively. If we separate out the energy 

intrigued by interaction between electrons and external potential, total 

energy is shown below as a function of electron density: 

[ (r)] [ (r)] (r) V ( )

[ (r)] [ (r)] (r) V ( )

HK ext

ee ext

E F r dr

T V r dr

  

  

= +

= + +




            (2.14) 

 

2.2.2 The Kohn-Sham Equations 

According to the Hohenberg–Kohn Theorems, if we want to get the total 

energy, we are supposed to find the ground state density of system firstly; 

however, the relation remains unknown between density and energy. Kohn-

Sham, put forward a method in 1965 [41], based on one-electron 

Schrödinger equation, to determine the density   , which self-consistent 

equations including exchange and correlation effects. The primary equation 

derived by Kohn-Sham is as (2.15). This equation greatly reduces the 

complexity of many-electron wavefunction to a single Slater determinant of 

one electron wavefunction. 

2
2

eff( ( )) ( ) ( )
2

i i ir r r
m

   −  + =               (2.15) 
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Where eff ( )r  is called Kohn-Sham potential, representing the effective 

external potential in which the no-interacting particles move. ( )i r is Kohn-

Sham orbital function; and the value i is the eigenvalue of corresponding 

Kohn–Sham orbital, representing the energy of that orbital. The electron 

density can be calculated with the following equation:  

1

( ) ( )
N

i

i

r r 
=

=                      (2.16) 

N is electron number in the system. And eff ( )r expression can be written 

as:  

2

eff eff

(r')
( ) ( ) e ' (r)

'
xcr E r dr V

r r


 = + +

−           (2.17) 

The total energy with Kohn-Sham external potential is expressed as 

Equation (2.18): 

effE( ) T( ) E ( ) ( ) ( ( )ee XCr r dr V     = + + ) +       (2.18) 

In that expression, T( )  is kinetic energy of non-interactive electrons; 

E ( )ee  is the interaction energy between electrons and electrons; eff ( )r is 

external potential as previously defined; ( )XCV  is the exchange-correlation 

potential, expressed as: 

( )

(

xc
xc

E
V

r

 


=

)
                      (2.19) 

 

( )xcE  is constituted by four terms：the Coulomb functional, the Exchange 

functional, the Correlation functional and the Kinetic functional. It is 
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inevitable to introduce the approximation since some component parts of 

DFT can never be known exactly. So a good approximation of ( )xcE   term 

leads to an accurate and efficient method, such as Local Density 

Approximation (L(S)DA) and the Generalized Gradient Approximation 

(GGA), both of which have been universally acknowledged in modern DFT 

researches. 

 

2.2.3 Local (Spin) Density Approximation (L(S)DA)  

Local spin density approximation (L(S)DA) is one of the simplest 

approximations which can provide a quite accurate exchange-correlation 

function. This method was proposed in Kohn-Sham’s paper[41] but tracked 

back to the Thomas-Fermi model [42]. The L(S)DA assumes that the density 

is regarded homogeneous everywhere. In other words, exchange-

correlation energy with LSDA and LDA can be written as:  

S ( ( ) ( ( ( )dr;

( ( ) ( ( ( )dr

L DA

xc xc

LDA

xc xc

E r r r r

E r r r

   

   

 
) = )  )

) = ) )




             (2.20) 

Where ( ( )xc r  )  represents the exchange-correlation energy of each 

particle. This approach, therefore, describes molecules, geometries and 

vibration frequencies well [59] but is poor at predicting bonding energies 

(more than 10%).  

 

Additionally, to better understand, it can be separated into two parts: 

exchange term and correlation term, respectively. 

xc x cE E E= +                       (2.21) 
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xE  is relatively easier to be solved than cE  . The exchange energy, also 

called Dirac exchange can be expressed as the following formula:  

1
4

3
3

3 3
( ( ) (

4
xE r r dr 



 
) = − ) 

 
             (2.22) 

However, the explicit equation to describe correlation energy hasn’t been 

proposed till now. cE  is constructed from quantum Monte Carlo (QMC) 

simulations of Jianmin’s group [60]. 

 

2.2.4 Generalized Gradient Approximation (GGA) 

L(S)DA has the tendency to underestimate the exchange energy and 

overestimate the correlation energy [43] because of homogeneous density 

assumption. The density gradient is introduced to compensate for the error 

caused by non-homogeneity of real electronic density. Generalized Gradient 

Approximation (GGA), including not only density, but also gradient density 

to describe the xE  , improves the result of molecular geometries and 

ground-state energies. The expression is referred as with spin:  

( ( ) ( ( ( , )drGGA

xc xcE r r r r r r   
   

) = )    )              (2.23) 

With the development of theoretic theory improved, several GGA-functions 

are expanded in reducing the error, such as PBE [45] and PW91[44]. With 

GGA, we can correct the underestimations, to some extent. But there exists 

some other weakness, like overestimation of heaviest elements lattice 

constant and underestimation of band gap. Weighing the cost of CPU time 

and balancing the accuracy of results, Perdew-Burke-Ernzerhof (PBE) 

method [61-65] with GGA-functional is regarded the most suitable electronic 
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structure calculation function approach, which has been applied throughout 

in the whole thesis projects.  

 

2.2.5 Advantages and Disadvantages of DFT 

Advantages:  

(1) DFT provides first principle theory or Ab initio calculations framework, 

with which we develop and expand other advanced simulation methods, 

such as molecular dynamics method, umbrella sampling simulations. 

(2) DFT is more efficient in searching geometries, calculating vibration 

frequencies and energies even on transition metal compounds, which is 

difficult for Ab initio calculation to deal with the numerous of electrons in 

the system.  

(3) DFT method is based on the electronic density; it is more acceptable 

than wavefunction to give a clear physical meaning. 

 

Disadvantages: 

(1) The exchange-correlation function ( ( )xcE r )  is still unknown that no 

mathematics method can improve the existing method. 

(2) The bandgap obtained by DFT is always underestimated because the 

ground state theory makes it less suitable for the unoccupied excited 

state with higher energy. 

(3) To improve the approximation better, some functions are related to 

experimental data to fit the calculation and experiment better, which, to 

some extent, make DFT semi-empirical approach. 
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(4) Limitation on huge systems like nanomaterials and biological systems 

still require to develop new auxiliary methods to facilitate the calculation. 

 

2.3 Applying DFT Calculation in Solids  

The Kohn-Sham equations represent us an overview understanding of a 

system of many electrons. It can successfully model simple systems with 

many electrons in a finite space; however, it is still impossible to tackling the 

infinite number of non-interaction electrons motion in certain potential. 

Hence, a finite presentative basis set is very essential to describe infinite 

large-scale space, which is regarded as the composition of numerous 

repeated periodical unicell in three-dimensional space. 

 

2.3.1 Basis Sets 

A basis set is a set of functions (also called basis functions) to represent the 

electronic wavefunction in the Hartree-Fock method or density functional 

theory. The basis set consists either atomic orbital, a very famous one called 

a linear combination of atomic orbitals (LCAO), or plane waves (often 

applied in solid-state). Plan waves basis set was applied in my work, 

because it is guaranteed to converge in a smooth, monotonic manner to the 

target wavefunction and operations are much easier to program and carry 

out with plane-wave basis functions than with their localized counterparts. 

For example, the kinetic energy operator is diagonal in the reciprocal space. 

Integrals over real-space operators can be efficiently carried out using fast 

Fourier transforms, the general expression as Equation (2.24). 

max

(( ), )

, k( ) ,
G G

i k G r

i k i

G

r c Ge


+ =                    (2.24) 
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Here, 
, ( )i k r   is Fourier Series expansion expression; kic   presents 

Fourier coefficients, which is stored on regular grid of G; highly efficient FFT 

algorithms can easily to transform between r-space and G-space 

representations. 

 

2.3.2 The Supercell Approach 

In a real system, a large number of electrons move in the surface and 

interface. But it is really difficult to calculate such a large number of electrons 

with wavefunction available now. Bloch’s Theorem [66] regards a large 

system can be separated into quantities of small unit cells and then replace 

by that finite cell unite in three-dimension. The periodic problem can be 

solved by Bloch’s Theorem as well. 

) e (r)ik rr u( =                        (2.25) 

       (r) (r )u u l= +                        (2.26) 

Where r   is position;    is Bloch wave; (r)u  is a periodic function; l  

represents the unit cell length; k  is the crystal momentum vector in the first 

Brillouin zone(BZ) of the reciprocal lattice; e  is Euler's number, and i  is 

the imaginary number. If we expand the periodic function with Fourier series, 

we can obtain: 

,

,(r) iG r

i G

G

u C e=                    (2.27) 

where G   is the reciprocal lattice vector. Hence, the electronic wave 

functions can finally be written as: 

( ),

,k(r) i k G r

i G

G

u C e +

+=               (2.28) 
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Then it can cause deformation to many trigonometric functions 

( cos sinixe x i x= + ), which is called the plane-wave basis set. This kind of 

plan wavefunction can be applied in the periodical system with assist of fast 

Fourier transformation (FFT) to simply describe the periodic solid from real 

space to reciprocal space. In the DFT calculation, we can enlarge the K-

point sample to improve the accuracy of reciprocal space calculation at the 

cost of computational resource consumed. Therefore, before simulation 

start, it is necessary to find out a proper supercell, which is big enough to 

avoid the lateral interaction but not too big to save computational cost since 

the calculation of vacuum is as expensive as calculation atoms. Number of 

K-points also depends on the smearing method in use. The standard 

method is the Monkhorst-Pack grid method [67]. In thesis, the K-points is 

adopted by Material Studio software, and test is caried out and good enough 

for results. It is wise to maintain a balance between absolute accuracy and 

resources. 

 

2.3.3 The Pseudopotential Approximation  

From Bloch’s theorem, wavefunction can be expanded with planewaves. 

The valence electrons wavefunctions always oscillate fast frequently near 

the core space because of strong ionic potential (as shown in Figure 2.1). 

To obtain a more accurate result, a huge number of plane waves (over 

10000 perhaps) are required to describe that tightly bound core orbitals, 

which is very expensive. 

 

To reduce the cost and improve calculation accuracy, the pseudopotential 

approximation[68] is explored to address this tough problem. It is valence 

electrons rather than core electrons that play a vital role in the physical 
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properties. The pseudopotential, as an effective potential, replaces the 

atomic all-electron potential (full-potential) with valence electrons (core 

electrons frozen) representing the pseudo-wavefunction. This 

approximation greatly reduces nodes of the wavefunction. As shown in 

Figure 2.1, the pseudo-wavefunction and all-electron wavefunction are 

identical, as well as their potentials when radius over the chosen core cut-

off radius cutr . It is worth emphasizing that pseudopotential approximation 

reduces the size of basis set and number of electrons in the calculation but 

still keeps the relativistic and other effects, which exerts great effects on 

balancing the computational costs and results accuracy. 

 

 

Figure 2.1 A figure about real wavefunction (solid line) and pseudopotential wave function 

(dash line), as well as their potential and pseudopotential respectively. The radius 

represents the dividing line, after which the real all-electron and pseudo-electron potentials 

match well. 

 

The planewave cutoff energy, a very important parameter in DFT calculation, 

is usually related to the type of atoms (pseudopotentials). The value of cut 
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off energy is determined by the maximum enquired value in the whole 

system. To ensure the calculation accuracy, the cut off energy is 450 eV for 

electronic static calculation and 380 eV for MD simulation (with 

consideration of calculation resource).   

 

2.3.4 The Projector Augmented Wave Method 

In Ab initio calculation, the projector augmented wave method (PAW) is 

adopted in electron structure calculations [69, 70]. This technique is a 

generalization of pseudopotential and liner augmented-plane-wave-method, 

which promotes the efficiency of DFT calculation. The disadvantage of 

valence wavefunction is rapid oscillation near ion core, which require many 

Fourier components (or a very fine mesh by grid-based method) to describe 

the wavefunctions accurately. The PAW method can tackle this difficulty by 

transferring the rapid oscillation wavefunction to a smooth wavefunction, 

which is much easier to solve.  

 

2.4 Some Technique Aspect 

2.4.1 Geometry Optimization 

In computational chemistry field, geometry optimization (also called energy 

minimization or energy optimization) is a stationary point on the potential 

energy surface (PES) searched by some chemical bonding computational 

model, whose net inter-atomic force on each atom is supposed to be zero. 
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Figure 2.2 A simple introduction of the potential energy surface. It marks minima (like 

reactant and product), transition states, a second-order saddle point, reaction pathways 

and valley-ridge inflexion point on the PES figure. Reprint from published literature [71]. 

 

The physical meaning of geometry optimization is that the structures with 

the minimum energy in the PES are always corresponding to the natural 

substance, some of which can be applied in other fields both experimentally 

and theoretically, such as thermodynamics, chemical kinetics, spectroscopy 

and others. There are two commonly used optimized methods in the modern 

theoretical calculations: quasi-Newton algorithm [46] and Conjugate-

gradient (CG) algorithm [72]. The quasi-Newton algorithm is more suitable 

for optimizing those guessing structure closing to the local minimum energy. 

While conjugate-gradient algorithm can still work well when we are not sure 

about the structures, and this method is also recommended when the 

geometry is near the local minimum. 
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2.4.2 Transition States and the Constrained Minimization 

Method 

Transition state is a special structure along the reaction coordination of a 

chemical reaction. As shown in Figure 2.2, it has maximum energy in PES 

along the reaction pathway but a local minimum along other directions. In 

the word, it is a saddle point on the potential energy surface. Therefore, the 

transition state can be determined by searching the saddle points on the 

potential energy surface of the target chemical species [48]. 

 

If we take the 2D snap from the 3D PES, transition state along the reaction 

pathway is much easier to understand and to search. It is obviously the 

transition state is at the maximum point along the reaction coordination, 

displayed in the figure below. 

 

Figure 2.3 A schematic graph of 2D energy profile of a chemical reaction. G  represents 

the activation energy, the energy difference between reactants and transition state.  
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With G  , the reaction rate constant k can be solved by transition state 

theory (TST) [73]: 

T
B

G

k TBk
k e

h

−

=                        (2.29) 

Where Bk   is Boltzmann constant; h   is the Planck constant, and T  is 

temperature, respectively. G    is the standard Gibbs free energy 

difference between TS and reactants. 

 

Till now, there are many different ways to search the transition state, such 

as local searchers, dimer method [74], nudged elastic band [75, 76] and so 

on. In this thesis, the constrained minimization method [77, 78] is applied to 

locate the saddle point in traditional computational calculations. However, 

energies from these methods are all total energy, the extra corrections 

should be added to calculate the Gibbs free energy (explained in the section 

2.4.4). The name, “constrained minimization” has illustrated how this 

method works: (i) all structures by our intelligent guesses: generally the 

transition states either closing to the initial or final state, or structures 

between IS and FS configuration; optimize all these representative 

candidates to find out the possible target structures; (ii) the distance 

between reactive atoms of those candidates will be fixed, followed by 

optimizing the structure freedom with quasi-Newton algorithm; (iii) after 

using command code of constrained optimization method, the distance  

will be updated closer to the transition state; (iv) many times of distance 

update leads to a confirmed exact transition state, whose energy reaches a 

maximum along the reaction pathway but still minimum with respect to the 

other remaining degrees of freedom. At the same time, the forces on the 

atoms vanish. (v) the last step is to ensure the optimized structure is target 
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TS with vibration frequency analysis by checking whether only one 

imaginary eigenvalue or not. 

 

 

Figure 2.4 A schematic diagram of searching transition state with the constrained 

optimization method. The whole solid curve is the reaction pathway with the lowest energy 

on the PES from the initial state to the final state. The highest position on that curve 

represents the transition state, a saddle point on the pathway. The dotted line displays the 

process of optimization, in which the constrained minimization pushes the structure to the 

transition state after many times uphill. 

 

2.4.3 Chemisorption Energies 

Chemisorption is a process which occurs with the chemical reaction when 

adsorbate adsorbs on the surface. In other words, a new chemical bond is 

formed at surface and old chemical bond breaks. Hence, energy change in 

that process is defined as chemisorption energy to describe how energy 

changes: 

/ A( + )chem A surface surfaceE E E E= −                 (2.30) 
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Where chemE  ,
/A surfaceE   and 

surfaceE   are the total energy of chemisorption 

system, species A in the gas phase and clean surface respectively. 

According to the definition, a negative value of chemE   means it is an 

exothermic process; the more negative, the more energy released. 

 

2.4.4 Free Energy and Thermodynamic Corrections 

Since we have already obtained many approximations to improve 

calculations on both reaction energies and reaction barriers. However, the 

energies directly from DFT calculation are total energy, which is calculated 

at 0 K temperature. To compare calculation with experimental data, the 

energies in this thesis are all free energies, some directly obtained with 

advanced molecular dynamic methods, others obtained with 

thermodynamic correction. There are three parts in the thermodynamic 

correction: zero-point energy (ZPE), thermal energy and entropy energy. 

 

For surface adsorbates, the most common species, only vibration motion 

contributes to the correction: ZPE, vibrational thermal energy as well as 

vibrational entropy. The formula of ZPE is expressed as: 

i
ZPE

i

h
E =

2


                      (2.31) 

Where h  is Plank’s constant and i  is vibrational frequency calculated 

based on the harmonic oscillator approximation. The standard molar 

vibrational thermal energy is expressed as: 

i

0 i
vib h /

i

h /
U =RT

1B

B

k T

k

e




−
                 (2.32) 
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Where R   presents the gas constant and Bk   represents Boltzmann’s 

constant. The standard molar vibrational entropy is calculated according to 

the following formula: 

i

i

h /0 i
vib h /

i

h /
[ ln(1 )]

1
B

B

k TB

k T

k
S R e

e






= − −

−
              (2.33) 

With three above terms, the standard molar Gibbs free energies of 

adsorbate on the surface can be written as: 

0 0 0

total ZPEG E E U TS= + + −                  (2.33) 

Where totalE represents the total energy calculated by DFT method. As for 

gaseous species, Gibbs free energies are calculated by GAUSSIAN 09 [79]  

 

2.4.5 Microkinetic Modelling 

Although DFT calculation can simulation the reactions thoroughly, there still 

exist many inevitable differences between real reaction conditions and 

calculation models. In order to test the accuracy of calculation, we are 

supposed to establish the connection between DFT calculation and 

experimental results. Microkinetic modelling was first put forward by Stoltze 

and Nørskov [49, 50] to investigating the ammonia synthesis process. Since 

then, microkinetic models have been applied to many other reactions such 

as CO oxidation process [80, 81], water gas shift reactions [82], and Fisher-

Tropsch reactions [83, 84]; moreover, coverage-dependent microkinetic 

models are investigated like CO methanation on transition metals [85] with 

consideration of the coverage dependence, and Intrinsic selectivity and 

structure sensitivity investigation with coverage dependence for C2+ 

Oxygenate products on Rhodium [86]. Although some people point out that 
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it takes a large amount of computational resource to simulations complex 

process with coverage dependent model, especially Fisher-Tropsch 

reactions; a few simplified modifications are adopted to assist saving 

calculation resource and improving simulation efficiency [86]: CO is 

regarded as the species occupying the most sites on the surface; the 

interaction between CO and other intermediates on the surface are all 

calculated. 

 

In this thesis, the Fisher-Tropsch process is calculated with and without 

coverage-dependent effect; from which, a deep understand of coverage is 

recognized. Actually, we can calculate all possible elementary steps of FT 

process, but to save the unnecessary cost, only important elementary 

reactions are picked out to be applied to microkinetic models. Then we 

obtain reaction rate of those reactions, and predict the most probable 

reaction pathway according to their reaction rates in a microkinetic level. In 

another word, we adopt the microkinetic models in FT synesis process from 

water gas using DFT calculation and get a better understanding of FT 

reactions on the stepped Ru (0001) surface with coverage dependent effect 

of CO. In this work, the adsorbate-adsorbate interactions were considered 

in this work and was conducted as a package based on the original micro-

kinetic modelling by MATLAB. As the effect of adsorbate-adsorbate 

interactions, not only the chemisorption energy but reaction barriers were 

different depending on different coverages on the surface. In our method, a 

self-consistent iteration was used to find the coverage in the steady state. 

The initial coverage was assumed randomly, and relative parameters used 

in micro-kinetic modelling were calculated using the equations discussed 

before. New coverage results will be calculated after performing the micro-

kinetic modelling and the setting coverage will be changed approaching to 
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the last results controlled by the tolerance k, until the difference of setting 

coverage was closed enough to the results measured by the convergence 

x (see Figure 2.5). To avoid using inaccurate coverage, the new setting 

coverage will be considered as a small changing towards the result from 

previous setting coverage, which is better than the using of the results 

directly. 

 

 

Figure 2.5 The flow chart of the coverage-dependent micro-kinetic modeling. x and k 

represent the convergence and tolerance. 

 

2.4.6 Reaction Rate Constant and Rate 

The reaction rate constant (also named reaction rate coefficient) quantifies 

the reaction rate. As pointed out in the previous part, Arrhenius equation can 

account for this physical quantity via transition state theory (TST) to connect 

it with reaction barriers.  
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Reaction rate describes the speed of reactants conversion into products. It 

can be influenced by the type of reactant, concentration (for liquid), pressure 

(for gas), temperature, catalyst and many other factors influencing the 

reaction. For a reaction from reactants Aand B to product P  and Q  in 

a close system at constant volume: 

aA bB pP qQ+ → +                     (2.34) 

The reaction rate is expressed normally in the form below: 

1(T)[A] [B] (T)[ ] [Q]m n i jr k k P−= −             (2.35) 

Where (T)k  and 1(T)k−  are the reaction rate constant depending on the 

temperature; [A] , [ ]B ,[ ]P ,[ ]Q are the molar concentration of substances 

A , B , P andQ respectively with the assumption that this reaction happens 

throughout the whole volume; m , n , i and j are denoted as partial orders of 

reaction, which is not generally equal to the stoichiometric coefficients ,a b  

and ,p q . 

 

If the reactions are irreversible (all reactant will convert into products), or 

only the forward reaction rate is analyzed (the product vanishing very soon), 

the reaction rate constant 1(T)k−  is closing to zero; therefore, the reaction 

rate equation is simplified to  

(T)[A] [B]m nr k=                    (2.36) 
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2.4.7 Steady-State Approximation and Quasi-equilibrium 

Approximation 

In chemical field, steady-state is a situation where the state variables are 

constant in the system. However, it differs from chemical equilibrium whose 

net reaction rate is zero (the rate of reactants conversion into products equal 

to that from products into reactants). While steady-state system keeps 

unchanged despite it is undergoing the constant reactants flows entering 

the reactor and constant output flows of product.  

 

The steady-state approximation [87] in chemical kinetic is also called 

stationary-state approximation because the rate of reaction intermediates 

change is set to zero. In other words, the generation rate generationr  equals to 

the consumption rate consumptionr  of intermediate in kinetic equation, which is 

the main concept of steady-state approximation. Therefore, we can get the 

coverage change of intermediate X :  

X
generation consumption

d
r r

dt


= −                  (2.37) 

With steady-state approximation, though the time-dependent phenomena 

[6] cannot be described, it still helps us to describe many other reactions 

effectively.  

 

It worth noting that steady-state approximation means the surface coverage 

constant rather than low substance concentration on the surface. Steady-

state approximation with ordinary differential equations (ODE) provides us 

with an efficient approach to obtain surface coverage and reaction rates as 



 

45 

 

time goes by. Further application details will be illustrated in the next chapter 

about the Fisher-Tropsch process.  

 

The quasi-equilibrium approximation is another approach applied to solve 

reaction rate problems, which based on the assumption that one of the 

elementary steps is the rate-determine step in the whole reaction. Hence, 

other steps are fast enough to reach quasi-equilibrium [6, 61]. Further 

application details about steady-state approximation and quasi-equilibrium 

will be illustrated in the next chapter about the Fisher-Tropsch process.  

 

2.5 Molecular Dynamics (MD) 

2.5.1 Classical and Ab Initio Molecular Dynamics 

Classical molecular dynamics (MD) is a computational simulation method to 

monitor and analyze the physical movements of atoms and molecules. MD 

simulation is based on solving the Newtonian equations of motion to get the 

trajectories of atoms and molecules. Then the coordination and momentum 

of each particle are averaged with a time scale to obtain the macroscopic 

properties like spatial distribution, energy and diffusion coefficient. Besides, 

MD simulations always occur at special ensemble: all positions in the 

system have probabilities of existing and these set of probabilities determine 

an ensemble. As we known, there are tight connections between the 

microscopic state of a system and the macroscopic propertied by statistical 

ensembles. According to various macroscopic constraint, ensembles can be 

divided into many categories, mainly including: 

⚫ The canonical ensemble (NVT): Simulation happens with a fixed number 

of atoms (N), volume (V) and temperature (T). 
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⚫ The isothermal-isobaric ensemble (NPT): Simulation happens with a 

fixed number of atoms (N), pressure (P) and temperature (T). 

⚫ The microcanonical ensemble (NVE): Simulation happens with a fixed 

number of atoms (N), volume (V) and energy (E).  

⚫ The grand canonical ensemble (µVT): Simulation happens with a fixed 

chemical potential (µ), volume (V) and temperature (T). 

 

The directions and velocities of atoms and molecules are calculated via 

integration the equations below: 

�⃑�𝑖(𝑡) = 𝑚𝑖
𝑑2𝑟𝑖⃑⃑⃑ ⃑

𝑑𝑡2
= 𝑚𝑖�⃑�𝑖(𝑡), 𝑖 = 1,2⋯ ,𝑁            (2.38) 

Where, �⃑�𝑖(𝑡) =
𝑑2𝑟𝑖⃑⃑⃑ ⃑

𝑑𝑡2
  is the acceleration (second derivative of the atomic 

positions with respect to time); 𝑚𝑖  and �⃑�𝑖  are the mass and force of 

number i  atom. The positions of atoms are relative with time, which 

acquires integration algorithms. The Verlet Algorithm [88] as one of the most 

utilized algorithms, benefits the simulation calculation significantly with 

frequently using and iteration equations as follows: 

2

i i i i

i i i i

1
( ) ( ) ( )( ) ( )( )

2

1
( ) ( ) ( ( ) ( ))

2

r t t r t v t t a t t

v t t v t a t a t t t

+  = +  + 

+ = + + +  

           (2.39) 

The ergodic hypothesis points out that if a stable system with constant total 

energy is sampled for a long time, all possible energy will be experienced 

and therefore, average energy obtained by time is supposed to equal to the 

average value of all available energy state.  
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After long time simulations and numerous times iteration, more information 

can be interpreted with statistical mechanism to calculate structures and 

thermodynamic properties. A long-time simulation is required to ensure 

accuracy because a stable system should be observed with stable physical 

properties.  

 

However, quantum mechanical effects are not considered in the classical 

MD; the error should be compensated by parameterization. One of the most 

popular methods nowadays is using a specific force field which represents 

the main interactions between species. Several important information 

should be considered in the chosen force field, such as atomic charge, Van 

der Waals (VDW) interactions, bond lengths, bond angles and other 

physical quantities [89]. Hence, the accuracy of classical MD simulations 

mainly accounts for time scale and force field.  

 

A breakthrough happened in 1985, Car and Parrinello [90] introduced ab 

initio calculations into MD simulations, which is as important as the 

application of getting total energy from quantum mechanical calculations. 

CPMD usually employs periodic boundary conditions, planewave basis sets, 

and density functional theory. Car–Parrinello molecular dynamics (CPMD) 

is different from the previously referred method, it is electronic structure 

calculations, which usually employs periodic boundary conditions, 

planewave basis sets, and density functional theory, rather than Newton’s 

equation that determines the forces on specified atoms. During this process, 

the fictitious dynamics of electrons keeps electrons at ground state 

corresponding to their new ionic configuration along each dynamic step, 

with which we can get accurate ionic forces. Moreover, the fictitious mass 

of electrons should be small enough to ensure no obvious energy freedom 
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transfer from ionic degree to electronic degree. Since electron structures 

are calculated in each step, a large amount cost on computational resource 

is inevitable in this approach. 

 

2.5.2 Umbrella Sampling (US) and Weighted Histogram 

Analysis Method (WHAM) 

Classical MD and Ab initio MD have a common and serious drawback that 

the timescale of some processes required is beyond the world’s largest 

supercomputers scope. But those processes always arouse scientists’ 

interest, to a considerable extent. Hence, it is necessary to go through these 

beyond scope simulation. As previously shown, the potential energy surface 

(PES) has many local minimums which are separated by saddle points. The 

pathways from local minimum to another require large quantities of 

simulation time.  

 

To avoid this difficult problem, applying constraints can “force” the simulation 

along the desired trajectory. These constraints are in the form of harmonic 

2
'( ) ( ( ) ( ) )

2

k
V r r  = −   or Gaussian ( ( )   ) biased potentials, which are 

applied on the reaction coordination or a collective variable ( ). Umbrella 

sampling [91, 92] adopts the Gaussian biased potential constraints whose 

shape looks like a parabola or “umbrella”; therefore, it is named as umbrella 

sampling (US). 

2
'

2

( ) ( )
( )

2( )

r r

wh e

 

 

−
−

=                    (2.40) 
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Here, the US method is mainly employed to study the CO adsorption and 

desorption process occurring on the solid-liquid interface, which is almost 

impossible to calculate the barrier via traditional DFT method. As we known, 

a real system can not only have two stable states, initial state or final state 

at the local minimum but also transition state at the maximum of free energy 

as well as other states along the trajectory;    is used to separate the 

reaction trajectory to numerous “windows”, each of them representing a 

state on the pathway with an umbrella sampling simulation. In some cases, 

solvent exerts great effects on the aqueous reactions. 

 

For Gaussian peak model is another important artificial potential, as shown 

in Equation (2.40): h  and  represent the height and width of Gaussian 

function, and  is the collective variable (reaction coordination). If a system 

is a thermodynamically large system which can undergo thermal contact 

with the environment at temperature T, with a fixed volume and number of 

particles. These types of systems consist of a canonical ensemble. When 

MD simulation is carried out in the canonical ensemble, the free energy can 

be acquired by relating the free energy to the Boltzmann’s distribution 

possibility through canonical partition function ( Q ): 

[ ( )]E r NQ e d r−=                      (2.41) 

Where ( )E r is the total energy of a specific system;  is the thermodynamic 

beta ( 1/ Bk T = ), and Bk is Boltzmann’s constant ( 58.617 10 /Bk eV K−=  ). 

The free energy ( A ) is expressed as follow: 

1
lnA Q


= −                       (2.42) 
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The probability of certain state along the reaction pathway with the help of 

collective variables can be written as: 

[ ( )]

[ ( )]

( )
( )

E r N

E r N

r e d r
P

e d r





  


−

−

−
=



             (2.43) 

In each umbrella sampling MD simulation, a fixed artificial potential is 

imposed on, and therefore the new potential surface is obtained: 

( ) ( ) ( )b

iE r E r  = +                  (2.44)   

Where ( )bE r   and ( )E r   represent the biased and unbiased energy 

potential, respectively; ( )i   represents the artificial energy potential. 

Similarly, the biased probability distribution can be written as: 

'

'

[ ( ) ( ( ))]'
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i E r r N
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−
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         (2.45) 

Since we have already known the relation between unbiased energy 

potential and biased energy potential and artificial potential, it is feasible to 

derive the unbiased probability distribution: 

[ ( ( ))]
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    (2.46) 

Therefore, the unbiased free energy can be deduced as follows: 

[ ( ( ))][ ( )]

[ ( )]

1 1
( ) ln ( ) ( ) ( ln )

1
ln ( ) ( )

i rE r N

u b

i i i E r N

b

i i i

e e d r
A P

e d r

P F

 


   

 

  


−−

−
= − − + −

= − − +



     (2.47) 

As shown in Equation (2.47), all the complex parts are included in the free 

energy shift term iF , which is a significant simplification of calculation. The 
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solution to that formula can be obtained by self-consistent field theory 

(SCF), until the calculation result converges to its threshold.  

 

To connect and combine the results of each umbrella sampling simulation 

together, we can analyze these results with the weighted histogram analysis 

method (WHAM) [93, 94]. Then an unbiased free energy profile is generated 

along with the specified collective variable from one minimum to the other 

crossing the transition state. To better understand umbrella sampling 

technique, a schematic summary displayed below simply demonstrates how 

umbrella sampling technique works and how WHAM analyzes the MD 

simulation results.  

 

 

Figure 2.6 A summarized schematic process of umbrella sampling and WHAM 

methodology. Numerous simulations are carried out along the particular collective variable 

with quantities of simulation windows. Each window gives us the histogram including a 

virtual harmonic potential constraint. All these windows have good overlap with neighbors, 

which is necessary to cover the whole reaction state along the pathway. Detailed 

application of US simulation and WHAM will be explained in Chapter 5 on CO adsorption 

and desorption process on the water-Pt(111) interface. 
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Taking CO adsorption and desorption process as an example, the bond 

distance of C-Pt change is about 3 Å for CO leaving from surface. Then we 

divided the distance to 30 windows, the width of each window equaling to 

0.1 Å. The width was chosen after testing. If it was too big, CO could not be 

located at aimed position; if too small, it required more simulation to achieve 

the overlap (as in Figure 2.7). Each line was the trajectory result of an 

umbrella sampling process. The simulated distances were covered by these 

simulations, which means the designed pathway was totally simulation. 

 

 

Figure 2.7 A figure describing the overlap of CO desorption from Pt(111)-H2O interface. X-

axis is the number of steps representing the simulation process. Y-axis is the distance 

between C and first surface Pt (the average distance). Each color is a trajectory of umbrella 

sampling. 

 

2.5.3 Slow-growth Approach and Constrained Molecular 

Dynamics 

With umbrella sampling simulation, we can obtain the free energy profile of 

reaction occurring in the liquid-solid interface but with large amounts of 
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computational resource. Moreover, umbrella sampling is used to calculate 

a specified trajectory, but if the specified pathway is a meaningless pathway, 

it is always futile to carry on that simulation anymore. Fortunately, another 

simulation method, name slow-growth approach, can efficiently solve the 

problem by finding out a quite possible trajectory between two states with 

its free energy profile.  

 

The free energy profile is generated along the geometry parameter   , 

whose value varies linearly from the initial state (1) to that of final state (2). 

The transformation work needed from state (1) to state (2), can be 

calculated as follows with another term, transformation velocity introduced: 

2

1
1 2

( )
( )irrev V q

dt



 





→


= 

                  (2.48) 

The work 
1 2

irrev →
  represents the free energy difference between 

corresponding initial state and final state; the value   of is linearly changed 

from the value characteristic for the initial state (1) to that for the final state 

(2) with a velocity of transformation 


 velocity transformation, which is an 

infinitesimally small value. In general case, 
1 2

irrev →
  is supposed to be an 

irreversible work according to the Jarzynski's identity [95, 96]: 

1 2 1 2exp exp
irrev

B B

A

k T k T

→ →
− = − （ ） （ ）                  (2.49) 

Here, 1 2exp
irrev

Bk T

 → − （ ） is the average value of 1 2exp
irrev

Bk T

 →−（ ）; and therefore, 

calculating an accuracy free energy via equation above, requires a large 
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number of terms 1 2exp
irrev

Bk T

 →−（ ）  which can realize the transformation 

process from state (1) to state (2). The result obtained from slow-growth 

approach is rough, but we can still rely on it, to some extent, to find the most 

probable pathway.  

 

After finding the pathway with slow-growth approach, as well as rough free 

energy difference between two states, more precise work should be carried 

out to get a more accurate value. The constrained molecular dynamic 

method was used to generate free energy gradient of a certain structure 

with the following equations: 

* *

*
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Where 
k

 is a Lagrange multiple about parameter k  used in the SHAKE 

algorithm [97]. The Z  represents mass metric tensor, the definition as 

follows: 

3 1

, 1
, 1,2,..., ; 1,2,...,

N

i i ii
Z m        −

=
=   = =        (2.51) 

The ( )    is the necessary correction of average value of constrained 

molecular dynamic generated by the bias. The correction formula is listed 

below: 
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                  (2.52) 

The free energy difference between state (1) and state (2) can be calculated 

by integrating the gradients along the reaction pathways: 
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（ ）                    (2.53) 

And energy value is a state quantity, which is independent from the route 

between two states.  

 

To make sure the structure we picked is reasonable structure, an ab initio 

MD is suggested to carried out. The energy usually will decrease then 

fluctuate around the certain value especially for those solution systems. As 

shown in Figure 2.8, total energy of CO adsorbed on Pt(111)-H2O decreased 

firstly, followed by fluctuations at certain value (the stable variation pattern) 

due to the water-water interactions in the system. Therefore, to obtain an 

optimized and stable structure in solution is supposed to run an ab initio MD 

for 10000ps (each steps 0.1 fs). 

 

Figure 2.8 Energy change of CO on Pt(111)/H2O system along the ab initial molecular 

dynamic simulation steps. The whole simulation is 16000 steps, the energy decreasing at 

the first 4000 steps, then structure stable.  
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2.6 Van Der Waals (VDW) Interactions 

As is known to all, the van der Waals force, named after Johannes Diderik 

van der Waals, is a distance-related interaction between atoms, molecules, 

surfaces, as well as other intermolecular forces. Different from ionic or 

covalent bonds, Van der Waals force is not attributed to the chemical 

electronic bond. Actually, it arises from the motion of electrons, which leads 

to fluctuation multipoles (a consequence of quantum dynamics [98]) and 

generate long-range interactions, displayed in Figure 2.9. In other words, 

the force is a result of electron density transient shift: when the electron 

density shifts more to one side temporarily, it will generate a transient charge 

attracting or repelling the nearby atoms. It is worth noting that hydrogen 

bond is a specific type of Van Der Waals force. A hydrogen bond is a special 

type of dipole-dipole attraction which occurs when a hydrogen atom bonded 

to a strongly electronegative atom exists in the vicinity of another 

electronegative atom with a lone pair of electrons. These bonds are 

generally stronger than ordinary dipole-dipole and dispersion forces, but 

weaker than true covalent and ionic bonds. Hydrogen bond really effect the 

water solution system because of its origins as electrostatics and 

polarization effects, which means hydrogen bonding networks built with 

solvent molecules and their surrounding water molecules generate the 

solvation effect. 
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Figure 2.9 A schematic figure displays Van der Waals force in different type of molecules. 

Figure (a) represents the Van der Waals force between alkane molecules. When the neutral 

particles like alkane vibrate reaching within a threshold distance, electrons from one 

particle are pulled towards the nucleus of the other particle, thus causing transient 

polarization (electron-rich domain: δ− and electron-deficient domain: δ+). Figure (b) 

presents Van der Waals forces between the argon atoms, which is caused by instant diploe 

when it vibrating. Figure (c) describes the hydrogen bond caused by the dipole interactions 

between water molecules whose strength is much stronger than Van der Waals force. The 

grey ball and white ball in (a) represent the C atoms and H atoms separately. Light cyan 

ball in (b) shows argon atom. The black dash line means Van der Waals force between 

nearby molecules. The red ball in(c) represent Oxygen atoms and blue dash line is 

hydrogen bond generated by O (negative charge) and neighboring H (positive charge). 

 

Although van der Waals interaction are the weakest interaction of weak 

chemical potential (with a strength between 0.4 and 4kJ/mol), it still plays a 

vital role in many fields, such as physisorption, structural biology, polymer 

science, and crystal structure study. However, it cannot be well described 

by traditional GGA or LDA exchange-correlation functionals, because of its 

long-range characteristic of correlation on electron energies, which will 

vanish very soon at a longer distance between interacting molecules. When 

the distance is over 0.6 nm, the van der Waals interaction is too weak to be 

observed. Besides, van der Waals force is an anisotropic force (except 

those between two noble gas atoms), closely relevant with molecular 

orientations. 

 

There are two main approached can help calculate VDW interactions in DFT. 

The first one is to correct DFT energy by adding an empirical two-body or 
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multi-body correction (i.e. D2, D3). The general D3 VDW correction energy 

is expressed in Equation (2.54). 

3

,

6,8

( )
AB

D n
vdW n d n ABn

AB n AB

C
E S f r

r=

=                (2.54) 

3D

vdWE  is correction energy; it relies on the pairwise dispersion coefficients 

AB

nC , damping function 
,d nf , distance between atom pairs A  and B ; and 

nS  is a global scaling factor depending on the applied density functional. 

 

The second approach is to correct by non-local VDW density functional 

( xcE  ), and the non-local dispersion energy ( nl

cE  ) is calculated with DFT 

charge density till self-consistently (i.e. GGA LDA nl

xc x C cE E E E= + + ) . The two 

previous terms GGA

xE  and LDA

CE  are introduced before. The last term nl

cE

can be calculated as follows: 

3 3

1 1 2 2 1 2( ) ( , ) ( )nl

cE r r r r d rd r  =               (2.55) 

Where 1 2( , )r r   describes the VDW kernel, which is an electron density 

function of distant atoms; and it guarantees the interactions asymptotic 

essentially (
6

1 2r r
−

−  ). Obviously, this method demanding more 

computational resource compares to the empirical one mentioned before. 

 

In this thesis, we tackle the dispersion interaction with D3 correction method 

including extra Becke-Johnson dampening [99], which is on account of 

polarizability and the exchange-hole dipole moment. These approached are 

verified in good agreement with experimental results and reference data 
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after careful test, and D3 correction also exerts accurately in liquid water 

simulation at room temperature. 

 

2.7 Electronic Potential Correction  

With glow-growth approach and constrained MD simulation, it is possible for 

us to simulate the solution reaction, even more complex reaction 

electrocatalysis, which exerts vital influence on energy industries and 

chemical conversion field. But electrocatalysis is an electron transfer 

process, always occurring at the liquid-solid interface with constant potential 

in the system. It still remains a challenge to deal with the charged system 

because it corresponds to the infinite size, while DFT calculation focuses on 

a periodic supercell with a fixed charge. Hence, we are supposed to 

simulate under constant potential condition; however, it is too tough to 

achieve now. Then striking a comprising method is to find some correction 

approaches.  

 

In this thesis, we adopt the Chan and Nørskov [100] present a new method 

to determine constant potential reaction energetics for simple charge 

transfer reactions that only requires two conditions: simple barrier 

calculation in an electrochemical environment and the corresponding 

surface charge at the initial, transition, and final states. For a reaction stating 

from state (1) at potential 1 with bader charge 1q  to state (2) at potential 2

with bader charge 2q ,the electrostatics effects (
2 1

electrostaticsE − ) corrections rely 

on two factors: bader charges ( q ) and workfunctions (  ). 
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The definition of workfunction is minimum thermodynamic work that the 

energy required to remove an electron from the metal surface to the vacuum, 

Thus, we can obtain the workfunction ( WF ) from Fermi Energy ( FermiE ) of a 

specified system and vacuum potential (
,EP vac ): 

,WF EP vac FermiE = −                     (2.56) 

Moreover, water solution will influence the workfunction ( WF  ), to some 

extent. The shift value is calculated with relation to vacuum and standard 

hydrogen electrode (SHE), whose value is about -4.4 eV as a reference. 

 

Finally, Chan and Nørskov [100] put forward this simple formula for 

electrostatic potential correction: 

2 1

2 1 2 1( )( ) ( )( )

2 2

electrostatics q q q
E 

  
−

− −  
 = =          (2.57) 
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Chapter 3 

A DFT Study towards Fischer–Tropsch 

Process on the Ru (0001) Stepped Surface 

 

Abstracts 

With global populations rising and fossil energies continuing being 

consumed, human-beings are facing an increasing threat on the energy and 

environment protection. The Fischer-Tropsch synthesis utilizes synthesis 

gas to form long-chain hydrocarbons and other organic substances, 

providing an alternative route to utilize natural resources such as natural 

gas and coal, which can help to relieve the energy pressure. This work 

investigates the Fisher-Tropsch reaction process on the Ru (0001) surface 

at 500 K (which is a common temperature for most catalyst on Fisher-

Tropsch process) without the coverage effect and 425 K with the coverage 

effect (which is better for Ru to catalyze Fisher-Tropsch reaction at lower 

temperature). We calculated all the relative elementary steps to generate 

C2 species in this work by using density functional theory with van der 

Waals’s interactions considered. Two most probable reaction mechanisms, 

carbene mechanism and CO-insertion mechanism, are calculated in the 

coverage-dependent model. The results manifest that the CO-insertion 

mechanism possesses much higher barriers than the carbene mechanism. 

It is the carbene mechanism rather than the CO insertion that plays 

important roles in the carbon chain growth process. Another essential 

activation process namely CO dissociation, H-assisted dissociation (with 

COH, CHO intermediates) is more efficient than the CO direct dissociation. 

Comparing CHO and COH, we found that CHO is a favored intermediate, 

which will cleave into CH which is the most stable intermediate among all 
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the C1 species. Our calculations show that CH is the most stable 

intermediate among the C1 species and ethylene is produced as follows: 

CH and CH couple to CHCH, CHCH is hydrogenated to CHCH2, then the 

adsorbed CH2CH2 can be formed in two different ways. Moreover, the 

coverage effect on the Fisher-Tropsch process plays crucial role during 

simulations. CO as the main adsorbate greatly accelerates the reaction rate. 

Besides, the coverage affects the reaction pathways, and product 

combinations as well. 

 

3.1 Introduction 

Fischer–Tropsch process is a heterogeneous catalytic process to produce 

clean hydrocarbon fuels or chemicals from synthesis gas (CO + H2), which 

can be derived from abundant fuel resources, such as natural gas, coal, or 

biomass [101]. More specifically, it is a series of chemical reactions which 

convert a mixture of carbon monoxide and hydrogen into long-chain liquid 

hydrocarbons. The FT process generally includes the following reactions: 

(2n+1) H2 + n CO → CnH2n+2 + n H2O; 2nH2 + n CO → CnH2n + H2O. Due to 

the increasing consuming of various non-renewable resources, Fisher-

Tropsch synthesis has aroused interests of many scientist in recent decades, 

which was first put forward by two German chemists, Han Fisher and Frans 

Tropsch more than ninety years ago [102, 103]. Although crude oil supplies 

may remain for a few decades, as expected by Jens R. Rostrup‐Nielsen 

[104], the oil price has been increasing for many years. Therefore, Fisher-

Tropsch as an economical process to produce clean fuels is really 

preferable till now. The Fisher-Tropsch process started commercialization 

in 1936 in Germany, and many factories have built to produce fuels [105, 

106]. It serves as an essential reaction in both coal liquefaction and gas to 

liquids technology as well as many other chemical processes aiming at 



 

63 

 

producing long-chain hydrocarbon compounds [107], combining carbon 

monoxide and hydrogen which are produced from coal, natural gas, or 

biomass via gasification process, and these gases are turned into a 

synthetic lubrication oil and synthetic fuel by Fischer–Tropsch process. The 

Fischer–Tropsch process has received intermittent attention as a source of 

low-sulfur diesel fuel and to tackle the supply or cost of petroleum-derived 

hydrocarbons [108]. This process aims to transform syngas (CO + H2) into 

a multitude of high-molecular-weight hydrocarbons which can be converted 

into high-quality transportation fuels and chemicals [109]. 

 

The typical active metals used in Fischer–Tropsch catalysts are Fe, Co, and 

Ru although several other metals, such as Ni and Rh [110].A variety of 

catalysts had already been discovered that they were suitable for catalyzing 

the Fischer–Tropsch process; the most common ones are the transition 

metals cobalt, iron, and ruthenium on which CO dissociation happens very 

fast [83, 86, 111-115]. Ruthenium was verified to work efficiently without any 

promoters [116], and thus it was supposed to provide more straightforward 

fundamental insights into the catalyst functioning mechanism and the 

reaction mechanism. Considering the difference between DFT calculation 

cost and experimental cost, ruthenium as catalyst, is a better chose to 

understand the reaction mechanism theoretically. Those are the reasons to 

choose ruthenium as Fisher-Tropsch reaction catalyst. Cobalt and iron have 

both been employed in industry for FT synthesis. Additionally, Fe, Co, Ni, 

Rh and Pd are other popular catalysts under many researches. Fe is more 

economic than Co, however, Co-based catalysts have higher reaction 

activity and selectivity to linear long-chain hydrocarbons generally. 

Moreover, Co catalysts are typically more resistant to deactivation by water 

[117]. On the other hand, Fe-based catalysts can be operated under wider 

ranges of temperatures and H2/CO ratios with a stable methane selectivity 
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[118]. 

 

Different transition metals are proved [119] that they have different selectivity, 

[120-122] which are summarized in Figure 3.1. Iron, cobalt, ruthenium are 

selective towards long-chain hydrocarbons, and CO dissociation is fast on 

these metals. Iron catalysis is with high water gas shift activity which is the 

reason for a lower ratio of H2/CO. There are large amounts of greenhouse 

gas CO2 emissions caused by the water gas shift reaction. Jun Cheng and 

Hu et al in 2008, investigated Cobalt catalysts, they found cobalt have low 

water gas shift activity and are very good to form long-chain hydrocarbons. 

the dominant chain growth pathways on these surfaces are different: C + 

CH and CH + CH on Rh and Ru surfaces, C + CH3 on Fe surface, and C + 

CH on Re surface [109]. Liu and Hu proposed the CH + CH coupling on 

stepped Ru(0001) due to its low barrier [123]. Van Santen and co-worker 

belived two coupling cycles (CH + CH2 and CH + CH3) on Ru(0001), and 

they thought that CH is the most likely monomer because CH is the most 

stable C1 species on flat Ru(0001) [124]. Ruthenium [116, 125] is the most 

active metal, but it is too expensive to be used in the industry. Nickel has 

higher selectivity to methane than Cobalt and Iron and is therefore not very 

suitable to form long-chain hydrocarbon. CO dissociation is slow on 

Palladium, and the CO is likely to hydrogenate and form methanol. Rhodium 

[83, 86] is selective to forming long-chain oxygenates and methane. 

However, the CO dissociation rate is not very fast, and CHx monomers 

cannot build a large block on the surface. The mechanism for the C–C 

coupling is still an open question, and many potential reactive chain carriers 

(true monomers), such as adsorbed CH2, CH, C, and CHᵟ+, have been 

proposed [61, 122-124, 126, 127]. Recently, many DFT simulation models 

on Ru and Co surfaces suggested that both direct CO dissociation and H-

assisted CO dissociation via HCO intermediates may occur, depending on 
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the type of surface or site (i.e., terrace or step sites) [128, 129]. Therefore, 

CO dissociation process with or without H-assisted were both simulated in 

the work to help figure out the reaction mechanism.  

 

Fisher-Tropsch processes are often divided according to the operation 

temperatures: low-temperature Fisher-Tropsch (LTFT) typically operates at 

190 - 260 ℃ and high-temperature Fisher-Tropsch (HTFT) at 300 - 350℃

[130]. Some specific metal catalysts facilitate these reactions, typically at 

temperatures of 150 - 300 °C (423 - 573 K) and pressures of one to several 

tens of atmospheres. Yao et al. simulated the Fisher-Tropsch process under 

on Co surface from low to high temperature, and finally calculated reaction 

rate at 500 K with the coverage-dependent model [131]. This work 

investigates the Fisher-Tropsch reaction process on the Ru (0001) surface 

at 500 K (which is a common temperature for most catalyst on Fisher-

Tropsch process) without the coverage effect and 425 K with the coverage 

effect. We chose 425 K to model the Fisher-Tropsch is favored at low 

temperature. Chaoxian Xiao and his college did experiment on Ru 

Nanocluster at 150 ℃ and they found that it is about 6 times faster that of 

the at 200 ℃, and all the other reaction environment are the same [132]. 

Therefore, we decided to calculate the Fisher-Tropsch at 425 K detailly as 

well as using microkinetics modelling. Pressures involved for the Fischer 

Tropsch reaction in industry are typically above 10 bar. However, high 

pressure increases the cost of H2 equipment and maintenance. Typically for 

the FT reaction, the ratio of H2/CO is about 1.7 ~ 2.5 on transitional metal 

catalyst for the low temperature process [105, 133, 134].  
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Figure 3.1 Fischer Tropsch reaction selectivities on transition metals. 

 

In this research, we manage to use DFT (density functional theory) [40, 41] 

calculations to investigate the mechanisms of Fisher-Tropsch reaction on 

the Ruthenium (0001) stepped surface. Besides, Van der Waals forces with 

D3 correction [135] method combined with both non-coverage model and 

coverage-dependent model are all investigated in this project. Non-

coverage dependent microkinetic calculation is based on the energy data 

from DFT. This method is developed to use mean-field approximation. It 

follows two principles: all the intermediates are at randomly occupied sites 

on the surface; and the intermediates are independent and there are no 

interactions between them. As we known, the real situation in FT reaction is 

under the high coverage of CO. The sites on the stepped Ruthenium surface 

are regarded as one kind of sites for the noncoverage dependent model 

(each type of site have the same contribution to the coverage), so the total 

coverage is 1. The coverage dependent microkinetic model will be 

discussed in the next chapter. Since it is a worthy exploration and we are 

supposed to figure out several interesting questions after researching: 

(i) Which species occupy the most sites on the stepped Ru (0001) 

surface with the highest coverage during the Fisher-Tropsch process? 
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And dose coverage effects really have an influence on the whole 

reaction? 

(ii) Which way does CO prefer to dissociate on the stepped Ru (0001) 

surface as the initial step for Fisher-Tropsch process, directly or with 

H-assist? 

(iii) What is the dominant mechanism of Fisher-Tropsch process on the 

stepped Ru (0001) surface? 

(iv) Which is the carbon chain growth mechanism on the stepped Ru 

(0001) surface CO insertion or carbene mechanism?  

(v) How fast can the Fisher-Tropsch reaction occur on the stepped Ru 

(0001) surface, and what are the magnitudes of stimulation turnover 

frequency?   

 

3.2 Methods  

All calculations in this part are carried out with the Perdew–Burke–Ernzerhof 

functional using Vienna ab initio simulation package (VASP) [45]. The 

project-augmented wave (PAW) method is adopted to represent the core–

valence interaction [69, 70, 120]. The value of cut off energy is determined 

by the maximum enquired value in the whole system. In this system, the 

biggest minimum cut off energy is O atom, whose pseudopotential requires 

300 eV. To ensure the calculation accuracy, plane wave basis expansion cut 

off energy was set to 450 eV for electronic static calculation and 380 eV for 

MD simulation (with consideration of calculation resource). Transition states 

(TS) are searched by a constrained optimization scheme [69, 70, 77, 136], 

in which TSs are verified until reaching two conditions: the first one is that 

all forces on atoms vanish; and the other one is that the total energy of 

system reaches a maximum along the reaction coordinate but still a 
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minimum regarding to the rest of the freedom degrees; vibrational frequency 

analysis is applied to ensure the found transition states are really transition 

states. There should only be a single imaginary eigenvalue. K-space 

sampling parameters were tested of CO adsorption energy using 1x1x1, 

2x2x1, 3x3x1, 4x4x1. Both chemisorption energies were converged from 

2x2x1 and the errors were controlled within 0.1 eV. After well tested, p(4x3) 

with 2x2x1 Monkhorst pack k-point mesh sampling for the Brillouin zone 

integration. The all atoms are fully relaxed until the forces are lower than 

0.05 eV/Å. Spin polarization is included for all calculations in our model. 

However, the free energy correction [137, 138] in the gas phase is 

calculated through another approach, namely Gaussian package [79, 139, 

140], which applies is B3LYP/6-311G as functional [141]. It is worth noting 

that all the gas molecules are simulated at the given temperature and partial 

pressure.  

 

To obtain the Gibbs free energy of adsorbate species, some standard 

formulas of statistical mechanics are used to calculate the thermodynamic 

correction including zero point energy (ZPE), thermal energy, and entropy 

derived from partition functions [142, 143]. As for stepped Ru (0001) surface 

model, a p(4x3) unit cell is established through removing two neighboring 

rows of ruthenium atoms on the top layer. The surface is modelled by five 

layers of Ru atoms and a 15 Å vacuum region, where the bottom two layers 

are fixed and the top layers are relaxed as well as the adsorbate species on 

the surface. To ensure the thickness of the slab sufficient, it is verified that 

the energy is converged (energy difference less than 0.01eV) with respect 

to the number of layers in the slab. Different sites on the surface are labelled 

in Figure 3.2, as well as those formed by removing rows. 
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Figure 3.2 The top view (left), the left view (middle) and oblique view (right) on the stepped 

Ru (0001). The colour of the Ruthenium atoms is green. A: edge hcp site; B: fcc site; C: 

edge bridge site; D: four-fold hollow site (B5 site).   

 

In this project, we assume that all sites on the stepped ruthenium surface 

are regarded as one kind of site (with the same contribution to the surface) 

for the non-coverage dependent model, and the total coverage is 1. For 

example, for p(3×3) supercell surface with nine active sites, when one 

adsorbate adsorbs on the surface, the corresponding coverage is 0.11ML; 

meanwhile, when nine adsorbates occupy all the active sites, the maximum 

total coverage is 1 ML. In contrast, the transition state, which has two 

species, would occupy more than one site. With each species at one site, 

the transition state of two reactive parts for the small reaction molecule will 

occupy two sites, resulting in the total coverage to be 0.22 ML. The steady-

state approximation [144, 145] is applied in the non-coverage dependent 

microkinetic model. This method assumes that the changes in the coverage 

of intermediates on the surface are zero. Which is given by: 

i
, 0j i j j

d
r

dt


= =                   (3.1) 

Where i   is the coverage of the intermediate. ,i j  is the stoichiometric 

coefficient of intermediate at the elementary step j  . In the microkinetic 
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model simulation, the solving of the set of ordinary differential equations 

(ODEs) [146] is utilized in the non-coverage dependent model. The ODEs 

are integrated over time until a steady-state solution is reached when all the 

coverage of surface intermediates differentials equal to zero. 

 

The rate constant of elementary steps in the FT reaction simulations are 

derived from the  

theory of transition state (TST) [147],which is giving by: 

0

B

G

k TBk T
k e

h


−

=                       (3.2) 

Where Bk is Boltzmann constant, T is temperature, h is Planck’s constant, 

0G  is the change of standard molar Gibbs free energy, which is derived 

from the activation barrier from DFT calculations with the free energy 

correction. One elementary reaction has two rate constants: the forward rate 

constant and the other is the backward rate constant. 

 

Additionally, adsorbate-adsorbate interactions are of great importance in 

heterogeneous catalysis. In this project, all the corrections are considered 

including not only self-interactions but also cross-interactions of adsorbates 

for both adsorbate species and transition states. Take C-C coupling process 

as an example, it indicates that both adsorbed C and CHx on the surface 

with a fair amount of coverage, which means that the C atom is surrounded 

not only by covered C but also by CHx molecule. Namely, there are the 

cross-interactions. An advanced study of adsorbate-adsorbate interactions 

is carried out for CO oxidation on stepped Ru (0001). The coverage effect 

and some other influences are investigated such as van der Waals forces, 

the over-estimation of chemisorption energy from DFT calculations and 
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coverage-dependent thermodynamic corrections in micro-kinetic modelling. 

The micro-kinetic modelling is performed relying on a MATLAB program 

which is developed by Jianfu and his co-workers in Hu’s group in their early 

work, which has already been published [148]. Besides, coverage effect can 

also be improved by using a package also based on MATLAB, combining 

with the micro-kinetic modelling. Finally, the activity of CO oxidation in a 

steady state is corrected alongside the experiment under specific reaction 

conditions. Considering this code is developed by Jianfu Cheng and 

belongs to our group, anyone interested in it, is supposed to ask Peijun Hu 

to get the original code. Therefore, I don’t post it in the thesis. 

 

As referred before, the interaction between adsorbates will greatly influence 

the FT reaction, and therefore, the non-coverage model is unable to 

describe the process accurately. Hence, the coverage-dependent model is 

put forward to overcome this defect. This method firstly calculates the 

adsorption energy at various coverage values. Since the stepped 

Ruthenium (0001) surface is shaped by one kind of site: the “hollow site”; 

total coverage equals to 1 ML. Regarding CO has the strong adsorption, 

and the results from non-coverage model (the interactions between 

adsorbates are ignored) show that CO is supposed to be the most abundant 

species on the surface. Consequently, all processes are calculated under 

CO surroundings. We come up with a hypothesis that the only specie 

affecting CO adsorption energy is CO and the rest species on the stepped 

surface have no lateral interactions. The differential adsorption energy for a 

single adsorbate as a function of coverage takes the form: 

1 1

2

0

02

( ) ,

( ) ,

i i i

i i

i

i i

E a b when

E a b when

   

   

= +

= +

＜
           (3.3) 

Where ( )i iE    is the differential adsorption energy of adsorbate i   at 
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coverage i  . To Balance the calculation time and accuracy, a 

compromising linear function is applied to fitting the trend. 

 

At the first part, we ignore the interaction to CO and other adsorptions from 

the other species, just want to have an overall concept of Fisher-Tropsch. 

In the second part, the coverage-dependent model is used with DFT 

calculation and DFT-D3 interaction to investigate FT elementary process to 

form C2 on the Ruthenium (0001) stepped surface.  

 

In the coverage-dependent model calculations, the correction of adsorbate-

adsorbate interactions is considered on the foundation of two main methods: 

BEP relations and approximation methods based on the correction of 

adsorbates [35]. The linear relations between the reaction energy and the 

activation barrier or the adsorption energy and the transition state energy 

are known as BEP relations. If the reactants and products are all from the 

gaseous phase, both dissociation and association barriers can be related to 

the adsorption ability of the intermediate. Thus, the reaction activity can be 

represented as a function of the reaction energy. The elementary reaction 

activity calculated from activation barriers is based on BEP relation. Based 

on the correction of adsorbates, several models have been developed to 

calculate the coverage-dependent activation barrier [33, 35, 47]. Briefly 

speaking, the transition state energy is obtained by deriving from the 

adsorbate energies of the initial state and final state in the form of the 

following equation: 

TS IS FSE E E = +                     (3.4) 

Where the  and  are the parameters describing the structures difference 

between the transition state and the initial or final state, respectively (see 
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Figure 3.3).  will be close to 1 when the geometry of the transition state 

looks like the initial state.  will approach 0, when the transition state 

resembles the final state. Judging the structures of the transition state, 

however, is a tough work comparing to the initial state or final state. 

Generally, some parameter settings / are always 1/0, 0.5/0.5 or 0/1 to 

simplify this model. 

 

 

Figure 3.3 Energy correction model of transition state by adsorbate-adsorbate interactions. 

Here IS, TS, and FS means initial state, transition state and finial state. In this figure, 

Ecorrection-IS, Ecorrection-TS, and Ecorrection-FS represent the energy difference between non-

coverage dependent model and coverage model, whose value the derived with BEP 

relationship.  

 

3.3 Results and Discussion 

3.3.1 The Elementary Reaction Steps in the Fisher-Tropsch 

Reaction on Ruthenium (0001) Stepped Surface and the 

Adsorption Structures of Adsorbates 
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The initial investigation doesn’t consider the coverage effects in the model. 

This research is carried out by following the elementary reaction steps 

below to find out the reaction mechanism. The pathways can be simply 

summarized as follows: 

(1) CO dissociation process, both direct dissociation and H-assist 

dissociation of CO are considered; 

(2) C hydrogenation to CH4; 

(3) C1 and C1 coupling reaction; 

(4) CHxCHy hydrogenation reaction; 

 

And when we take coverage effect into consideration, the following 

pathways are included as well. 

(5) CHx and CO couple to CHxCO; 

(6) CHxCO hydrogenation reactions; 

(7) CHxCO dissociation reactions. 

These specific elementary reaction steps are listed in Table 3.1. 

  



 

75 

 

Table 3.1 The correlative elementary reactions on the Stepped Ruthenium (0001) surface, 

where * represents the unoccupied site. And all the sites here are considered as the same 

ones that have equal effects on the adsorption energies. 

Index Elementary Reaction Steps 

R1 CO+* → CO* 

R2 H2+*+* → H*+H* 

R3 CO*+* → C*+O* 

R4 O*+H* → OH*+* 

R5 OH*+H* → H2O+*+* 

R6 OH*+OH* → H2O+O*+* 

R7 H*+C* → CH*+* 

R8 H*+CH* → CH2*+* 

R9 H*+CH2* → CH3*+* 

R10 H*+CH3* → CH4+*+* 

R11 C*+C* → CC*+* 

R12 C*+CH* → CCH*+* 

R13 C*+CH2* → CCH2*+* 

R14 C*+CH3* → CCH3*+* 

R15 CH*+CH* → CHCH*+* 

R16 CH*+CH2* → CHCH2*+* 

R17 CH*+CH3* → CHCH3*+* 

R18 CH2*+CH2* → CH2CH2*+* 

R19 CH2*+CH3* → CH2CH3*+* 
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R20 CC*+H* → CCH*+* 

R21 CCH*+H* → CCH2*+* 

R22 CCH*+H* → CHCH*+* 

R23 CCH2*+H* → CCH3*+* 

R24 CCH2*+H* → CHCH2*+* 

R25 CCH3*+H* → CHCH3*+* 

R26 CH2CH2*+H* → CH2CH3*+* 

R27 CH2CH3*+H* → CH3CH3+2* 

R28 CHCH*+H* → CHCH2*+* 

R29 CHCH2*+H* → CH2CH2*+* 

R30 CHCH2*+H* → CHCH3*+* 

R31 CHCH3*+H* → CH2CH3*+* 

R32 CH2CH2* → CH2CH2+* 

R33 CO*+H* → COH*+* 

R34 CO*+H* → CHO*+* 

R35 COH*+* → C*+OH* 

R36 CHO*+* → CH*+O* 

R37 C*+CO* → CCO*+* 

R38 CH*+CO* → CHCO*+* 

R39 CH2*+CO* → CH2CO*+* 

R40 CH3*+CO* → CH3CO*+* 

R41 CCO*+H → CCHO*+* 
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R42 CHCO*+H* → CH2CO*+* 

R43 CHCO*+H* → CHCHO*+* 

R44 CH2CO*+H* → CH2CHO*+* 

3.3.2 Fisher-Tropsch Elementary Reactions at 500 K 

without Coverage Dependence 

We simulate all the possible Fisher-Tropsch elementary processes, and all 

the energies of intermediates and gas species are calculated. Then the 

obtained energies have been corrected to Gibbs free energy with van der 

Waals forces and zero-point energy at the following reactive partial pressure 

and temperature (see in Table 3.2). The choice of partial pressure is a vital 

part in the microkinetic simulation. Free energy of synthesis gas (CO, H2) 

were simulated at pressure at 10 bars, and the ratio of H2 to CO is 2. The 

partial pressures were estimated from experiment data [149, 150]. All 

reactions in this work are under that reaction condition except particular 

indication. With constrained minimization approach, the most stable 

structures of adsorbates on the stepped Ru (0001) surface are calculated 

as listed in Table 3.3 and visualized in Figure 3.4. 

 

Table 3.2 Partial pressure of reactant gas-flow on Ruthenium (0001) stepped surface at 

500 K with their total energy (Etotal) and Gibbs free energy(G). 

Temperature=500 K CO H2O CH2CH2 CH3CH3 H2 CH4 

Pressure (bar) 3.33 0.01 0.0001 0.0261 6.67 0.457 

Etotal (eV) -15.13 -14.10 -32.21 -40.68 -6.77 -24.16 

G (eV) -15.89 -14.62 -32.11 -39.91 -7.01 -23.86 
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Table 3.3 Configuration sites of intermediates on stepped Ru (0001) surface. 

species configuration species configuration 

CO B5-site CCH2 B5-site 

H Fcc-hollow CCH3 Step-corner 

O Edge-bridge CHCH B5-site 

OH Edge-bridge CHCH2 Edge-bridge 

C Step-corner CH2CH2 Edge-bridge 

CH Step-corner CHCH3 Edge-bridge 

CH2 Edge-bridge CH2CH3 Edge-bridge 

CH3 Edge-bridge CHO B5-site 

CC B5-site COH Step-corner 

CCH B5-site   

 

The most favored adsorption sites were calculated (calculating adsorption 

energy of one species on different sites, the lowest energy presenting the 

most favorable site) and listed in the above table. In Yao’s work, he pointed 

out that CO dissociation process prefers to happen at the stepped sites 

[131], and we find the most stable site for CO is also B5 sites, which is in 

accordance with Yao’s work. Then we carried on the DFT calculation of CO 

dissociation on the stepped B5 site. 
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Figure 3.4 The most stable structure of adsorption structures of adsorbates on the Ru 

(0001). All pictures are the top view of intermediates: (a) CO; (b) H; (c) O; (d) OH; (e) COH; 

(f) CHO; (g) C; (h) CH; (i) CH2; (j) CH3; (k) CH2O; (l) CH3O; (m) CHOH; (n) CC; (o) CCH; 

(p) CCH2; (q) CCH3; (r) CHCH2; (s) CHCH3; (t) CH2CH2; (u) CH2CH3. The white ball 

represents the H atom; grey one represents the C atoms, and the red one represents the 

O atoms. The adsorbates are shown in ball and stick model, while the supporting Ru atoms 

are in CPK model, which can display the adsorption structures. 

 

3.3.2.1 Stability Order of Intermediates in all Possible 

Elementary Process  

To better understanding the reaction mechanism, it is essential to figure out 

the stability of adsorbates as well as intermediates generated during the 

process. To rank the stability of all adsorbates, the concept of Estability is 

applied in the research. Stabilities are defined with the respect to the most 

stable adsorbate C, H, O. On the stepped ruthenium surface, the most 

stable C adsorbs on the four-fold site, the H atom on fcc-hollow site, and O 

on the edge bridge site. The stability is calculated using the following 

equation: 

( ) ( )

( ) ( )1

stability metal adsorbate metal C metal H

metal O metal

E E a E b E

c E a b c E

+ + +

+

= − −

− + + + −
      (3.5) 

Emet is the energy of metal surface. All the energies in the Figure 3.5 are in 

eV. Emet+n represents the energies of adsorbates to the metal surface with 

C, H, O atoms. a, b, and c are the number of atoms of C, H, O in the 

adsorbate respectively. It is clear that CO is the most stable reactant in the 

current simulation. For the monomers of C, CH, CH2, and CH3, the 

stabilities are at the followed order: C>CH>CH2>CH3. The monomer of C 

and CH are the most stable species on the surface, and it is believed that C 
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and CH are most probable monomer for form long chain hydrocarbons on 

the stepped ruthenium. On the carbide mechanism, the coupling of CH+CH, 

C+CH and C+C may be the most likely pathway to form long chain 

hydrocarbons on stepped ruthenium. For the CO-insertion mechanism, C 

and CH are also an important monomer for coupling with CO. Therefore, C 

and CH are deduced as the most probable monomer to form long chain 

hydrocarbons on the flat cobalt surface. The Estability is the relative stabilities 

of adsorbates on the metal surface. Emetal+x represents the adsorbates with 

the metal surface of C, H, O. Here a, b, c, are the number of C, H, O atoms 

in the adsorbate respectively, and Emetal is the energy of ruthenium (0001) 

stepped metal surface. According to the equation above, the stability of CO, 

C, CH, CH2, CH3, CC, CCH, CCH2, CCH3, CHCH, CHCH2, CHCH3, CH2CH2, 

CH2CH3, O, OH are calculated, and rank of their stabilities is displayed in 

the column chart (Figure 3.5).  

 

 

Figure 3.5: Stability bar of all the intermediates on the stepped ruthenium surface at 500 K. 

The more negative value of stability means more stable, and the more positive stability 

means less stable. In other words, the lower, the more stable; the higher, the more unstable. 

The unit of stability is eV. As shown in the bar chart above, CCH and CC are the most 
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stable species. And for C2 compound, the stability follows this order: 

CCH>CC>CHCH>CCH2>CCH3>CH2CH2>CHCH2>CHCH3>CH2CH3. 

 

3.3.2.2 Two Type of CO Dissociation Process: Direct and 

with H-assist 

In our research, CO dissociation pathways are simulated: direct dissociation 

and H-assisted dissociation. The probable pathways are listed in the Table 

3.4 with their corresponding reaction energy of Gibbs free energy and 

forward reaction barriers (displayed in Table 3.4). Besides, H-assisted 

pathways can be divided into two branches on account of different 

intermediates. These processes are also calculated on the Ru (0001) 

stepped surface to apprehend the real reaction mechanism. 

 

Table 3.4 Gibbs free energy of forward barriers and reaction energies of H-assist CO 

dissociation elementary reaction  

Elementary reaction Forward barrier (eV) Reaction energy (eV) 

CO*+* → C*+O* 1.32 -0.01 

CO*+H* → COH*+* 0.92 0.99 

CO*+H* → CHO*+* 0.67 0.64 

COH*+* → C*+OH* 0.53 -0.83 

CHO*+* → CH*+O* 0.48 -0.63 

 

From the table above, the Gibbs free energy of forward barrier for direct CO 

dissociation is 0.25 eV higher than that of CO*+H* → CHO*+*, and 0.4 eV 
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lower than that of CO*+H* → COH*+*. Moreover, the Gibbs free energy 

forward barrier for H-assisted CO dissociation to form CHO is 0.67 eV, 0.65 

eV lower than to form COH almost half of COH formation. As for the product 

of H-assisted CO adsorption, the Gibbs free energy forward barrier of CHO* 

→ CH*+O* is lower than COH* dissociation as well. The dissociation of CO 

should be H-assisted on the Ruthenium (0001) stepped surface to form the 

CHO followed by the CHO dissociation to form CH* and O* adsorbate. The 

energy profile of three possible pathways is sketched in Figure 3.6. 

Apparently, the Gibbs free energy barriers of two H-assist associations are 

much lower than direct dissociation. And the second step forward Gibbs free 

energy forward barriers of two H-assisted dissociation are very closing, 

while the forward reaction barrier with transition state CH-O is much lower. 

Therefore, the conclusion that CO(gas)+0.5H2 → CO(ad)+H(ad) → CH-O(ts) 

→ CHO(ad) → CH-O(ad) → CH(ad)+O(ad) is supposed to be the very 

possible reaction mechanism in the non-coverage model.  

 

 

Figure 3.6 The relative energy of three different CO dissociation pathways, the red line 

representing the H-assist dissociation with CHO intermediate, the blue one representing 

H-assist dissociation with COH intermediate, and the black representing the CO direct 
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dissociation process.  

 

From the Figure 3.6, we can see the reaction barrier of CO directly 

dissociation is much higher (over 2 eV) than that of H-assisted dissociation 

process. In another word, direct CO dissociation can hardly occur on the 

stepped Ruthenium (0001) surface, and CO dissociation with H-assisted is 

the major way to cleave the C-O bond, with an advantageous barrier. It is a 

worth noting result in this process. 

 

3.3.2.3 C1 Reaction Pathways and the Formation of 

Methane  

Methane, one of the common byproducts, is undesired product when 

Fisher-Tropshch is being used to generate long chain alkanes for liquid fuels. 

It is of paramount importance to reduce methane selectivity in the FT 

process. Yang’s group have tried to Choose appropriate promoters and 

process conditions to reduce methane production [151]. Since once 

methane is formed during the Fisher-Tropsch process, saturated C atoms 

can’t couple with other carbon to make the chain longer. Unsaturated 

hydrocarbon is more expected to be generated, such as olefin and alkynes, 

which is helpful to chain-growth. However, it often accounts for a large 

proportion of the products. And therefore, to figure out how methane 

produced is a vital problem in the process. Table 3.5 shows the energy 

change of methane generation process by adding H atom via Gibbs free 

energy forward barriers and reaction energies for methane formation. 

Additionally, Figure 3.7 displays Gibbs free energy profile of reactions in 

Table 3.5. It reveals that C, CH are much more stable than CH2 and CH3 

since they have relatively low Gibbs free energy. Therefore, it is probably 
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much easier for CH2 and CH3 to dehydrate to form CH and C instead of 

hydrogenation process, which inspires us an assumption that C+CH may 

be the favored mechanism to form the longer chain hydrocarbon. After 

comprehensive calculation, the dominant way of methane formation is 

discovered, and the reaction turnover frequency is obtained by MATLAB, 

and the result is figured in Figure 3.8. Combining with the conclusion that 

oxygenated C1 prefer to dissociate to CH and O rather than C and OH as 

displayed in Figure 3.6, in our non-coverage model with microkinetic 

analysis, the elementary reaction rates of methane generation are 

calculated by MATLAB code (see in Figure 3.8). The dominant methane 

formation process is listed as follows: CO+H → CHO, CHO → CH+O, CH+H 

→ CH2, CH2+H → CH3, CH3+H → CH4. 

 

Table 3.5 The forward barriers and reaction energy of the CH4 formation process 

Elementary reaction Forward barrier (eV) Reaction energy (eV) 

H*+C* → CH*+* 0.89 0.02 

H*+CH* → CH2*+* 0.85 0.66 

H*+CH2* → CH3*+* 0.45 0.06 

H*+CH3* → CH4+*+* 0.98 0.19 
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Figure 3.7 Energy profile of C1 hydrogenation to form methane on the stepped Ru (0001) 

surface with the non-coverage environment. C, CH, CH2, CH3 represent adsorption states 

of these particles, and C-H, CH-H, CH2-H, CH3-H represent their transition states. 

 

Figure 3.8 The reaction pathways of C1 species reactions, including three CO dissociating 

ways. Red arrows represent the most important way; the yellow one, secondary important, 

the blue one not important. The values noted on the arrows are the turnover frequencies of 

according reaction, with unit s-1 calculated from the microkinetic calculation by MATLAB 

code [148]. 

 

3.3.2.4 C1+C1 Coupling Reactions on the Ruthenium (0001) 
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Stepped Surface 

Fisher-Tropsch process, as a result of the polymerization mechanism, 

products are supposed to follow a statistical hydrocarbon distribution, which 

is known as the Anderson–Schulz–Flory (ASF) distribution [152]. In the ideal 

situation, chain growth probability (), which is determined by the rates of 

chain growth (Rp) and chain termination (Rt), is expressed as: =Rp/(Rp+Rt). 

It is independent of carbon chain length, the molar fraction M of a 

hydrocarbon with a chain length (carbon number) of n can be expressed as: 

1

nM =(1- ) n  −  . Therefore, a statistical distribution is nonselective for a 

desired range of hydrocarbons. But we only simulated Fisher-Tropsch 

process to C2 compound, the product distribution hasn’t been deeply 

investigated since the distributions are modelled after the same pattern. 

 

According to permutation and combination, there are nine different 

pathways to form the C2 intermediate from C1 and C1 coupling on the 

Ruthenium (0001) stepped surface. To understand the coupling mechanism 

better, the energies of all these adsorbates and intermediates in nine 

elementary reactions were calculated, as well as the Gibbs free energy of 

forwards reactions barriers. All the data are in Table 3.6, and the pathway 

profiles are also exhibited in Figure 3.9, which helps to visualize the pathway 

clearly and pick out the optimal one easily.   

 

Table 3.6 The Gibbs free energy of forward reaction barriers and reaction energy about the 

CHx+CHy coupling reactions on the stepped Ru (0001) surface at 500 K 

Elementary reaction Forward barrier (eV) Reaction energy (eV) 

C*+C* → CC*+* 1.63 -0.06 
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C*+CH* → CCH*+* 1.16 -0.19 

C*+CH2* → CCH2*+* 0.93 -0.38 

C*+CH3* → CCH3*+* 1.60 0.13 

CH*+CH* → CHCH*+* 1.35 0.23 

CH*+CH2* → CHCH2*+* 1.20 0.75 

CH*+CH3* → CHCH3*+* 1.80 0.77 

CH2*+CH2* → CH2CH2*+* 0.78 -0.23 

CH2*+CH3* → CH2CH3*+* 1.47 0.35 

 

 

Figure 3.9 Energy profile of C1+C1 coupling reaction on the Ruthenium (0001) stepped 

surface with non-coverage effect at 500 K. The pathways above are CHx(ad)+CHy(ad) → 

CHx-CHy(ad) → CHxCHy(ad). The x,y can be 0,1,2,3. 

 

It is clear that the Gibbs free energy C+C, C+CH and CH+CH2 are lower 

than CH2+CH3, CH2+CH2 and CH+CH3 in the initial state. As far as transition 
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state, C-CH, CH-CH are in the most two stable states with low energies. 

Referring to the final state, CCH, CC, CHCH and CCH2 are in the preferred 

energy. According to the analysis, the most probably way to couple carbon 

atoms is C+CH, which has low Gibbs free energy in both initial state and 

final state, and a medium Gibbs free energy barrier in the transition state. 

 

3.3.2.5 CHxCHy Hydrogenation Reaction 

Since the best way for C-C coupling has been identified, the hydrogenation 

reactions of C2 compounds are the next calculation procedure to track the 

reaction pathway. Similarly, Gibbs free energy forward barriers and reaction 

energies are listed in Table 3.7, and the according energy profile is drawn 

in Figure 3.10 to emerge theses different reaction pathways. As shown in 

Table 3.7, the reaction barriers are between 0.4 eV and 1.3 eV and the 

reaction energies vary from -0.4 eV to 1.2 eV, most of which are easy to 

take place. The most probable way is CCH hydrogenation continuously to 

CCH3, followed by H to form CH2CH2. 

 

Table 3.7 The free energy of forward barriers and reaction energies of C-C coupling 

elementary reaction to form C2 compound on the stepped Ru (0001) surface at 500 K 

Elementary reaction Forward 

barrier(eV) 

Reaction 

energy(eV) 

CC*+H* → CCH*+* 1.04 -0.11 

CCH*+H* → CCH2*+* 0.69 0.48 

CCH*+H* → CHCH*+* 0.58 0.45 

CCH2*+H* → CCH3*+* 0.89 0.57 
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CCH2*+H* → CHCH2*+* 0.67 1.15 

CCH3*+H* → CHCH3*+* 0.89 0.66 

CH2CH2*+H* → CH2CH3*+* 0.65 0.64 

CH2CH3*+H* → CH3CH3+2* 1.05 0.11 

CHCH*+H* → CHCH2*+* 1.24 1.18 

CHCH2*+H* → CH2CH2*+* 0.46 -0.32 

CHCH2*+H* → CHCH3*+* 0.78 0.08 

CHCH3*+H* → CH2CH3*+* 0.49 0.25 

 

 

Figure 3.10 Relative Gibbs free energy profile of 3 different routes of CHxCHy 

hydrogenation reactions. The red line represents the process: CC+H → CCH，CCH+H → 

CHCH, CHCH+H → CHCH2, CHCH2+H → CH2CH2, CH2CH2+H → CH2CH3， CH2CH3+H 

→ CH3CH3; the green one indicates: CC+H → CCH，CCH+H → CCH2, CCH2+H → 

CCH3, CCH3+H → CHCH3, CHCH3+H → CH2CH3, CH2CH3+H → CH3CH3; and the blue 

one displays: CC+H → CCH，CCH+H → CCH2, CCH2+H → CHCH2, CHCH2+H → 

CHCH3, CHCH3+H → CH2CH3，CH2CH3+H → CH3CH3. 
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To better describe the reaction routes, we define these routes to route1, 

route2 and route3 as follows: 

Route1: CC+H → CCH，CCH+H → CHCH, CHCH+H → CHCH2, CHCH2+H 

→ CH2CH2, CH2CH2+H → CH2CH3, CH2CH3+H → CH3CH3.  

Route 2: CC+H → CCH，CCH+H → CCH2, CCH2+H → CCH3, CCH3+H → 

CHCH3, CHCH3+H → CH2CH3, CH2CH3+H → CH3CH3.  

Route3: CC+H → CCH，CCH+H → CCH2, CCH2+H → CHCH2, CHCH2+H 

→ CHCH3, CHCH3+H → CH2CH3，CH2CH3+H → CH3CH3. 

Considering the high reaction barrier of CHCH hydrogenation to the CHCH2, 

route1 should not be the most effective way to compare to route2 and route3. 

And the last steps of 3 routes are with high Gibbs free energy reaction 

barriers. Since most intermediates of route2 are the most stable ones with 

the lowest energies, route2 is supposed to be better than the other two 

routines. In other words, the green line is under the red line and blue line 

apparently. Here, we didn’t consider the interconversion of their isomers in 

this part, because all these intermediates were the most stable species 

among their isomers. It was supposed to be endothermic reactions, which 

were not thermodynamics favoured. 

 

With the Gibbs free energy of reaction barriers and reaction energies, kinetic 

models have been applied again to investigate the reaction activity and 

selectivity via MATLAB code. We get the reaction turnover frequency of all 

the elementary processes referred above, and both routes and turnover 

frequency are tagged in Figure 3.11. 
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Figure 3.11 Reaction pathways for C2 species formation, the value tagged representing 

the turn over frequency (TOF) of the according reactions, the unit is S-1. The most and 

secondary important reaction pathways are in red and yellow arrows, respectively. The blue 

one is not that important compared to other two.  

 

From Figure 3.11, CH+CH, C+CH, C+CH2 and CH2+ CH2 are the most 

important reactions for C-C coupling reaction with 7.810-7 s-1, 5.110-7 s-1, 

2.410-7 s-1 and 2.110-6 s-1 turnover frequency (TOF) respectively. 

However, they are both much lower than the experimentally measured 

turnover frequencies of 10−2 s−1~10−3 s−1 [153]. We explained that the 

perfect ruthenium does not solely exist under real FT reaction. The dramatic 

surface restructuring on surface leads to produce defect sites under FT 

reaction as previous literature pointed [120, 153, 154]. We assume that the 

formation the defect sites is the main reason increasing the selectivity to 

methane and at the mean time the total TOF on the defect surface is much 

higher than ideal ruthenium surface in DFT simulations. The major pathway 

of ethylene formation can be summarized as follows:  

1) CH+CH → CHCH, CHCH → CCH+H, CCH+H → CCH2, CCH2+H → 

CCH3, CCH3+H → CHCH3, CHCH3+H → CH2CH3, CH2CH3 → CH2CH2+H, 

CH2CH2 → CH2CH2(gas) 
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2) C+CH → CCH, the rest pathway is the same as 1） 

3) C+CH2 → CCH2 the rest pathway is the same as 1） 

4)CH2+CH2 → CH2CH2, CH2CH2 → CH2CH2(gas) 

 

3.3.3 The Possibility of CO-insertion during Fisher-Tropsch 

Reactions at 500 K  

As for CO insertion mechanism, it was proposed that the Co2C may be 

responsible for the high selectivity of linear -alcohols through playing a role 

in CO insertion into the CnHm–Co species formed at Co0 sites [155]. This 

type of combination of metallic Co and cobalt carbide species would provide 

a promising strategy for higher alcohol synthesis, which wasn’t our targeted 

product. Although CO-insertion has long been recognized as a plausible 

pathway for Fisher-Tropsch process, the proposed kinetic models didn’t 

adopt this concept typically. Majority of Fisher-Tropsch kinetic models 

utilizing the LHHW approach are simple CO disappearance models [156, 

157], in which selection of carbide mechanism as the basis for derivation 

has a distinct advantage; all CO disappearance is due to C1species 

formation, which only involves three to five elementary steps. However, the 

model derivation will be more complex if CO-insertion mechanism is 

considered since CO is consumed not only to initiate chain growth 

(C1species), but also during propagation of chain growth. Therefore, it is 

necessary to define the surface concentration of the growing chains. Thus, 

a more comprehensive simulation is required to take into account all of the 

necessary elementary steps of the Fisher-Tropsch reaction mechanism. 

 

3.3.3.1 CO-Insertion Mechanism Elementary Process  



 

94 

 

To get a reliable reaction mechanism, the comprehensive simulation was 

carried out in this work to investigate CO insertion mechanism probability, 

and the results were displayed in the following part. After stimulation of non-

coverage dependent model, to improve the whole stimulation, the CO 

insertion mechanism is considered as well in the following part. Firstly, for 

C-C coupling reaction we get the Gibbs free energy of reaction energies and 

according to barriers in Table 3.8 below.  

 

Table 3.8 The Gibbs free energy of forward barriers and reaction energies of CO-insertion 

elementary reaction to form C2 compound on the stepped Ru (0001) surface at 500 K 

Reaction G (eV) Ea (eV) 

C*+CO* → CCO*+* 0.62 2.60 

CH*+CO* → CHCO*+* 0.90 2.22 

CH2*+CO* → CH2CO*+* 0.68 1.14 

CH3*+CO* → CH3CO*+* 1.30 1.72 

 

It is clear that the Gibbs free energy forward reaction barriers of CO insertion 

are so high (2.60 eV and 2.22 eV) for the C* and CH* adsorbates that these 

routes have very low probability. The other two reactions are not possible 

because of the instability of CH2* and CH3* which has been verified in the 

previous stability rank. CO-insertion mechanism is not favored in the Fisher-

Tropsch reactions in DFT calculation simulations; CO insertion mechanism 

cannot be the dominated reaction pathways on the stepped Ruthenium 

surface [131]: (i) For the stepped Ruthenium, the calculated monomer C 

atom has low coverage. In previous work, increasing the ratio of 𝜃𝐶/𝜃CO, it is 
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more likely to go through carbene mechanism; (ii) high coverage of CO 

environment leading to higher dissociation barrier for CHxCO. Therefore, 

more attentions are focused on the carbene mechanism when we consider 

coverage effect at more precise temperature 425 K.  

 

 3.3.3.2 Hydrogenation Reaction of C2 Compounds 

To simulate the process more comprehensively, we still do the simulation of 

C2 compounds hydrogenation processes with species coming from CO 

insertion mechanism. The data are listed in Table 3.9, including both Gibbs 

free energy of forward barriers and reaction energies of C2 hydrogenation.  

 

From the perspective of thermodynamics, all the Gibbs free energies of 

reaction energy are positive; therefore, all these reactions are not 

thermodynamically favored. Besides, these reactions are not favored on 

kinetic ground due to their high Gibbs free energy reaction barriers: the 

lowest one is 0.99 eV, while the rest were over 1.2 eV. Briefly, even if CO 

insertion mechanism happens, the produced C2 will not hydrogenate to 

form CHxCHyO. In other words, CO-insertion mechanism is impossible to 

occur under those conditions. Then we sketch the energy profile (Figure3.12) 

of all the elementary processes mentioned above to visualize how low the 

possibility of CO-insertion mechanism via five different routes. Apparently, 

from kinetic perspective, the Gibbs free energy reaction barriers are too high 

for elementary reactions to happen. As far as thermodynamics is concerned, 

all the reaction energies are positive, which means it is not favored by 

energy. 
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Table 3.9 The Gibbs free energy of forward barriers and reaction energies of C2 

hydrogenation reaction on the stepped Ru (0001) surface at 500 K 

Reaction G (eV) Ea (eV) 

CCO*+H → CHCO*+* 0.31 1.53 

CCO*+H → CCHO*+* 0.28 0.99 

CHCO*+H* → CH2CO*+* 0.45 1.20 

CHCO*+H* → CHCHO*+* 0.81 1.79 

CH2CO*+H* → CH2CHO*+* 0.23 1.22 

  

 

Figure 3.12 Reaction pathways for CO insertion, including 5 different reaction pathways：

the red lines display route1, CH+CO → CHCO, CHCO+H → CHCHO; the blue one shows 

route2, CH+CO → CHCO, CHCO+H → CH2CO; CH2CO+H → CH2CHO; the black one 

represents route3, C+CO → CCO, CCO+H → CCHO; the indigo line indicates route4, 

CH+CO → CHCO, the rest parts are similar to route1 and route2; and the green line 

displays the last route, CH2+CO → CH2CO. 
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We found that all these pathways are with high barriers to overcome, and 

the enthalpy is positive, which means they are thermodynamic unfavored. 

Therefore, we focus more on carbene mechanism instead of CO insertion 

mechanism without many discussions on this part. 

 

3.3.4 Fisher-Tropsch Elementary Reactions at 425 K with 

Coverage-Dependent Model on Stepped Ru (0001) Surface  

As we mentioned above, the coverage we calculated are far away from the 

initial environment we assumed in the non-coverage depend model. The 

non-coverage stimulation, therefore, is unable to investigate the Fisher-

Tropsch reaction mechanism properly. Besides the carbene mechanism, 

CO insertion mechanism is also calculated in the above part, which is not 

favored on thermodynamic or kinetic perspective. In this part, the reaction 

temperature reduces to 425 K, which is a better temperature for Ruthenium 

to facilitate the Fisher-Tropsch reaction, while 500 K is the common 

temperature for Fisher-Tropsch reaction for most other transition metal 

catalysis. Initially, I planned to investigate Fisher-Tropsch on more 

transitional metals to find their relationship between catalyst efficiency and 

their valance electrons. Therefore, I applied 500 K as a general Fisher-

Tropsch reaction temperature. To be honest, there is too much too to finish 

that project, and that is more repetitive work compared with other projects 

such as MD simulation. Therefore, I decided to simplified my original idea 

to the one displayed in this thesis, only to investigate the Fisher-Tropsch 

reactions on ruthenium surface, whose best reaction temperature is 425 K. 

 

The surface coverage is defined: /n N =   where the n   represents the 

number of adsorbates and N  is the number of surface sites in the unit cell. 
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To obtain energies under various coverages, the two-line model is 

developed to realize it. Two-line model is used to obtain the relationship 

between the differential adsorption energies and the coverages to describe 

the adsorbate−adsorbate interactions, which has been applied in other 

literatures before [131, 158]. The most abundant adsorbate will exert great 

effects on the other intermediates. Therefore, the major challenge is to 

guarantee that the structures we find are in the lowest energy states. From 

our previous calculation, CO is the dominant adsorbate in this research, 

which is different from Ciobica and his colleagues [124] and Ivo groups [84]. 

In Ciobic and his colleague opinion, the most stable intermediate CH should 

be the dominant surface species. Their model predicted that formaldehyde 

is the dominant product at low temperature, while methane at high 

temperature [83]. To obtain long-chain product, 425 K was applied when we 

simulation the reaction mechanism with kinetic models. Lennart Joos and 

van Santen et al [159] deemed that it was effective to have an extra carbon 

atom on the surface, which only slightly affects the dissociation barrier for 

Co(112̅1). In this work, the coverage effect was considered basing on the 

non-coverage effect model, whose results show CO occupied most site on 

the stepped Ruthenium surface. Then we found CO coverage is 0.71ML 

after all simulations finished (discussion in the below part). Coverages of all 

the other adsorbates can be acquired via iteration, whose pattern has 

already shown in Figure 2.5 to describe working mechanism.  

 

To simulate the environment interaction, taking CO adsorption as an 

example, we locate CO molecules from 1 to 9 (coverage of CO increasing 

from 1/9 ML to 1 ML) according to the stability of CO adsorption structure 

by adsorption energy. The optimized adsorption structures are presented in 

Figure 3.13 at different coverages. Since we think CO is supposed to be the 

dominant species on the stepped surface, the CO concentration is expected 



 

99 

 

at a high level. Therefore, the coverage 4CO (4/9ML of CO), 5CO (5/9ML of 

CO), 6CO (6/9ML of CO) and 7CO (7/9ML of CO) are modelled as 

environment, to make the fitting lines to calculated the coverage-dependent 

adsorption energies, taking CO adsorption energy as an example shown in 

Figure 3.14. 

 

Figure 3.13 Optimized structures of adsorbed CO from 1 CO to 9 CO on the stepped 

surface Ru (0001). The green ball represents the Ru atoms, the grey one C atom, and red 

O atom. 

 



 

100 

 

 

Figure 3.14. Coverage-dependent adsorption energies for CO adsorption on the stepped 

Ru (0001) surface at 425 K, with 3.33 bar CO pressure. The first few points (from 0.056 ML 

to 0.61 ML) are used to fit the first straight line describing the adsorbate-adsorbate 

interactions in low coverage area and another some other points (from 0.61 ML to 0.944 

ML) were used for high coverage area. Most data points are on the fitting line except 2 

points with at the coverage 7/18 (in grey) and 15/18(in yellow). The deviation of yellow one 

may due to a 4C cycle formation, while C atoms on the step surface form a 3C cycle causing 

the deviation of grey dot lower the fitting line. 

 

Additionally, all the other adsorption energies of intermediates are also 

calculated and fitted by the two-line model: one line is suitable for low 

coverage situations (blue line in Figure 3.14), the other line suits high 

coverage situations (orange one in Figure 3.14). (Here, we don’t list every 

fitting line because the intermediates concerned are too many, therefore, 

only the most reasonable one is drawn on the thesis). As shown in Figure 

3.14, the first 4 points (from 0.056 ML to 0.61 ML) are used to fit the first 

straight line describing the adsorbate-adsorbate interactions in low 

coverage area and other 5 points (from 0.61 ML to 0.944 ML) were used for 

high coverage area. Here we separate low and high by fifth dot, because 
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the higher coverage is, the less stable the adsorbate is. Most data points 

are on the fitting line except 2 points with at the coverage 7/18 (in grey color) 

and 15/18(in yellow color). The deviation of yellow one may due to a 4C 

cycle formation, while C atoms on the step surface form a 3C cycle causing 

the deviation of grey dot lower the fitting line. With the equation of fitting 

lines, we can obtain adsorbate energies corresponding with specific 

coverage. Finally, we calculate the microkinetic of these elementary 

reactions at 425 K, with consideration of CO environment effect, adsorbate-

adsorbate interactions, as well as all the corrections referred before using 

kinetic code. The core concept is that microkinetic model has been used 

numerous times until we getting a self-consistent result that the outcome 

coverage is almost the same as the input. Luckily, after trying many times, 

when the coverage of CO equals 0.73 ML, the outcome is 0.71 ML, which 

is quite closing to the input value. The microkinetic results of Fisher-Tropsch 

process are listed in Table 3.10 containing every elementary reaction and 

their according forward, backward and overall turnover frequency 

(abbreviated TOF), which is used to refer to the turnover per unit time, as in 

catalysis.  

 

Table 3.10 The forward, backward and overall reaction rate of Fisher-Tropsch elementary 

reactions on Ru (0001) stepped surface at 425 K 

reactions Forward (s-1) Backward (s-1) Overall (s-1) 

CO+*<->CO* 3.11105 3.11105 7.1710-5 

H2+*+*<->H*+H* 5.5710-3 4.9710-3 6.0410-4 

CO*+*<->C*+O* 3.9010-9 6.8610-20 3.9010-9 

O*+H*<->OH*+* 3.3310-6 3.2210-6 1.1010-7 

OH*+H*<->H2O+*+* 7.1610-5 9.9610-10 7.1610-5 
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OH*+OH*<->H2O+O*+* 1.0410-7 1.1810-12 1.0410-7 

H*+C*<->CH*+* 7.9810-4 7.2610-4 7.1710-5 

H*+CH*<->CH2*+* 1.0510-2 1.0410-2 7.1710-5 

H*+CH2*<->CH3*+* 1.0210-4 2.9810-5 7.1710-5 

H*+CH3*<->CH4+*+* 7.1710-5 1.1210-9 7.1710-5 

C*+C*<->CC*+* 6.4110-26 6.4810-26 -7.4010-28 

C*+CH*<->CCH*+* 4.0410-19 1.0810-10 -1.1110-16 

C*+CH2*<->CCH2*+* 1.9910-19 4.9710-17 -4.9510-17 

C*+CH3*<->CCH3*+* 1.3510-20 9.7410-18 -9.7410-18 

CH*+CH*<->CHCH*+* 2.3010-17 7.2010-15 -7.2010-15 

CH*+CH2*<->CHCH2*+* 3.4510-19 9.8410-17 -9.810-17 

CH*+CH3*<->CHCH3*+* 1.9410-21 1.6810-18 -1.710-18 

CH2*+CH2*<->CH2CH2*+* 4.1610-23 1.8610-19 -1.8610-19 

CH2*+CH3*<->CH2CH3*+* 2.6310-23 2.0910-21 -2.0610-21 

CC*+H*<->CCH*+* 2.9710-30 7.4710-28 -7.4710-28 

CCH*+H*<->CCH2*+* 5.0110-15 5.0910-15 -8.210-17 

CCH*+H*<->CHCH*+* 1.3910-15 1.4210-15 -2.510-17 

CCH2*+H*<->CCH3*+* 5.2210-5 5.0510-5 1.6710-6 

CCH2*+H*<->CHCH2*+* 9.8510-4 9.8710-14 -1.7010-6 

CCH3*+H*<->CHCH3*+* 3.4510-1 3.4510-1 1.6710-6 

CH2CH2*+H*<->CH2CH3*+* 4.110-4 2.2910-5 3.8710-4 

CH2CH3*+H*<->CH3CH3+*+* 3.8910-4 3.8910-9 3.8910-4 
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CHCH*+H*<->CHCH2*+* 2.2710-9 2.2710-9 -7.2010-15 

CHCH2*+H*<->CH2CH2*+* 1.0310-7 1.7710-6 -1.6710-6 

CHCH2*+H*<->CHCH3*+* 1.0710-8 1.0410-8 3.6110-10 

CHCH3*+H*<->CH2CH3*+* 7.3010-2 7.3010-2 1.6710-6 

CH2CH2*<->CH2CH2+* 9.33 9.33 -3.910-4 

CO*+H*<->COH*+* 1.9010-3 1.8310-3 7.1710-5 

CO*+H*<->CHO*+* 46.39 46.39 2.3110-9 

COH*+*<->C*+OH* 7.1710-5 1.3410-15 7.1710-5 

CHO*+*<->CH*+O* 2.3110-9 3.4710-20 2.3110-9 

 

Since we have finished all calculations and obtained reaction rate of each 

step, similar to the non-coverage dependent model, the pathways of Fisher-

Tropsch elementary reactions are also sketched in Figure 3.15. and Figure 

3.16. When we reduce the simulation temperature to 425 K, a better 

reaction temperature for Fisher-Tropsch reaction on the Ruthenium surface, 

more reasonable pathways come out. The modelling method doesn’t 

consider re-adsorption of CH2CH2 or CH3CH3. Because the re-adsorption 

phenomenon will lead to CH2CH2 hydrogenation rather than decouple to C1 

fragments in our testing process. The reaction pathways of CO dissociation 

are displayed in Figure 3.15. 
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Figure 3.15 The reaction pathways of C1 species reactions, including three CO dissociating 

ways. Red arrows represent the most important way; the yellow one, secondary important, 

the blue one not important. Values are the turnover frequencies of according reaction, with 

unit S-1 calculated from the microkinetic calculation by MATLAB. 

 

CO prefer to dissociate with the assistance of H rather than directly to atom 

C and O, it firstly forming CHO and COH, then cleaving to CH+O and C+OH 

respectively. The cleaved particles continue to couple and form other 

intermediates of Fisher-Tropsch reaction. Only a small proportion of CH will 

hydrate to methane. It is obvious that the most efficient way for CC coupling 

is CH+CH to form CHCH, then hydrogenate to CHCH2. These results is in 

good accordance with previous DFT calculation work [160] that the overall 

barrier for chain growth in the carbide mechanism (preferred path CH + CH 

coupling) is lower than that for chain growth in the CO insertion mechanism 

(preferred path C + CO coupling).  

 

After CHCH2 formed, there are two different reaction pathways to produce 

CH2CH2 and CH3CH3 as well. The first route is CHCH2+H → CH2CH2 

followed by desorption of CH2CH2. The second one is CHCH2 → CCH2+H, 

CCH2+H → CCH3, CCH3+H → CHCH3, CHCH3+H → CH2CH3, CH2CH3+H 
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→ CH3CH3, then desorption.  

 

 

Figure 3.16. Reaction pathways for C2 species formation, the value shows the turnover 

frequency (TOF) of the according reactions, and the unit is s-1. The most and secondary 

important reaction pathways are in red and yellow arrows, respectively. The blue one is not 

that important compared to the other two. 

 

3.4 Conclusion  

After simulation of the whole process of Fisher-Tropsch at 425 K with the 

coverage-dependent model, the questions we posed have already been 

answered: 

(1) The most abundant species on the stepped surface is CO rather than 

CH or O, and CO exerts the greatest environment effect to the 

adsorbates during the whole process. Once the coverage effect 

considered, the product, reaction pathways, and reaction turnover 

frequency all differ from the non-coverage model. (see in Figure 3.11 

and Figure 3.16) 

(2) H-assist pathways are much better than CO direct dissociation in two 
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different models with lower barriers and exothermic enthalpy changes. 

The process with CHO intermediate is better than COH intermediate, 

because of lower energy states and smaller Gibbs free energy barriers 

during the reaction. Our conclusion is compatible with Loveless et al. 

[161] results that CO* is activated predominantly via H-assisted paths 

on high coordination Ru atoms in (111) terrace environments on CO* 

saturated Ru cluster surfaces. 

(3) The dominant reaction mechanism for Fisher-Tropsch reaction can be 

summarized as follows: firstly, adsorbed CO dissociate with the assist of 

H to form CHO, some to COH; then CHO and COH cleave to CH*, O* 

and C*, OH*; CH* and CH* couple to form C2 particles; CH2CH2 is 

produced followed by a series of hydrogenation reactions. 

(4) Carbene mechanism is confirmed to be the most important mechanism 

in Fisher-Tropsch reaction. Almost all the carbon chain growing 

pathways go through C-C coupling process. However, CO insertion 

mechanism is not favored in both thermodynamic and kinetics aspects, 

which is supported by the conclusion from Filot [160] that the overall 

barriers for chain-growth via CO-insertion are much higher than those 

via CH + CH coupling. Moreover, Jun Cheng et al. in 2008, found that 

for C1 + C1 coupling, the major chain growth pathways are different on 

different metal surfaces: C + CH and CH + CH on Ru surfaces [109], 

which is the same as our mechanism. 

(5) The TOF of reactions changed as well, both in value and magnitude, 

although it still differed from experiment result 10-3~10-1 s-1, the reason 

can be attributed to higher reaction temperature, and support effects in 

the real reaction condition since the stimulation happens on the pure 

metal stepped Ru (0001) surface. 

(6) Therefore, we draw the conclusion on the Fisher-Tropsch process: direct 
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CO dissociation is very hard to occur on a stepped ruthenium surface. 

H-assisted CHO dissociation is the most probable pathway to form 

monomer in current simulation on the stepped Ru(0001); CH+CH is still 

the most likely carbide mechanism coupling pathway for C2 pecies on a 

stepped Ru surface; CO is not likely inserted into CR or CHR, which is 

a both thermodynamic and kinetic unfavored pathway. 

(7) The TOF we calculated with coverage of CO, through the coverage-

dependent model, is much lower TOF than that of the experimentally 

measured turnover frequencies of 10−2 ~10−3 s−1.  But compared to the 

non-coverage model, it is more reasonable since interaction between 

adsorbates are considered in simulations. 
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Chapter 4 

Coordination Number-dependent Catalysis on 

Transition Metal Oxide by Density Functional 

Theory Method 

Abstract 

Parallel to the significance of metal catalysts in catalysis, transition metal 

oxide (TMO)-based catalysts catalyze more than half of industrial catalytic 

reactions. Exploration of correlation between surface structures of transition 

metal oxides and their corresponding catalytic performances is crucial for 

rationally designing TMO and TMO-based catalysts with high activity and 

selectivity. Our results suggest a new avenue for developing new catalysts 

with high activity and selectivity through designing the catalyst surface with 

cations in a specific coordination environment. We investigate methane 

oxidation as a probe to study different catalytic performance on various 

shapes of NiO, such as sheet NiO, cubic NiO and octahedral NiO 

representing NiO(110), NiO(100), and NiO(111), respectively. The distinct 

differences in catalytic activity in oxidization of CH4 result from the different 

coordination environment of Ni2+ which is responsible for the activation of 

CH4. This cation coordination number-dependent catalysis demonstrates 

the significance of elucidating coordination environment of cations of 

transition metal oxide in understanding of catalytic performance at a 

molecular level. Regarding the methane combustion process on different 

types of NiO, it was found that planar NiO with 4 oxygen coordinated Ni2+ 

has higher reaction activity than 5 oxygen coordinated cubic NiO, which is 

more active than 6 oxygen coordinated octahedral NiO. Density functional 

theory(DFT) calculations are used to determine the reaction mechanism on 

the planar NiO and octahedral NiO surfaces in detail, the results of which 



 

109 

 

are in good agreement with experimental results from Franklin Tao’s group.  

Methane combustion activities strongly depend on the number of 

coordinated oxygen atoms around a Ni cation. The coordination number-

dependent catalysis was supported by the largely increased activity in 

activation of CH4 of insert NiO(100) upon tailoring through reduction in H2. 

These studies demonstrated that coordination number dependent catalysis 

of transition metal oxide and suggest a new method of designing catalysts 

through tailoring coordination number of oxygen atoms around cation on 

transition metal oxide. 

 

4.1 Introduction 

Metal and transition metal oxide (TMO) are the two main categories of 

widely used catalysts in chemical and energy transformations. The 

extensive studies of model catalysts in the last 4 decades have revealed 

that the atomic arrangement of catalyst surface is essential for catalytic 

performance [106, 162]. Compared to metal catalysts, TMO catalyzes more 

than half of catalytic reactions of industrial chemical and energy 

transformations. However, much less understanding for catalysis on TMO 

has been achieved in contrast to catalysis on metal catalysts. Compared to 

the extensive fundamental studies of surface structures of metal catalysts  

[106, 162-165], few intrinsic correlations between different surface 

structures of a TMO catalyst and their corresponding catalytic performances 

have been elucidated. This is partially due to the high complexity of surface 

structure of high surface area TMO catalysts. The structural complexity 

results from coexistence of cations with different coordination environments, 

coexistence of cations of different valences and different surface defects. 

Additionally, restructuring of surface of TMO could happen along with 

transition from low temperature phase to high temperature phase since 
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there is more than one phase for many TMOs in temperature ranges of 

catalysis such as 200-600oC and thus phase transitions are likely to occur 

along the increase of catalysis temperature [166]. These complicated 

factors have made fundamental studies of correlation between atom-scale 

surface structure and catalytic performance challenging. 

 

To explore the correlation of surface structure of TMOs and the 

corresponding catalytic performances of these TMOs, NiO was chosen as 

a probe catalyst since a Ni cation on Co3O4 surface play a significant role in 

activation of C-H of CH4 in complete oxidation of CH4. Thus, here planar 

NiO sheet with exposed (110), cubic NiO with exposed (100), and octagonal 

NiO with exposed (111) were prepared. Ni2+ cations of NiO(110) of planar 

sheet, NiO(100) of cube, and NiO(111) of octagon coordinates with 4, 5, 

and 6 oxygen atoms, respectively. In this study we found that a Ni atom 

coordinating with 4 oxygen atoms on NiO(110) is highly active for activation 

of CH4 at a temperature as low as 300oC in contrast to inertness of NiO(100) 

of cubic NiO(100) and Ni(111) of octagonal NiO at a temperature  400oC. 

It clearly shows crucial role of coordination environment of a Ni cation in 

determining catalytic activity of NiO catalyst. Although a Ni cation 

coordinating with five oxygen atoms on NiO(100) of cubic NiO is not active 

for complete oxidation of CH4, activity on NiO(100) of cubic NiO was 

achieved by creating appropriate coordinating environment (Ni1-O4) for 

existing Ni cations through removal of oxygen atom by H2 at a temperature 

 200oC. This work illustrated the significance of coordination environment 

of cations in catalysis on transition metal oxide and a new method of 

designing a catalyst with high activity through modifying coordination 

environment of transition metal cations of TMO. 
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As far as calculation simulation, DFT+U method has alreadly been applied 

in many other metals and transition metal oxides. O. Bengone et al. [167] 

presented a new implementation of LDA+U model based on the PAW 

method [168], which is an all-electron method without any shape 

approximation to the potential or the charge density. We tested the method 

on NiO and obtained results that are in good agreement with previous 

LDA+U calculations and a recent GW model calculation [169]. The U value 

they determined is is in good agreement with experiment. Adam D. et al also 

presented a density functional theory(DFT+U) investigation into methane 

oxidation over Pd/ceria and quantify the activity of the PdxCe1xO2(111) 

mixed oxide surface in comparison with the PdO(100) and Pd(111) surfaces 

[170]. Li-li Xu et al. completed catalytic cycle of dry reforming of methane 

(DRM) on Ni2Fe overlayer of Ni(111) surface by periodic density functional 

theory (DFT) calculations and studied the surface-carbon removal and the 

activity for the reforming of methane on the FeO ribbon supported Ni(111) 

(FeO/Ni) interface by DFT+U method [171]. A. Schron and F. Bechstedt 

investigated the nonpolar, cleavage (001) (2×1) surfaces of anti 

ferromagnetic late transition-metal oxides, MnO, FeO, CoO, and NiO(001) 

surfaces, by means of the density functional theory for non-collinear spins 

and including the spin-orbit interaction with consideration of Coulomb 

interaction among the localized transition-metal 3d electrons [172], which 

was solved by DFT+U methods. In theis chapterf, DFT+U method was 

applied to investigate the Ni cation coordination environment effect to 

methane cumbustion activities. In this work, an effective U value of 5.3 eV 

as suggested in other theoretical works [173, 174] was adopted in the whole 

simulation process, which is regarded as a reasonale and acceptable value 

for theoretical calculation work. 

 

4.2 Experimental and Computational  
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4.2.1 Adsorption Energy and Surface Energy 

Adsorption energies provide information pertaining to the stability of 

adsorbates at different sites on the surface. In general, adsorption energy 

(Ead) is defined as:  

Eads adsorbate surface adsorbate surfaceE E E+= − −            (4.1) 

where Eadsorbate+surface, Esurface, Eadsorbate are respectively the total energy of 

the adsorption system, the clean surface and the corresponding adsorbate 

in the gas phase. . Negative adsorption energies correspond to an 

exothermic adsorption process and the more negative the adsorption 

energies, the stronger the binding ability is. 

 

Surface energy is used to evaluate the stabilities of one surface, the surface 

energy was used as defined below: 

 

2

total ref

surface

E nE
E

A

−
=

                    (4.2) 

where Etotal is the total energy of this surface from DFT calculations, and Eref 

is the reference energy of unit composition from bulk calculation. A and n 

are the surface area and the number of unit composition in this surface, 

respectively. Given this definition, the more positive the surface energy is 

for a surface, the less stable this surface is. In solid physics, surface energy 

may therefore be describled as the excess energy at the surface of a 

material compared to the bulk, or it is the work required to build an area of 

a particular surface. 
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4.2.2 Calculation Detail 

All the DFT calculations were carried out with a periodic slab model using 

the Vienna ab initio simulation program (VASP) [175-178]. The dipole 

correction was applied throughout the calculations to take the polarization 

effect into account. In DFT calculation, we used the DFT+U method in 

computing the thermodynamic properties such as adsorption energy, 

thermal stability and so on, where the on-site coulomb correction was set 

on Ni 3d orbitals with an effective U value of 5.3 eV as suggested in other 

theoretical works [173, 174]. The DFT+U approach [179-181] combines the 

standard DFT Hamiltonian with a Hubbard Hamiltonian. In the approach of 

Dudarev et al. [179], the latter depends on the difference Ueff=U−J, the 

parameter U describing the energy increase for an extra electron on a 

particular site, and the parameter J representing the screened exchange 

energy [174]. In this work, we adopted U= 6.3 eV, which is an reasonable 

values of the physical parameters of interest, and J= 1.0 eV, then we 

obtained an effective Hubbard parameter, Ueff= 5.3 eV. According to recent 

abinitio calculations based on the local spin density approximation,  

magnetic structures is supposed to be consodered as well, which have 

pointed out the key role played by the unquenched orbital moment [182]. 

Spin-orbit interaction is taken into account [32][172]. Therefore, in this 

chapter, LDA has been chosen since the generalized gradient 

approximation (GGA) for exchange and correlation (XC) [41] leads to a 

remarkable quenching of the orbital magnetization. The projector-

augmented wave (PAW) method [70] is applied to construct the 

pseudopotentials and describe the wave functions in the core regions with 

an accuracy comparable to all-electron calculations. A four-layer NiO with 

the periodicity of p(3×3) was used including 15 Å vacuum slab. The bottom 

two layers of Ni atoms and two layers of O atoms were fixed, and the top 

two layers of Ni atoms, two layers of O atoms, and the adsorbates were 
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relaxed. The transition states (TSs) were searched using a constrained. The 

cutoff energy was set to 450 eV for the optimization calculations with the 

convergence of force 0.05 eV Å−1. K-point 2 × 2 ×1 was applied to surface 

Monkhorst Pack meshes of the in the surface Brillouin zone. The force 

threshold for the transition state (TS) search was 0.05 eV/Å. The transition 

states (TSs) were searched using a constrained optimization scheme [183]. 

The distance between the reactants is constrained at an estimated value 

and the total energy of the system is minimized with respect to all the other 

degrees of freedom. The TSs can be located via changing the fixed distance, 

and must be confirmed by the following two rules: (i) all forces on atoms 

vanish; (ii) the total energy is a maximum along the reaction coordinate, but 

a minimum with respect to the rest of the degrees of freedom. 

 

4.3 Results and Disscussion 

4.3.1 Surface Structures and Stabilities of Different Facets 

In order to understand the activity of complete oxidation of methane on 

nonstoichiometric nickel oxide, we first calculated the stabilities of the most 

common facets of nickel oxide, namely NiO(100), NiO(110) and NiO(111). 

The optimized surface structures were shown in Figure 4.1, while the 

surface energies of these facets were listed in Table 4.1. From the results, 

NiO(100) was found to be the most stable facet among the calculated ones, 

with a surface energy of 0.05 eV/ Å2. The surface energy of NiO(110) was 

calculated to be 0.12 eV/ Å2, which is much more unstable comparing to 

NiO(100). The most unstable facet is NiO(111) with the highest surface 

energy value, 0.22 eV/ Å2. Therefore, NiO(100) should be the most 

abundant facets of nickel oxide, while a fraction of NiO(110) are also likely 

to be found. NiO(111) is extremely unstable, and the percentage of this facet 

is too small.  
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Figure 4.1 Top and side views (insets) of (a) NiO(100), (b) NiO(110), and (c) NiO(111) 

surfaces. Nickel and oxygen atoms are in blue and red, respectively; this notation is used 

throughout this work. 

 

Table 4.1 Surface energies of NiO(100), NiO(110) and NiO(111). All the surface energies 

are in eV/ Å2. 

Facets Surface Energy (eV/ Å2) 

NiO(100) 0.05 

NiO(110) 0.12 

NiO(111) 0.22 

 

4.3.2 Oxygen Vacancy Facets Structures and Stabilities 

Hang, Shiran et al. did experiment and found partially reduced five 

coordinated cubic NiO (by 5% H2 and some oxygen vacancies generated) 

is active at 375 ℃, which could not react without reduction; their potential 

catalytic performances were measured under the same condition as planar 

NiO [166]. In order to obtain the surface structures and stabilities of 

nonstoichiometric nickel oxide, we calculated two different types of oxygen 

vacancies on nickel oxide surfaces: single point and line vacancies. Single 

point vacancy is that one surface oxygen atom on the nickel oxide surface 
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is missing as shown in Figure 4.2(a) and (c); while line vacancy happens 

when one line of oxygen atoms is all removed forming a stepped surface 

(Figure 4.2 (b) and (d)). No dramatic surface reconstructions were found on 

NiO(100) with both single point vacancy (Figure 4.2(a)) and line vacancy 

(Figure 4.2(b)), and NiO(110) with single point vacancy (Figure 4.2(c)). 

However, the surface structure of NiO(110) significant changed after 

optimization with two subsurface oxygen atoms moving to surface. This 

suggests that the stepped NiO(110) may not be stable.  

 

Figure 4.2. Top and side views (insets) of (a) NiO(100) with single point oxygen vacancy, 

(b) NiO(100) with line oxygen vacancy, (c) NiO(110) with single point oxygen vacancy, and 

(d) NiO(110) with line oxygen vacancy. The single point oxygen vacancies were labeled 

with ‘V’. 

 

4.3.2 Activities on Stoichiometric and Nonstoichiometric 

Surfaces 
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Then, we calculated the activities of methane oxidation on stoichiometric 

and nonstoichiometric nickel oxide surfaces. As reported in many previous 

[184, 185], the activation of methane is very likely to be the rate-determining 

step; even if it is not the rate-determining step, the barrier of methane 

activation can also be a good indicator for the easiness of the 

dehydrogenation of carbon species. Therefore, we calculated the barriers 

of dissociative adsorption of methane one the surfaces mentioned above, 

included stoichiometric surfaces, nonstoichiometric surfaces with single 

point oxygen vacancy and line oxygen vacancy. The geometries of the 

transition states were shown in Figure 4.3 and Figure 4.4, and the activation 

energies were listed in Table 4.2. From the results, several interesting 

features can be found: Firstly, on NiO(100) with the increase oxygen 

vacancy concentration, the activation energies decrease from 1.41 eV on 

stoichiometric surface to 1.03 eV on the surface with single point vacancy. 

Then, it even decreases to 0.80 eV on nonstoichiometric surface with line 

point vacancy, suggesting that NiO(100) is too stable to active CH4, and 

introducing oxygen vacancy could greatly increase the activity of NiO(100). 

Secondly, stoichiometric NiO(110) is the most active surface for CH4 

dissociation, and introducing defects would decrease the activity. No 

transition state was located on NiO(110) with line vacancy, which may 

indicate that NiO(110) with line vacancy is inert for CH4 dissociation. Thirdly, 

on the two most active surfaces NiO(100) with line vacancy and 

stoichiometric NiO(110), the coordination numbers of reaction sites are both 

4, and surfaces with more and fewer coordination numbers are both not 

active for methane oxidation.  
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Figure 4.3 Top and side views (insets) of transition state of methane dissociative adsorption 

on (a) stoichiometric NiO(100), (b) nonstoichiometric Ni(100) with single point vacancy, and 

(c) nonstoichiometric Ni(100) with line vacancy. The grey and white balls stand for carbon 

and hydrogen atoms, respectively; this notation is used throughout this report. 

 

 

Figure 4.4. Top and side views (insets) of transition state of methane dissociative 

adsorption on (a) stoichiometric NiO(110) and (b) nonstoichiometric Ni(110) with single 

point vacancy. 

 

Table 4.2. Activation energies of methane dissociative adsorption on NiO(100) and 

NiO(110) without defects (Stoichiometric), with single point oxygen vacancy (Single point), 

and with line oxygen vacancy (Line). All the activation energies are in eV. 

 
Stoichiometric Single point Line 
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NiO(100) 1.41 1.03 0.80 

NiO(110) 0.42 1.31 / 

 

4.3.3 Reaction Mechanisms of Methane Oxidation on 

NiO(110) 

To better investigate the reaction of methane oxidation on NiO surface, the 

elementary reaction process was carried out on the planar (110) surface 

model. As shown in Figure 4.6(b), two lattice oxygen atoms are reduced 

forming hydroxyl groups. The hydrogen transfer between these two hydroxyl 

groups forming H2O is necessary for active site regeneration. The hydrogen 

transfer barrier is found to be 0.43 eV, and the transition state is sound in 

Figure 4.7(a). After the formation of water, the water desorbs from surface 

and oxygen molecule adsorbs on the oxygen vacuums as shown in Figure 

4.7(b). The overall enthalpy changes for this process from the state in Figure 

4.6(b) to the state Figure 4.7(b) is -0.45 eV. Similar to CH3, CH2 species 

may also be further dehydrogenated or oxidized as shown in Figure 4.8. 

The barrier of CH2 dissociation (Figure 4.8(a) and (b)) is 1.18 eV, and the 

enthalpy change is 1.02 eV, indicating the further dissociation is not 

favorable. Regarding the CH2 oxidation (Figure 4.8 (c) and (d)), the barrier 

and enthalpy change are found to be 0.43 eV and -2.67 eV respectively, 

which is much more favorable comparing to the dissociation pathway. 

Therefore, the CH2 oxidation is the main pathway in methane oxidation on 

NiO(110). After the oxidation of CH2 forming CH2O, we found that the 

dehydrogenation of CH2O is favorable both thermodynamically and 

kinetically, with a barrier of 0.05 eV and enthalpy change of -1.03 eV, 

respectively. The transition state of CH2O dehydrogenation is shown in 

Figure 4.9(a) in which one hydrogen atom transfers from CH2O to one 
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lattice oxygen. 

 

 

Figure 4.5. Geometries of (a) transition state and (b) final state of methane dissociative 

adsorption on NiO(110). The top view of geometry is shown (1), while the side view is 

labeled as (2). This label method is used throughout this report. 

 

 

Figure 4.6 Geometries of (a) transition state and (b) final state of CH3 dissociation and (c) 

transition state and (d) final state of CH3 oxidation on NiO(110). 
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Figure 4.7. Geometries of (a) transition state of hydrogen transfer and (b) final state of 

water desorption and oxygen molecule adsorption on NiO(110). 

 

 

Figure 4.8. Geometries of (a) transition state and (b) final state of CH2 dehydrogenation 

and (c) transition state and (d) final state of CH2 oxidation on NiO(110). 
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Figure 4.9. Geometries of (a) transition state and (b) final state of CH2O dehydrogenation 

on NiO(110). 

 

The dehydrogenation of CHO is found to be not as easy as CH2O mentioned 

above. As shown in Figure 4.10(a), the dissociation of C-H bond in CHO is 

assisted by a lattice oxygen similar to all the aforementioned transition state 

geometries. The activation energy of this step is calculated to be 1.08 eV, 

suggesting that the CHO should be an important stable intermediate 

species in the methane oxidation on NiO(110). After the dissociation, the 

CO is located on a top site of one surface nickel as shown in Figure 4.11(a), 

and the enthalpy change for this step is -0.97 eV. Similar to the hydrogen 

transfer in Figure 4.7(a), the hydrogen in two hydroxyl groups in Figure 

4.20(b) should transfer forming water for surface site regeneration. The 

activation energy for this step is found to be 0.90 eV similar to the previous 

one, 0.94 eV, which suggesting the adsorbates affect the water formation. 

The transition state geometry of this step is shown in Figure 4.11(a) with CO 

close to the water formation site. Interestingly, if the CO locates on the nickel 

top sites below the current on in Figure 4.21(a), the water formation barrier 

increases by 0.30 eV, indicating the present of nearby CO species benefits 

the water formation. The total enthalpy change of this process is -0.45 eV 
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(Figure 4.11(b)), which is the same as the aforementioned process of water 

desorption and oxygen adsorption. The last step of the methane oxidation 

is the CO oxidation, which is favorable with an activation energy of 0.52 eV 

and enthalpy change of -2.44 eV, respectively. As shown in Figure 4.11(c), 

the surface CO couples with the adsorbed O-O in the transition state 

geometry of CO oxidation. 

 

Based on all the results mentioned above, the most favorable pathway of 

CH4 oxidation on NiO(110) is shown in Figure 4.12, and the corresponding 

energy profile can be found in Figure 4.13. From the energy profile in Figure 

4.13, it can be seen that the biggest energy drops in the overall are the two 

oxidation steps, namely the oxidation of CH2 and the oxidation of CO. 

Furthermore, all the reaction energy barriers are less than 1.10 eV in total 

energy landscape in Figure 4.13, which suggests NiO(110) is quite active 

for methane oxidation. The highest transition state in the overall profile is 

the first hydrogen transfer step, however this step is related to the surface 

site regeneration, and it should be independent to the overall reaction 

network of methane oxidation. The barrier of the hydrogen transfer is only 

around 0.9 eV and the enthalpy change is -0.45 eV. The entropy of CH4 is 

1.55 eV at 400˚C; With the consideration of entropy effect, the barrier of 

dissociative adsorption of CH4 is 1.97 eV. Therefore, on NiO(110) the rate-

determining step is likely to be the CH4 activation similar to many other 

systems [184, 185]. A quantitative evaluation of rate-determining step 

requires the calculation of degree of rate control [186], which is beyond the 

current mechanism investigation.  
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Figure 4.10 Geometries of (a) transition state and (b) final state of CHO dehydrogenation 

on NiO(110). 

 

 

Figure 4.11 Geometries of (a) transition state of hydrogen transfer, (b) final state of water 

desorption and oxygen molecule adsorption, and (c) transition state of CO oxidation on 

NiO(110). 

 

In conclusion, methane combustion on NiO(110) of planar NiO sheets 

begins with the dissociative adsorption of first C-H of CH4 with an activation 

barrier of 0.42 eV. Transition state geometry for activating the first C-H on 

NiO(110) is shown in Figure 4.5a1, in which C atom of a CH3 binds to a Ni 
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cation of  and H atom to a surface lattice oxygen atom, respectively. After 

the dissociation of methane, the CH3 is bound to two Ni atoms through a 

bridge-like binding configuration as shown in Figure 4.5a2. The formed CH3 

could further dissociate to CH2 or be oxidized. A further dissociation of CH3 

is most likely found on metal oxides such as nickel doped cobalt oxide [184] 

while  an oxidization of CH3 is a common mechanism on metals [185, 187]. 

Here both dissociation of CH3 to CH2 and H and oxidation of CH3 were 

considered for NiO(110) surface. The activation barriers and enthalpy 

changes of the two possible pathways in activating CH3 were calculated. 

The optimized geometries of the transition states and final states for the two 

pathways are presented in Figures 4.5b and 4.5c, respectively. DFT 

calculations show that the activation barrier for directly dissociating C-H of 

CH3 is 1.04 eV (Figure 4.6b) and the barrier of oxidation of CH3 is 1.87 eV. 

Therefore, further dissociation of C-H of CH3 to CH2 is definitely a kinetically 

favorable pathway on NiO(110). 

 

 

Figure 4.12. Mechanism scheme of the most favorable pathway of CH4 oxidation on 

NiO(110). 
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Figure 4.13. Energy profile of the most favorable pathway of CH4 oxidaiton on NiO(110). 

 

Figure 4.12 and Figure 4.13 present the most favorable pathway of CH4 

oxidation and the corresponding energy profile on NiO(110), respectively 

based on the above calculations. The biggest energy drops in the overall 

pathway are the two oxidation steps, namely the oxidation of CH2 and the 

oxidation of CO. Furthermore, all the reaction energy barriers are less than 

1.10 eV in total energy landscape (Figure 4.13), which suggests NiO(110) 

is quite active for methane oxidation. And all the intermediates on that most 

faorable way was shown in Figure 4.14, which makes the reaction 

mechanism more clear and explicit.  
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Figure 4.14 Geometries of transition and final states of transformation of CH4 to CO2 and 

H2O on (110) surface. (a1 and a2) transition and final state for activation of CH4. (b1 and 

b2) transition and final state for dissociating CH3 to CH2 and H. (c1 and c2) transition and 

final state for oxidizing CH3 to CH3O. (d1 and d2) transition state of hydrogen transfer and 

final state of water desorption and oxygen molecule adsorption. (e1 and e2) transition and 

final state for dissociating CH2 to CH and H. (f1 and f2) transition and final state for oxidizing 

CH2 to CH2O. (g1 and g2) transition and final state for CH2O dehydrogenation. (h1 and h2) 

transition and final state for CHO dehydrogenation. (i1, i2, and i3) transition and final state 

of water desorption and oxygen molecule adsorption, and transition state of CO oxidation.  
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4.3.4 Reaction Mechanisms of Methane Oxidation on 

NiO(100) 

Other than molecular mechanism of complete methane oxidation on 

NiO(110), reaction pathway on NiO(100), a more stable facet of nickel oxide 

was explored as well. Similar to NiO(110), the methane oxidation starts with 

methane activation on NiO(100). The transition state and final state 

geometries are shown in Figure 4.15 (a) and (b), respectively. Interestingly, 

these two geometries are very similar, which indicates the activation of 

methane on NiO(100) is hard. The activation energy and enthalpy change 

of the methane oxidation 1.41 eV and 1.38 eV, respectively. Thus, the 

methane dissociative adsorption on NiO(100) is quite unfavorable both 

thermodynamically and kinetically. We calculated the stability of surface 

lattice oxygen atoms in respect with the gas phase oxygen molecule, and 

the stabilities are found to be 2.31 eV for NiO(110) and 4.40 eV for NiO(100), 

respectively. The low activity of NiO(100) is likely to be caused by the fact 

that NiO(100) is too stable and the lattice oxygen is too inert to accept 

hydrogen. After the formation of CH3, the CH3 may be dehydrogenated or 

oxidized similar to that of NiO(110). The geometries of the transition states 

and final states of both pathways are shown in Figure 4.16. The energetic 

results indicate that both pathways are not favorable with extremely high 

barriers of 2.37 eV for dehydrogenation and 2.28 eV for oxidation, 

respectively. The enthalpy changes of both pathways are also very high with 

2.31 eV for hydrogenation and 1.21 eV for oxidation, respectively. Therefore, 

the oxidation of CH3 is comparative favorable on NiO(100), which is similar 

to the mechanism on Co3O4 [184]. 
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Figure 4.15 Geometries of (a) transition state and (b) final state of methane activation on 

NiO(100). 

 

Similar to NiO(110), the methane oxidation starts with methane activation 

on NiO(100) (Figure 4.15). The transition state and final state geometries of 

activation of the first C-H of CH4 are shown in Figures 4.15(a1) and 4.15(b1) 

respectively. The activation energy and enthalpy change for activating the 

first C-H of CH4 are 1.41 eV and 1.38 eV, respectively. Thus, activation of 

the first C-H through dissociation C-H bond on NiO(100) is quite unfavorable 

kinetically.  
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Figure 4.16. Geometries of (a) transition state and (b) final state of CH3 dehydrogenation 

and (c) transition state and (d) final state of CH3 oxidation on NiO(100). 

 

The dehydrogenation of CH3O on NiO(100) is found to be quite different 

from the dehydrogenation steps on NiO(110). On NiO(100), the 

dehydrogenation assisted by OH is more favorable than that of O, which 

may be due to the low activity of surface lattice oxygen mentioned above. 

As shown in Figure 4.17(a), one hydrogen atom in CH3 transfers to the 

surface hydroxyl species via the surface nickel site. The water molecule 

then desorbs creating a surface oxygen vacancy and one oxygen molecule 

adsorbs as shown in Figure 4.17(b). The reaction barrier for hydrogen 

transfer is 1.39 eV, while the enthalpy change of the overall process is -1.28 

eV. Regarding the CH2 species, it is found to be easily oxidized by the 

adsorbed oxygen molecule: the transition state shown in Figure 4.18 (a) is 

more stable than the final state in Figure 4.17(b), and the energy of oxidized 

CH2 in Figure 4.18(b) is 3.90 eV lower comparing to the CH2 bonding with 

lattice oxygen. These results suggest that the CH2 on surface lattice oxygen 

is not stable, and it will be spontaneously oxidized by oxygen molecule, 

which is all caused by the high stability of lattice oxygen. As shown in Figure 

4.19, the further dehydrogenation of CH2O is similar to the previous 
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dehydrogenation steps, in which the hydrogen moves to one surface oxygen. 

The activation energy of this step is 1.55 eV, and the enthalpy change is 

1.26 eV. 

 

Figure 4.17. Geometries of (a) transition state and (b) final state of CH3O dehydrogenation 

on NiO(100). 

 

 

Figure 4.18. Geometries of (a) transition state and (b) final state of CH2 oxidation on 

NiO(100). 
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Figure 4.19. Geometries of (a) transition state and (b) final state of CH2O dehydrogenation 

on NiO(100). 

 

 

Figure 4.20. Energy profiles of two different pathways from CHO to CO2. Pathway A and B 

are in black and red respectively. 
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Figure 4.21 Geometries of transition and final states in pathway A, including (a) transition 

state of CHO dehydrogenation, (b) final state of water desorption and oxygen molecule 

adsorption, and (c) transition state of CO oxidation on NiO(100). 

 

 

Figure 4.22 Geometries of transition and final states in pathway B, including (a) transition 

state and (b) final state of CHO oxidation, and (c) transition state of CHO2 dehydrogenation 

on NiO(100). 

 

We found that there are two reaction pathways from the CHO state in Figure 

4.19 to the formation of CO2, namely the pathway A and pathway B in Figure 

4.20. In pathway A, the CHO first dissociates into CO as shown in Figure 

4.21(a). The hydrogen from CHO couples with surface hydroxyl group and 

the water desorbs; An oxygen molecule adsorbs on the surface and forms 

the final state in Figure 4.21(b). At last, the surface CO is oxidized by the 

adsorbed molecule oxygen forming CO2. In pathway B, the oxidation of 
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CHO occurs first with the transition state in Figure 4.22(a). Then the CHO2 

dehydrogenates forming CO2 and water. From the energy profiles in Figure 

4.20, the pathway A is found to be more favorable than pathway B.  

 

 

Figure 4.23 Mechanism scheme of the most favorable pathway of CH4 oxidation on 

NiO(100). 

 

 

Figure 4.24 Energy profile of the most favorable pathway of CH4 oxidaiton on NiO(100). 
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Figure 4.25 Geometries of transition and final states of complete oxidation of CH4 on (100) 

surface. (a1 and a2) transition and final state for activation of CH4. (b1 and b2) transition 

and final state for dissociating CH3 to CH2 and H. (c1 and c2) transition and final state for 

oxidizing CH3 to CH3O. (d1 and d2) transition state of hydrogen transfer and final state of 

CH3O dehydrogenation. (e1 and e2) transition and final state for oxidizing CH2 to CH2O. 

(f1 and f2) transition and final state for dehydrogenation of CH2O. (g1, g2 and g3) transition 

state of CHO dehydrogenation, final state of water desorption and oxygen molecule 

adsorption, and transition state of CO oxidation of pathway. A in supplementary information. 

(h1, h2 and h3) transition state, final state of CHO oxidation, and transition state of CHO2 

dehydrogenation.  

 

Based on all the results on NiO(100), the most favorable pathway for 

methane oxidation on NiO(100) is the one shown in Figure 4.23, and the 

corresponding energy profile can be found in Figure 4.24. On NiO(100), due 

to the stability of surface lattice oxygen, the reaction barriers in the pathways 

are very high especially for the dehydrogenation steps. Because the same 

reasons, all the surface species are also not stable leading the overall 

reaction of methane oxidation on NiO(100) much more unfavorable 
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comparing to NiO(110). Similar to NiO(110), the biggest changes in 

enthalpy changes were found in the oxidation of CH2 and CO. All the 

intermediates of methane oxidation of most faorable way on NiO(100) 

surface on was shown in Figure 4.25, which makes the reaction mechanism 

easier to understand.  

 

4.3.5 Simple Calculation and Discussions on Reaction 

Mechanisms of Methane Oxidation on NiO(111) 

Although the octagonal (111) surface of NiO has the least stable surface 

energy, the calculation was still carried out to research the CH4 oxidation. 

However, after calculating the C-H dissociation energy on (111) surface of 

NiO, we found that the barrier on NiO(111) surface was 2.11 eV (the 

geometry of initial state, transition state and final state shown in Figure 4.26 

(a) (b) and (c) respectively), which is too much higher than NiO(110) 0.42 

eV and NiO(100) about 1.40 eV. It is worthless to continue the calculation 

on NiO(111) surface, since it is impossible to overcome such a high 

dissociation barrier.  
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Figure 4.26 Geometries of initial, transition and final states of transformation C-H of CH4 

dissociation process on NiO(111) surface. (a) initial, (b) transition and (c) final state for 

activation of CH4. 

 

In the following parts, we focus on the difference between reaction 

mechanism on (100) and (110) of NiO surface (see in Figure 4.27). From 

the energy profiles and the results mentioned above, the following 

conclusion can be drawn: (110) of planar NiO sheets is much more active 

than NiO(100) for CH4 oxidation. On NiO(110) all the barriers are lower than 

1.10 eV except for the free energy barrier for adsorbing methane which is 

1.97 eV. Different from NiO(110),  most of the activation barriers of C-H on 

NiO(100) are quite high especially for the dehydrogenation steps. The low 

activity on NiO(100) is in fact correlated with the high stability of surface 

lattice oxygen. In contrast, the surface oxygen on NiO(110) is very active; 

thus all the dehydrogenation steps are assisted by surface lattice oxygen of 

NiO(110) of planar sheets. The activation energy of methane on under-

coordinated Ni cations of NiO(110) is only 0.42 eV, which is a very low 

activation energy in catalysis process. 
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Figure 4.27 Comarpison between energy profiles of CH4 oxidaiton on NiO(110) (black) and 

NiO(100) (red) in free energy landscape. 

 

4.4 Conclusions 

Due to the high surface, the stability of NiO(111) surface is too bad to 

methane dehydrogenation process. Therefore we focus on the NiO(110) 

and (100) surface and carried out the simulation very comprehensively. The 

energy profile comparison between NiO(100) and NiO(110) is shown in 

Figure 4.27 in the landscape of energies. From the energy profiles and the 

results mentioned above, the following conclusion can be drawn: 

i. NiO(110) is much more active than NiO(100) for CH4 oxidation. On 

NiO(110) all the barriers are lower than 1.10 eV except for the free 

energy barrier of methane activation step which is 1.97 eV on 

NiO(110). However, most of the barriers on NiO(100) are quite high 

especially for the dehydrogenation steps. The reason for the low 



 

139 

 

activity of NiO(100) is found to be the high stability of surface lattice 

oxygen. 

ii. The reaction mechanisms on NiO(100) and NiO(110) are quite 

different as well. The first oxidation step is found to be the oxidation 

of CH2 species on NiO(110), while the CH3 is oxidized after the 

methane oxidation on NiO(100).  Furthermore, the surface oxygen 

on NiO(110) is very active, and thus all the dehydrogenation steps 

are assisted by surface oxygen on NiO(110). On NiO(100), due to 

the low activity of surface oxygen, the hydrogen transfers directly to 

surface hydroxyl group for dehydrogenation step on NiO(100). 

iii. The activation energy of methane activation on NiO(110) is only 0.42 

eV, which is much lower than most of previous reported catalysts. 

Thus, NiO(110) should be a potential catalytic material for methane 

combustion.  

 

From the calculation results obtained now, the unexpected activity of 

complete oxidation of methane on nonstoichiometric and stepped nickel 

oxide is due to the following reasons: 

i. The oxygen vacancy on nonstoichiometric nickel oxide surface could 

increase the activity of the most abundant surface, NiO(100), thus 

increase the activities of methane oxidation. 

ii. On the nonstoichiometric and stepped nickel oxide surface, the 

NiO(110) may be stabilized, which is the most active facet of nickel 

oxide. 

 

All these calculations results are consistent with experimental work in 

Franklin Tao’s group. Ni cation coordinating with four oxygen atoms of (110) 
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surface of planar NiO sheets is highly active in oxidation of CH4, which is 

verified on energy profile Figure 4.27. Computational studies show that Ni 

cations coordinating with four oxygen atoms of NiO(110) exhibit low 

activation barriers in the catalytic cycles of compete oxidation of CH4 than 

those on NiO(100) on which a Ni cation coordinates with five oxygen atoms. 

The coordination number-dependent catalysis was supported by the largely 

increased activity in activation of CH4 of insert NiO(100) upon tailoring  

through reduction in H2(see in Figure 4.2 the structures and stabilities of 

surface with oxygen vacancy). The coordination number-dependent 

catalysis in complete oxidation of CH4 was supported by the inertness of 

activity of (111) surface of octahedral NiO for activation of CH4 with high C-

H cleave barrier at the initial step, which is in accordance with higher 

reaction temperature. These studies demonstrated that coordination 

number dependent catalysis of transition metal oxide and suggest a new 

method of designing catalysts through tailoring coordination number of 

oxygen atoms around cation on transition metal oxide 
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Chapter 5 

Desorption and Adsorption of CO at the 

Pt(111)/H2O Solid-Liquid Interface using 

Umbrella Sampling 

 

Abstract 

Adsorption and desorption are two fundamental steps in heterogeneous 

catalysis; however, the characteristics of this process at liquid-solid 

interfaces have been little investigated at the atomic level. In this chapter, 

we investigate the site preference for adsorption of CO at the interface 

between liquid water and Pt (111) using density functional theory 

calculations. It is the first time that this issue is addressed with an advanced 

molecular dynamic (MD) method, namely, umbrella sampling. From our 

work we show that CO prefers to adsorb to the hcp hollow site rather than 

the top site when surrounded by liquid water, which is not only supported by 

the free energy chemisorption energy but also by the analysis of bonding 

length and bond strength. The free energy chemisorption energy of CO 

adsorption at the liquid-solid interface is calculated to be 1.76 eV on the hcp 

hollow site and 1.69 eV on the top site, both of which release more energy 

than those from the gas-solid surface. The calculation of adsorption barriers 

at liquid-solid interfaces are difficult to calculate compared with gas-solid 

surface, which is also attributed to the small loss of entropy at the adsorption 

transition state. 
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5.1 Introduction  

Catalysis exerts tremendous effects in recent years, especially 

heterogeneous catalysis, which is widely studied both experimentally and 

theoretically. As far as computational chemistry, various chemical properties 

have been researched and simulated by Density Functional Theory (DFT), 

such as chemisorption energy, surface reactions and reaction mechanism 

in catalytic reactions. Adsorption and desorption are two fundamental 

processes in heterogeneous catalytic reactions, sometimes being the rate 

determining steps. However, the barriers are too difficult to calculate for 

most adsorption and desorption process. Previous scientists combined the 

experimental result (mainly sticking coefficient) with Hertz-Knudsen 

equation [188]to calculate barrier of desorption process in Fisher-Tropcsh 

reaction [160, 189]. Then the adsorption barrier was ignored as an 

equilibrium process sometimes or derived from reaction energy. This 

approach, to some extent, did solve some problems but still needs large 

experimental experience since sticking coefficient has low coherence with 

species and influenced by temperature. Sticking coefficient is the term used 

in surface physics to describe the ratio of the number of adsorbate atoms 

(or molecules) that adsorb, or "stick", to a surface to the total number of 

atoms that impinge upon that surface during the same period of time [190]. 

It is a function of surface temperature, surface coverage (θ) and structural 

details as well as the kinetic energy of the impinging particles. The original 

formulation was for molecules adsorbing from the gas phase and the 

equation was later extended to adsorption from the liquid phase by 

comparison with molecular dynamics simulations [191]. For use in 

adsorption from liquids the equation is expressed based on solute density 

(molecules per volume) rather than the pressure. In a word, it is really 

difficulty to figure out the adsorption and desorption barrier thoroughly. Till 

now, all approximate calculations inevitably result in some error, which is 
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too hard to predict, sometimes fatal to the following analysis. Moreover, it is 

really difficult for traditional ground state calculation based on DFT to 

calculate the adsorption and desorption barriers because of the limitation 

on the temperature effects, which means the entropy change contributes 

most to the barrier in adsorption and desorption process. In previous work 

[137, 138], thermodynamic correction is the most common method to 

estimate the free energy barriers. If we are comparing the calculated free 

energy barrier with experimental value, the transition barrier needs 

thermodynamic correction unavoidably. While thermodynamic method, as 

we known, is a simplified and approximation method as well, especially for 

those adsorbates on the surface: zero-point energy and entropy are 

calculated on the basis of vibration frequency ignoring of all translational 

and rotational motions on the surface.  

 

CO/Pt(111) is a classical catalytic system in surface science since CO is one 

of the simplest diatomic molecules and has been widely studied. It is also 

an important reactant in CO oxidation and a component in syngas as a basic 

material in industrial catalysis. In recent years, the adsorption of CO on 

Pt(111) was studied by different methods, including both experimentally -

such as LEED [192, 193]and computationally -DFT methods [93, 135, 137, 

192-199]. Till now, CO/Pt(111) system has been studied thoroughly, 

however, the ‘puzzle’ [200] of the CO/Pt(111) system has been well known 

over the past 20 years with comprehensive discussion on the different CO 

preferred sites. M. Lynch and Hu [194] applied initio total energy calculations 

within a density functional theory framework have been performed for CO 

and atomic oxygen chemisorbed on the Pt(111) surface. They found the 

difference in CO adsorption energies between top, bridge, fcc hollow and 

hcp hollow sites are really small, suggesting that the potential energy 

surface for CO diffusion across Pt(111) is relatively flat. Chatanathodi et al. 
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[201] investigated the role of van der Waals interaction on the CO/Pt(111) 

system, using different functionals of the vdW-DF family. Their results 

demonstrated that the nature of vdW functional played an important role in 

obtaining a correct description of adsorption in the CO/Pt(111) system. 

Mason et al. [199] calculated the CO adsorption on Pt, Rh, Pd, and Cu 

surface. Their results showed a simple first-principles correction based on 

the difference between the singlet-triplet CO excitation energy values 

obtained by density-functional theory (DFT) and high-level quantum 

chemistry methods yields accurate CO adsorption properties on a variety of 

metal surfaces. Their results indicated that converged DFT calculations 

underestimate the CO singlet-triplet excitation energy ES-T, whereas 

coupled-cluster and configuration-interaction (CI) calculations reproduce 

the experimental ES-T. Guo’s group found another way to simulation the 

barrier of adsorption and desorption in the free energy landscape directly 

[53], they adopted the umbrella sampling method to calculate the free 

energy barrier of CO adsorption on the Pt(111) surface. Therefore, can we 

find the barrier directly in the space of free energy on the liquid-solid 

interface similarly?   

 

With ab initio molecular dynamics (AIMD), we can simulate the behavior of 

atoms with temperature and pressure setting in the model, which has 

already been widely applied in computational chemistry in the recent years 

[197, 198, 202]. Additionally, the entropy is also considered in the MD 

simulation, which cannot be calculated by ground state DFT but really 

contribute to the free energy. However, standard MD can only simulate the 

atoms and molecules motions in general space. There is no doubt that 

standard MD simulations still have trouble in simulating the adsorption and 

desorption process to calculate the free energy barrier. In order to simulate 

the reaction along a specific coordinate, advanced molecular dynamics, 
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named Umbrella Sampling (US) was employed in this work. Umbrella 

Sampling (US) method, a special type of constrained MD, involves artificial 

bias into the original chemical potential so as to constrain the target atoms 

or molecules moving at a fixed position along the specific reaction 

coordination [91]. This method makes it possible to perform MD simulations 

at relatively high original chemical potential, which makes it possible to in 

the position with high original potential energy. Besides, it saves a great 

amount of computational resource because the objective atoms and 

molecules can run MD simulation in the expected positions. Following the 

series of biased MD simulation, mathematic correction will generate 

unbiased free energy results based on US results. As an industrial material, 

CO plays a vital role in synthesizing organic compound to abate energy 

poverty. For decades, carbon monoxide was widely studied especially on 

transition metal surfaces both experimentally and theoretically. In recent 

years, with the improvement of computational resources, reactions can be 

stimulated via quantum chemical methods and the whole process can be 

understood microscopically. Despite its simplicity, CO/Pt(111) is one of the 

most extensively studied systems. Since no one had investigated the CO 

adsorption process on liquid-solid surface till now, we managed to stimulate 

it. With water solution in the system, it was essential to take hydrogen bond 

into consideration when we running umbrella sampling simulation. A 

hydrogen bond is a special type of dipole-dipole attraction which occurs 

when a hydrogen atom bonded to a strongly electronegative atom exists in 

the vicinity of another electronegative atom with a lone pair of electrons. 

These bonds are generally stronger than ordinary dipole-dipole and 

dispersion forces, but weaker than true covalent and ionic bonds. Hydrogen 

bond really effect the water solution system because of its origins as 

electrostatics and polarization effects, which means hydrogen bonding 

networks built with solvent molecules and their surrounding water molecules 

generate the solvation effect. Such an interacting system is generally 
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denoted Dn-H···Ac (Dn: hydrogen bond donor; Ac: hydrogen bond acceptor), 

where the solid line denotes a polar covalent bond, and the dotted or dashed 

line indicates the hydrogen bond. While hydrogen bonding has both 

covalent and electrostatic contributions, and the degrees to which they 

contribute are currently debated, the present evidence strongly implies that 

the primary contribution is covalent  

 

Figure 5.1 describes the hydrogen bond caused by the dipole interactions between water 

molecules whose strength is much stronger than Van der Waals force. The grey ball and 

white ball represent the C atoms and H atoms separately. The red ball represent Oxygen 

atoms and blue dash line is hydrogen bond generated by O (negative charge) and 

neighboring H (positive charge). 

 

In MD simulations based on umbrella sampling, we cannot avoid the error 

from statistical calculation and some approaching methods. The statistical 

error can be analyzed by bootstrapping method. The bootstrapping method 

was conducted through the code from Modular Reweighting. Bootstrapping 

is any test or metric that uses random sampling with replacement, and falls 

under the broader class of resampling methods. Bootstrapping assigns 

measures of accuracy (bias, variance, confidence intervals, prediction error, 

etc.) to sample estimates [203, 204]. Bootstrapping estimates the properties 
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of an estimator (such as its variance) by measuring those properties when 

sampling from an approximating distribution. One standard choice for an 

approximating distribution is the empirical distribution function of the 

observed data. In the case where a set of observations can be assumed to 

be from an independent and identically distributed population, this can be 

implemented by constructing a number of resamples with replacement, of 

the observed data set (and of equal size to the observed data set). 

 

5.2 Computational Method 

In our work, Density functional theory (DFT) calculations with the 

generalized gradient approximately (GGA) were performed using the 

Vienna Ab-initio Stimulation Package (VASP) as the basic simulation code. 

The projector augmented wave (PAW) method was employed to describe 

the interaction between core and valence electrons, and PBE (Perdew-

Burke-Ernzerhof) functional was employed to describe electronic exchange-

correlation effects. Ground state calculation with conjugated-gradient (CG) 

algorithm [205] was used to search the optimized structures with 0.01 eV/ 

Å force convergence. Pt(111) surface was cleaved by PBE optimized Pt 

cluster with 6×6×6 Monkhorst-Pack k-points. Periodical geometries were 

modeled with a four-layer Pt slab for metal surface, 2 bottom layers of which 

were fixed and the rest relaxed. Then CO-covered Pt (111) surface was 

modeled by adding one CO on a hcp hollow site in a p(11) unit cell (1/4 

ML monolayer) as well as top site in a p(11) unit cell. As for water 

environment, it consisted of 11 water molecules placing over the Pt surface 

to during simulations, according to the density of 1000 kg/m3. Besides, 4 He 

atoms were placed on the top of water layer to separate the solution and 

bottom surface. All the MD simulations were performed at temperature of 

300 K controlled by the model of heat bath using the algorithm of Nosé [206]. 
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Desorption and adsorption of CO on Pt(111)/H2O top site and hcp hollow 

site were simulated based on umbrella sampling. CO was studied by the 

coordinate of the distance between C and adsorbed site on Pt surface (‘C-

Pt’ for top site; ‘C-centre of three Pt atoms’ for hollow site) from 1.8 Å to 5.5 

Å (1.2 Å to 5.2 Å for hollow site). A series of biased MD simulations were 

performed by the step of 0.1 Å of distance. Each MD simulation was running 

over 10 picoseconds with a time step 1.0 femtoseconds. The artificial 

energy was considered in each of the umbrella sampling simulations with 

the height -4.0 eV and width 0.5 Å chosen. The angle, which was considered 

as the second dimension in umbrella sampling, of line (C-point on Pt surface) 

and the surface (top layer of Pt surface) was controlled less than around 5 ° 

(The real angle controlled in umbrella sampling was the angle X-C-Pt(top 

layer) for top site and X-C-Pt (second layer) for hcp hollow site. The value 

was controlled between 171.8 ° (3.0 rad) and 180.0 ° (3.14 rad) The position 

of X marks the located fixed He atom, which was far away enough from CO.) 

so that desorption and adsorption processes can be seen as vertical (see 

Figure 5.2). Long standard MD simulations were also performed using the 

time step 0.5 femtoseconds with the total period over 15 picoseconds. 

Constrained MD simulations was also used in this work using 450 eV cut-

off energy and Monkhorst-Pack k-point 2×2×1. 

 

When using US method, it is possible to apply constraints to “force” the 

simulation along the designed trajectory. Constraints sometimes are in the 

form harmonic ( 2V( )= ( '( ) ( ) )
2

k
r r  −  )  or Gaussian ( ( )   ) biased 

potentials on a collective variable ( ) or reaction coordinate. In umbrella 

sampling process, such constraints are applied so that the unfavorable 

states of interest are sampled adequately, i.e. the harmonic constraints take 

the shape of a parabola or “umbrella”, hence the name umbrella sampling. 
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I employ this methods to study the reactions at the Pt(111)/H2O solid-liquid 

interface to investigate the adsorption and desorption process of CO. From 

these simulations, free energy landscape energies are obtained and solute-

solvent effects are considered. In this chapter, R(Pt–C) and (X-C-Pt) are 

deemed as reaction coordinates, which are sufficient enough to define CVs. 

In this process, we create an artificial potential with Gaussian peak module, 

Equation (5.1). Where h  and   are the height and width of the Gaussian 

distribution and   is the collective variable (also called reaction coordinate) 

(calculation principles see chapter 2). 

 

The Weighted Histogram Analysis Method (WHAM) [72, 207] was applied 

to integrete the probability results from VASP calculation and free energy on 

the basis of canonical partition function. WHAM code [208], an extension of 

Ferrenberg and Swendsen’s Multiple Histogram Technique [209-211], was 

applied to analyze the relationship between free energy and statistical 

probability derived from MD stimulation. The 2d-WHAM code by Alan 

Grossfield [212]was used to fit the results from the VASP code. 

 

Combining the results of each umbrella sampling simulation together, we 

can analyze these results with the weighted histogram analysis method 

(WHAM) [93, 94] and derive the unbiased probability ( )P   . Then an 

unbiased free energy profile is generated along with the specified collective 

variable from one minimum to the other crossing the transition state. To 

better understand umbrella sampling technique, a schematic summary 

displayed below simply demonstrates how umbrella sampling technique 

works and how WHAM analyzes the MD simulation results.  
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Additionally, LOBSTER [213](Local Orbital Basis Suite Towards Electronic-

Structure Reconstruction) was applied to facilitate chemical-bonding 

analyses, as a tool to extract chemical bonding from plane-wave based DFT 

codes. In our paper, we use it to calculate Crystal Orbital Hamilton 

Populations (COHP) ( )  , which indicates bonding, nonbonding, and 

antibonding energy regions within a specified energy range. While an 

energy integral of a COHP(ICOHP) gives access to the contribution of an 

atom or a chemical bond to the distribution of one-particle energies [214]. 

 

Figure 5.2 Structures of molecular dynamics (MD) based on umbrella sampling used when 

simulating the desorption and adsorption processes on top site (a) and hcp hollow site(b). 

Black cross shows the position of the He atom used in umbrella sampling when controlling 

the second dimension. 
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5.3 Results and Discussion 

With umbrella sampling method simulating the process, as well as WHAM 

to deal with statistics, we have obtained the relative free energy of 

adsorption and desorption of CO on Pt(111)-H2O system. The position with 

the lowest energy is the preferred adsorption site, where the structures were 

the most stable. Figure 5.3 shows us the different desorption energies from 

top site (a and c) and hcp hollow site (b and d) to different environment gas 

phase (a and b) and aqueous surrounding (c and d). With all these free 

energies pictures, we can compare CO desorption behaviors. The turning 

point is at closing distance, which means their adsorption configurations are 

similar. The details are listed in the Table 5.1, which helps to understand the 

adsorption ability. Each dot on lines is obtained with several umbrella 

sampling simulation, as well as WHAM code analyst. All those dots combine 

to an reliable desorption curve with distance and energy change. 

 

Figure 5.3 Free energy of CO desorption and adsorption from Pt(111)-H2O surface on top 
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site(a) and hcp hollow site(b) respectively and from Pt(111) surface on top(c) and hollow(d). 

The abscissa represents the distance from C atom of CO molecular to Pt surface. Figure 

(c) and (d) are extracted from Guo’s work as comparations [53]. 

 

As displayed in Figure 5.3, several fascinating discoveries were found. 

Firstly, CO prefer to adsorb on hcp hollow site in liquid-solid phase rather 

than top site, which shows an opposite behavior to that where CO prefers 

the top site in a gas-solid system, with the free energy chemisorption energy 

of 1.76 eV and 1.69 eV respectively. As Charles [215] reported, the entropy 

of the adsorbed material, gives some indication of the extent to which the 

molecules are capable of unhindered translation on the surface. Moreover, 

it is difficult to see adsorption barriers on both sites, which is in accordance 

with the conclusion of Liu’s work [216]. that aqueous environment can lower 

the energy barrier. More interestingly, compared with the adsorption on 

Pt(111) gas-solid surface, it showed a stronger adsorption energy in the field 

of free energy on liquid-solid surface both on top site and hcp hollow site, 

especially on hcp hollow site. The optimal adsorption site changed from the 

top site on gas-solid surface to hcp hollow site on liquid-solid surface.  

 

The free energy of chemisorption energy of CO desorption on the hcp 

hollow site and top site of liquid-solid surface were larger than the 

corresponding site in gas-solid system with 1.37 eV and 1.44 eV of free 

energy chemisorption energy [53]. On the one hand, solubility of CO in 

Water is about 0.028 g in 1000g water [217]; solvation effects really assists 

CO adsorbing on the Pt and water interface. Ernest Awoonor-Williams and 

Christopher N. Rowley used ab initio molecular dynamics (AIMD) and 

CCSD(T)-F12 calculations to assess the accuracy of the Straub and Karplus 

molecular mechanical (MM) model for CO(aq) [218]. Their AIMD simulations 
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indicated that CO was solvated like a hydrophobic solute, with very limited 

hydrogen bonding with water, and the calculated Gibbs energy of hydration 

using the TIP3P water model was in good agreement with the experiment 

(9.3 kJ/mol expt. Vs 10.7 kJ/mol calc). Both experiment and calculation told 

us, solvation effect played a vital role in aqueous environment. When CO 

entering the water, the hydrogen bond would be broken and meanwhile CO 

formed its strongest interactions with water with its lone pair on the C atom 

serves as a hydrogen bond acceptor. On the other hand, considering the 

adsorption rules: adsorbents are more likely to adsorb molecules similar to 

their properties. CO is a polar molecule, as well as H2O, while Pt surface is 

without polarity. Therefore, CO molecule is supposed to have better 

adsorption on the liquid-solid surface of Pt(111)/H2O. Additionally, we can 

elucidate it with entropy change. Compared with CO in gas, CO molecules 

have less degrees of freedom when in aqueous solutions, lacking of 

translation entropy, which leads to a higher reference state than CO in gas. 

Besides, we take two adsorption states into account, the entropy can also 

help to explain the situation to some degree. On Pt(111) in liquid-solid 

system, due to the cluster-surface interaction [219], H2O tend to lie down 

onto the Pt(111) surface. Besides, as the stronger hydrogen bonding among 

water molecules, the water molecule incline to stay in the aqueous phase 

rather than on the surface [176], as illustrated in Figure 5.4. Therefore, 

adsorbed CO cannot rotate as freely as in gas phase by virtue of the 

restriction from the water shell. The entropy loss in adsorption state is much 

smaller than for the reference state. 

 

Another interesting discovery is that the adsorption of water molecules 

prefer top site to hcp hollow site, with hydrogen atoms directed toward the 

metal surface [220] when Pt(111) in liquid-solid system. The configuration of 

CO adsorption in water were less asymmetric, especially on top site it 
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tended to tilt to a certain angle instead of standing vertically on gas-solid 

surface, which means the instability of CO on top site. 

 

Figure 5.4 (a) (c) (e) (f) are the front views of CO desorption：(a) and (c) depict the 

adsorption in the water aqueous on top site and hcp hollow site respectively. (e) and (f) 

display the CO adsorption on Pt(111)/H2O interface on top site and hcp hollow site 

separately in gas phase. As for (b) and (d), they are utilized to present the adsorption 

configuration more specifically. 

 

After all simulation done, and free energy obtained, the standard deviation 

for umbrella sampling was carried out with bootstrapping method. Due to 

the limitation of artificial calculation, 50 new sets (N = 50) were built using 

bootstrapping method for 2-dimension umbrella sampling. The free energy 

changing from each series of sets will be calculated using 2- dimension 

WHAM code. CO on Pt(111)/H2O hcp hollow site was studied using this 

method, and the statistical error can be calculated as the standard 

deviation from 50 free energy results . In 2-dimension umbrella sampling, 
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different free energies for one specific main coordinate with different 

assistant coordinates will be calculated by WHAM calculations. Thus, the 

statistical error for each free energy can be calculated using 2-dimension 

bootstrapping method. The average statistical error for each main 

coordinate will be calculated to be the uncertainty on the free energy curve 

(see Figure 5.5). The largest error is about 0.010 eV, which is located on 

the distance of around 2.5 Å. Thus, the adsorption and desorption behavior 

showed in the free energy curve is reasonable with the consideration of 

the statistical error. 

 

Figure 5.5 Free energy curve of CO desorption from hcp hollow site of Pt(111)/H2O interface. 

The error bar shows the statistical error from umbrella sampling using bootstrap error 

analysis. 

 

To be more specific, we managed to raise some persuasive evidence such 

as bonding distance, as well as integral Crystal Orbital Hamilton Populations 

(ICOHP). Seen in Table 5.1, the distance of C-Pt on hcp hollow site is the 

average of three C-Pt bonding distances. It is universally acknowledged that 

the shorter the bonding distance, the stronger the bonding strength. Table 
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5.1 shows us that the bonding strength of C-O is weaker in water, while the 

strength of C-Pt is stronger, which proves that H2O molecules favor CO 

adsorbing on Pt(111). Additionally, we applied LOBSTER 2.0.1 in VASP to 

calculate the ICOHP of C-Pt with different environments and adsorption 

sites. By re-extracting atom-resolved information from delocalized 

planewave basis sets, LOBSTER gives us access to projected COHP 

curves, with which we can visualize bonding and antibonding contribution in 

our DFT calculations (seeing in Figure 5.6). As shown in the table below, it 

should be noticeable that CO would adsorb more steadily on Pt(111)/H2O 

(with average ICOHP = -6.91 eV) than Pt(111) (ICOHP = -6.6 eV). 

Furthermore, for different adsorption states, hcp hollow site shows more 

stable than top site. More interestingly, it shows a different effect for H2O, 

which will develop the bonding energy of C-Pt, where it is clear that H2O 

exerted greater effects on stabilizing CO on hcp hollow site (0.32 eV) than 

on top site (0.06 eV) from ICOHP and is consistent with the result from 

bonding distance where the difference of CO on top site was 0.009 Å and 

hcp hollow site was 0.024 Å.  

 

Table 5.1: Bonding distance of C-O bond and C-Pt bond for two systems on two sites and 

the C-Pt bond value of ICOHP    

Site System Averaged Bonding 

distance (Å) 

ICOHP (eV) 

C-Pt 

C-O C-Pt 

Top site Liquid-solid 1.161 1.834 -4.24 

Gas-solid 1.158 1.843 -4.18 

Hcp hollow 

site 

Liquid-solid 1.216 2.078 -6.91 

Gas-sollid 1.195 2.102 -6.59 
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Figure 5.6 Crystal Orbital Hamilton Populations (COHP) of Pt-C. The blue line represents 

the corresponding COHP curve of C-Pt on the surfaces of liquid-solid; red line represents 

that of gas-solid. The dash line marks the Fermi level which separates the bond and anti-

bond. (a) depicts the COHP curve of average value of three C-Pt bonds on hcp hollow site: 

in liquid-solid surface, it has larger value of –COHP which indicates a more stable 

adsorption. (b) depicts the COHP curve of C-Pt value on top site: it manifests the same 

trend as on hcp hollow site. 

 

AS I referred in previous part, here Crystal Orbital Hamilton Populations 

(COHP) is applied to indicates bonding, nonbonding, and antibonding 

energy regions within a specified energy range. We know how much the 

contribution of C-Pt bond to the distribution of Pt atom energies with integral 

of a COHP(ICOHP). More negative, more contribution. Therefore, their 

bond will be stronger accordingly. Then we made the conclusion that CO 

has more favorable adsorption energy on Pt(111)/H2O (with average ICOHP 

= -6.91 eV) than Pt(111) (ICOHP = -6.6 eV). 

 



 

158 

 

 

Figure 5.7 Comparation of CO adsorption and desorption free energy change between gas 

phase and in liquid phase. The red color represents the free energy change in the gas 

phase; blue color presents the process in the liquid surrounding. In both phases, the top 

site and hcp hollow site are compared in this work. The free energy values of gas phase 

are collected from Guo’s work [53]. 

 

As far as we were concerned, a final picture was built shown in Figure 5.7, 

which is based on the above analysis and consolidates our results firmly 

in terms of energy. For top site, free energy of CO adsorption on 

Pt(111)/H2O is about 0.2 eV higher than on bare Pt(111). It is on account 

of solubility that the free energy difference exists between CO in gas and 

in water. We used Gaussian software to calculate these two types of 

energy and came into a conclusion that the correction from total energy to 

free energy of gaseous CO was -0.6 eV, while in water solution was -0.39 

eV. This discrepancy of 0.21 eV was exactly in accordance with our initial 

result. 
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5.4 Conclusion 

Having carried out extensive molecular dynamic calculation with umbrella 

sampling methods, the adsorption and desorption of CO on Pt(111)-H2O 

system were simulated both from top site and hcp hollow site. There are 

three significant conclusions from the chapter: 

(1) It is the first time CO adsorption and desorption from Pt(111)-H2O to 

water aqueous is considered and the free energy chemisorption energy 

obtained; 

(2) In our research, it is observed that on Pt(111)-H2O surface, CO prefer to 

adsorb on hcp hollow site rather than top site, which differs from that on 

gas-solid surface; 

(3) Comparing with CO adsorption on Pt(111) surface, CO can adsorb has 

a more favorable adsorption energy both on hcp hollow site and top site 

in aqueous phase with smaller barrier.  
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Chapter 6 

The Insight into Oxygen Evolution Reactions 

on IrO2/H2O System under Constant Electrode 

Potential 

 

Abstract 

Electrocatalysis plays a vital role in the field of energy and environment, as 

well as chemical conversion industries. The oxygen evolution reaction (OER) 

is a crucial half-cell reaction of the water decomposition process. If the water 

hydrolysis process is achieved in the industrial scale, it can significantly 

alleviate the energy crisis and environment problems. In this chapter, 

simulations of OER on the interface between water and IrO2(110) are carried 

out with molecular dynamic methods, which can provide the structures and 

electrocatalysts reactivity at an atomic-scale. The established model 

considers both solvent effects and charged environment, which are the two 

most obstacles in the electrocatalysis process. Finally, to obtain more 

accurate free energies at constant potential based on a double-layer simple 

capacity model, we apply the electrostatic correction to obtain more 

accurate energies for the OER process. This work indicates that it is 

possible to obtain the free energy change of electrocatalysis directly from a 

series of molecular dynamics (MD) simulation after calculating all possible 

reaction routes and figuring out the reaction mechanism. The rate determine 

step is the first step water dissociation adsorption with the highest barrier 

kinetically. The O-O couple process is calculated as a favored step than O-

H2O, which is a controversial problem in the OER mechanism field. Although 

the free energy difference between constant charge and constant potential 
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is not as big as researchers thought, the correction can be achieved from 

constant charge to constant potential. 

 

6.1 Introduction 

Energy is an essential part of human society and also an important support 

for human survival and development of the society. The large-scale use of 

traditional fossil energy has brought serious problems like environmental 

contamination and the greenhouse effect, which has already violated the 

sustainable development principle. Therefore, it is extremely urgent to 

explore a clean substitution like hydrogen due to the contradictions between 

continuous increasing demand in energy resource and ever-decreasing 

supply in fossil fuel. Hydrogen, as clean secondary energy, has high mass-

energy ratio without combustion pollution. Since hydrogen has been 

regarded as an ideal fuel in the future, it is essential to find an optimal 

method to generate hydrogen. The electrocatalytic reaction of water splitting 

has been predicted to be the most promising method to generate hydrogen 

and oxygen. In electrochemistry, overpotential is a common exist to express 

the potential difference between a half-reaction's thermodynamically 

determined reduction (or oxidation) potential and the potential at which the 

redox (or oxidation) event is experimentally observed [221]. Two half-

reaction of water electrocatalysis oxygen evolution reaction (OER) and 

hydrogen evolution reaction (HER) both have slow reaction kinetics and 

high reaction overpotential, which lead to an increased production cost. 

Therefore, figuring out reaction mechanism of these half-reaction has been 

the research emphasis for my scientist [222-225].  

 

Water oxidation or oxygen evolution reaction (OER) electrocatalysis got 
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much attention in the last few years because of its prime role in water 

splitting, rechargeable metal-air batteries and fuel cells [226]. Till now, a 

large number of catalysts have been investigated and developed, such as 

noble-metal based, carbon-based materials (i.e. graphene and graphene 

oxide, CNT, nitrogen-doped carbon, g-C3N4, etc.), alloys, oxides and 

oxyhydroxides of earth abundant metals (i.e. Mn, Co, Ni, and Fe, etc.) and 

their composite with carbon as well as complex ternary structures of spinel 

and perovskite systems [227-230]. It is experimentally proved that iridium 

(Ir) and ruthenium (Ru) materials are more active towards OER as 

compared to platinum (Pt) and palladium (Pd) (Pt < Pd < Ir < Ru) [231-233]. 

Most recently, an OER performance comparison of well-defined Ru, RuO2, 

Ir and IrO2 thin-film electrodes has been carried out in basic and acidic 

electrolyte [234]. S. Cherevko found that independent of the electrolyte, 

OER activity decreases as Ru > Ir ≈ RuO2 > IrO2, while dissolution 

increases as IrO2 ≪ RuO2 < Ir ≪ Ru [234]. Some theoretical chemistry also 

did some research on oxygen evolution reaction in most recent years. 

Joseph in Nørskov group study the electrochemical interface between 

IrO2(110) and water to investigate how the inclusion of an explicit solvent 

influences the stabilities of adsorbed intermediates in the oxygen evolution 

reaction [235]. Besides, they found that an explicit solvent could affect the 

geometry of adsorbed intermediates significantly, changing from an 

interaction with the surface to an interaction with the water bilayer. 

 

For electrocatalysts used in OER, IrO2 is one of the most typical 

electrocatalysts, as it demonstrates relatively high activity in the OER. Here, 

in this work, we adopted IrO2 as an electrocatalyst to simulate the OER 

process. Density Functional Theory (DFT), enables us to understand the 

surface phenomena in atomic scale. Because of several limitations of first 

principle calculation [236, 237], we have consider more calculation details 
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to design more closing real and sophisticated simulation; illustrated as 

follows: 

(1) Electrochemical reactions usually happen over the solid-liquid interface, 

which makes free energy calculation difficult. Large quantities of 

configuration are required to be simulated, in order to obtain useful 

average energy which can describe the energy change effectively. 

(2) In electrocatalytic experiments, reactions occur at a constant potential 

corresponding to the infinite size system. DFT calculations, however, are 

confined in a supercell with a fixed charge density, using periodic 

boundary conditions. 

 

Since we cannot connect microscopic and macroscopic properties, it is even 

harder to explore the mechanism, kinetics and selectivity of electrochemical 

process. Besides, in the real experiment system, electrochemical reactions 

are performed in an open system, where the ions, electronic and heat can 

exchange with surroundings. Therefore, the grand canonical ensemble(VT) 

is supposed to be an ideal system, in which ions and electronics number 

can vary to keep chemical potential constant. It is not surprising that this 

type of ensemble is only suitable for a small system with only a few atoms, 

or it will take high computation cost to change the electron density during 

the simulation process. To avoid such high expensive simulation cost, 

another kind of simulation is introduced to solve this problem within the 

canonical ensemble (NVT), wherein the particle number, volume, and 

temperature are kept constant. Additionally, the chemical potential of the 

system can be corrected to the same value by applying the current state-of-

the-art methods. 

 

The electrolysis process of oxygen evolution reaction is the core reactions 
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to electrolyze the water via proton transfer electron coupled (PTEC) 

procedures as shown in the equations below, even on different shape of 

catalysts [238-240]. Diversity of catalysts were investigated in the recent 

decade, such as metal oxides, metal hydroxides and many other metal 

compounds with sulfur, phosphorus, and borides [223, 241-243].  However, 

it still remains a challenge to design an OER catalyst, which can operate at 

small overpotential and occur at a high reaction rate. 

 

 

 

 

 

6.2 Methods 

6.2.1 Calculation Methods 

All electronic structures in this work were calculated by using the Vienna Ab 

Initio Simulation Package (VASP) [176, 244]. The exchange-correlation 

effects were described by Perdew−Burke−Ernzerhof (PBE) functional [45]; 

the dispersion force was described with Grimme D3 method [135]. The 

projected augmented wave method (PAW) [69, 70], was applied in this work 

to improve the DFT calculation more efficient. The value of cut off energy is 

determined by the maximum enquired value in the whole system. In this 

system, the biggest minimum cut off energy is O atom, whose 

pseudopotential requires 300 eV. To ensure the calculation accuracy, plane 

wave basis expansion cut off energy was set to 380 eV for all MD simulation, 

which is large enough for calculation accuracy. The atomic coordinates were 

2H O(l)+ *  *OH + (H  + e )+ −→

OH*  *O + (H  + e ) + −→

2H O(l)+ O *  *OOH + (H  + e )+ −→

2OOH*  O  + (H  + e )+ −→
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relaxed under the conjugated gradient algorithm until the Hellmann-

Feynman forces on all relaxed atoms fell below 0.05 eV/Å. The crystal 

structure of IrO2 (110) was optimized at PBE-D3 level, which is in good 

agreement with previous work [235, 245, 246]. 

 

The canonical ensemble conditions were controlled by a Nosé-Hoover 

thermostat(NVT) [247], and all free energies were calculated at room 

temperature (300 K). The time step for molecular dynamic (MD) simulation 

was 1.0 fs which is about one-tenth timescale of shortest mode in the water 

molecules. The velocities changed every 8 steps to readjust to the target 

temperature again. The model of oxygen evolution reaction on IrO2 (110) 

surface was established on a 4 layers IrO2 slab with 1x3 (72 atoms totally) 

periodical cell. The 2 bottom layers were fixed and the upper 2 layers were 

relaxed. The 221 k-points was adopted in this work to integrate the 

Brillouin zone. As for water environment, it consisted of 21 water molecules 

placing over the IrO2(110) surface to during simulations, according to the 

density of 1000 kg/m3. Besides, 6 He atoms were placed on the top of water 

layer to separate the solution and bottom surface. All reaction simulations 

were required for at least 5 picoseconds to make system reach 

thermodynamic equilibrium. In order to determine the most coverage 

species on the IrO2 and water interface, some simple and rough calculations 

were carried out. Firstly, we run MD simulation of clear IrO2 surface, we find 

water molecules would close to the surface and adsorbed on the surface 

sometimes it happened with one proton leaving and OH standing on the 

surface. Then we established an OH surface directly, and run simulations 

again. We found that OH deprotonation is even faster than that of H2O. 

Therefore, oxygen atoms was regarded as dominant species on the IrO2 

surface, which was also in accordance with previous observations [225] and 

theoretic work [245, 248, 249] that when experimental operation about 



 

166 

 

U>1.5 eV vs NHE, the most stable structure of IrO2(110) surface is fully O 

terminated surface. 

 

The slow-growth approach [250] was adopted to help us scan the free 

energy profile along with a geometric parameter . In this approach, the 

geometric parameter  varies linearly from state (1) to state (2) with varying 

velocity . The results are obtained by calculating the whole process from 

state (1) to state (2) according to the following equation: 

                      (6.1) 

When  approaches to the infinitesimally small, the work presents the 

free energy difference between state (1) and state (2). In most cases, the

is an irreversible item, according to Jarzynski’s work [95]: 
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Noticeably, the free energy obtained from the previous equation is supposed 

to simulate over hundreds of times, as well as 1 2exp -
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 →
（ ） term, to 

make sure that transformation from state (1) to state (2) is feasible. 

 

After finding the pathway with the slow-growth approach, as well as rough 

free energy difference between two states, more precise work should be 

carried out to get more accurate results. The constrained molecular dynamic 

method was used to generate free energy gradient of a certain structure 

with the following equations: 
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  (6.3) 

Where is a Lagrange multiplier about parameter  used in the SHAKE 

algorithm [97]. The  represents mass metric tensor, the definition as 

follows: 

          (6.4) 

The   is the necessary correction of average value of constrained 

molecular dynamic generated by the bias. The correction formula is listed 

below: 

                      (6.5) 

The free energy difference between state (1) and state (2) can be calculated 

by integrating the gradients along the reaction pathways: 

                    (6.6) 

And energy value is a state quantity, which is independent from the route 

between two states. On using constrained MD, the predicted free energy 

difference and free energy barrier include both solvent effects and entropy 

effects apparently.  

 

6.2.2 Correction Method 

As referred before, all electrochemical reactions happen under a certain 

electrostatic potential, which is a fixed value in the experiment. But 

considering the calculation cost, the constant potential model is too 

expensive to achieve. Therefore, all simulations in this work were carried 
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out at the condition of constant charge (the number of electrons is fixed), 

which means the electrostatic potential ( ) will change with variation of 

reaction coordinates. As a result, free energy change obtained from the 

constrained molecular dynamic method is not the exact free energy 

difference between two states, which is supposed to be corrected. Since the 

OER happens at the anode electrode with positive potential, we withdraw 

0.5 electrons from the system to model the positive environment. 

 

Static DFT calculations, such as workfunction calculations, apply a 221 

k-point integration of Brillouin zone. Within plane-wave DFT, the 

electrostatic potential ( ) is defined as: 

           (6.7) 

Where is Hartree potential depending on the electron density  

and represents the local part of the potential depending on the nuclei 

and core electrons. The definition of workfunction is that the minimum 

energy to remove an electron from a solid to a point in vacuum immediately 

outside the solid surface. The energy difference between the system-

specific Fermi Energy ( ) and the vacuum potential ( ), therefore, 

provide us with the workfunction:  (as shown in Figure 6.1).  
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Figure 6.1 Generated planar electrostatic potential (black line) for Q=0 as a function of the 

unit cell height. The res dotted line marks the position of Fermi energy. The blue vertical 

dash line is the used to separate the surface (on the left) and solution (on the right). 

 

Water will influence the workfunction (  ), and to figure out the 

workfunction shift ( ) we evaluate that relative to the vacuum 

and standard hydrogen electrode ( ) as a reference (as 

shown in Figure 6.2), basing on the modification approach proposed by 

Chan and Norskov [100] to simplify the reaction barriers calculation in 2015 

via electrostatic potential to correct the free energy. For a reaction starting 

from state (1) at potential with Bader charge  to state (2) at potential

with Bader charge ,the electrostatics effects ( )  is generated 

during that process. Thus, corrections are supposed to rely on two factors: 

Bader charges ( ) and workfunctions ( ). 

WF

-WF ref   =

~ 4.40 4.48 SHE V= −

1 1q 2

2q
2 1
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             (6.7) 

Another version of Equation (6.7) can be improved to clear the charge of 

relevant calculated atoms from plane-wave DFT code [251]. Since the 

reaction occurs in the liquid phase, another model named double-reference 

method was introduced to simulate the electrostatic potential reaction 

condition (illustrated in Figure 6.3). Double-reference method proposed by 

Neurock and his colleagues [252, 253] is deemed to apply vacuum potential 

as the first reference. It is established on the assumption that the electrode 

potential is a constant value no matter with or without vacuum slab. The 

second reference is the application of charge screen effect of liquid water in 

the short distance, which uses a homogeneous background charge 

correction scheme to calculate the electrostatic potential. Combined with 

plane-wave DFT code, it is achievable to convert the change in the number 

of charge ( ) to the capacitance of an N-electron system [254-256]: 

                  (6.8) 

In the above equation, capacitance can be derived from the workfunction 

change when we alter the number of electrons ( ). 

from which, we can obtain the absolute electrode potential (U) relative to 

the standard hydrogen electrode via  

                         (6.9) 

The symbol represents the average value of an ensemble. Therefore, 

                        (6.10) 

With Equation (6.8) and (6.10), Equation (6.7) can be expressed as 
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Equation (6.11) below to calculate the electrostatic correction energy of a 

reaction at constant electrochemical potential without calculating Bader 

charges: 

                       (6.11) 

 

 

Figure 6.2 Schematic representation of electrons transfer from vacuum to the 

IrO2(110)/H2O interface. The energy relies on the workfunction, which is reference to the 

standard hydrogen electrode (  ) to determine the electrode 

potential (U).  
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Figure 6.3 (a) A schematic diagram illustrating the electrostatic potential profile as a 

function of position across the normal axis of the unit cell. The system shown here contains 

two symmetric Cu(111)/H2O slab faces contained within the periodic simulation cell. The 

variables , and  denote the position of reference, bulk metal, and Fermi 

potentials for the double reference model and are explicitly defined in the text. Top: The 

slab/water system shown in its elongated form due to the insertion of a vacuum reference 

electrode  , Bottom: The closed unit cell containing the solvent phase reference 

electrode  , the bulk metal potential   and the Fermi potential  . (b) 

Plots comparing the electrostatic potential for the Cu(111) slab, on addition of outer 

Helmholtz plane sodium ion or a continuum countercharge (bottom) with the use of the 

vacuum (top) electrostatic potential. Adapted from Reference [253], © 2006 The American 

Physical Society.   

 

What is worth noting is that free energy in this model is not corrected from 

our previous approach with zero-point energy (ZPE), which is always 

applied in traditional thermodynamic correction to convert total energy from 

DFT to free energy. Path integral MD (PIMD) [257] is a very expensive 
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method to calculate the ZPE in liquid. In this work, we didn’t consider 

adopting it to obtain ZPE in MD simulation. MD simulation results is obtained 

by numerically solving Newton's equations of motion for a system of 

interacting particle. While zero-point energy (ZPE) is the lowest possible 

energy that a quantum mechanical system may have. Unlike in classical 

mechanics, quantum systems constantly fluctuate in their lowest energy 

state as described by the Heisenberg uncertainty principle. Therefore, ZPE 

isn’t calculated when applying MD simulation since they were in different 

calculation system with different methods. Additionally, the absolute value 

of ZPE had no meaning, it is ZPE difference between two state that effects 

the energy which is a neglectable value about 0.05 eV obtained by statistic 

calculations. 

 

We applied this electrostatic potential correct at the end of this work, and 

the obtained value is supposed to the free energy at a constant potential 

electrode. To ensure the accuracy of calculation, it is necessary to calculate 

a large number of sampled configuration (extracting 100 from at least 5,000 

samples) of the same state to obtain reliable average properties such as 

Bader charge and electrode potential. In other words, we require about 

more than 5,000 simulations along with the reaction coordination (initial 

state, transition state and final state). 

 

6.3 Results and Discussion 

We tackled calculations with models setting in Material Studios which could 

provide me with a simple but clear image to understand simulation work 

better. This system consisted of 4 layers IrO2 (110) surface with 13 unit cell. 

And three top Iridium atoms exposed to the interface were terminated by O 

atoms, which was a high O coverage simulation environment. This coverage 
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is determined by real reaction electrostatic potential, at which the major 

species on the IrO2 is oxygen atom [235] with lower free energy. Besides, 

we also consider choosing OH as major adsorbate on the surface; however, 

OH were not able to stand on the surface stable Deprotonation process is 

very likely to happen on the OH adsorbed IrO2 surface when running MD 

simulation. Proton would enter the solvent at after about 5ps simulation; on 

the other hand, once first H leaving, the electrostatic potential got lager, 

which would encourage H on the OH to leave and generate the adsorbate 

O. Therefore, oxygen atoms were allocated on the top Iridium atom as 

reaction environment. Above the interface, it was a three-layer water 

solution in the 10 Å height. The water phase consists of 21 water molecules, 

which is calculated by the definition of water density equal to 1.0 g/cm3. 

Considering the period in vertical direction, another 10 Å vacuum was 

reserved in the unit cell box, and with double-reference method the 

electrode potential could be calculated easily (as shown in Figure 6.4). To 

separate the adsorbed oxygen from lattice oxygen, structures of the top 

view and side views from different angles were presented in Figure 6.4. 

 

 

Figure 6.4 Different geometries of IrO2 (110) surface with terminated O atoms in water 
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solutions (b)-(d). Geometry (a) is top view of IrO2 (110) surface consisted by 13unit cell 

with 3 O* on the top Iridium atoms, with water molecules removed to displaying a clearer 

surface structure. Geometry (b)-(d) represents 3 side views of the system, the different 

types of O atoms on the first top layer can be distinguished. Figure (e) shows the 

simulation model clearly, especially the vertical periodicity with 6 He atoms (in light 

cyan color) to separate the solution and periodical bottom surface. 

 

6.3.1 Electrocatalysis of OER without Electrostatic 

Potential Correction   

Oxygen Evolution Reaction has already been successfully studied by 

theoretical chemists in previous research [137, 245, 258, 259]. Rossmeisl 

and  Nørskov carried out density functional theory (DFT) calculations to 

analyze the electrochemical water-splitting process producing molecular 

oxygen (O2) and hydrogen (H2) [245]. They also investigate the trends in the 

electro-catalytic properties of (110) surfaces of three rutile-types oxides 

(RuO2, IrO2, and TiO2) [245]. Trends in electrocatalytic activity of the oxygen 

evolution reaction (OER) were investigated on the basis of a large database 

of HO* and HOO* adsorption energies on oxide surfaces [258], and in their 

work, theoretical overpotential was calculated by applying standard density 

functional theory in combination with the computational standard hydrogen 

electrode (SHE) model. Alexandra Zagalskaya and Vitaly Alexandrov [259] 

employed density functional theory calculations to demonstrate that the 

lattice oxygen Mechanism (LOM) can give rise to higher OER activity than 

the adsorbate evolving mechanism (AEM) at the active sites involving 

structural defects, both intrinsic and extrinsic. They believe it is four proton-

couple electron transfer steps (PCET) process shown in equations below: 

 2H O(l)+ *  *OH + (H  + e )  + −→
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However, all these simulation results refereed in literatures above were 

obtained via static calculation, which means their calculation condition was 

far from the real experiment in the laboratory; the free energy they 

calculated was not free energy they exactly expected. In this work, 

molecular dynamic methods were applied through the whole simulation 

work to monitor how these molecules and atoms move and react with each 

other. The trajectories were monitored by MD methods. Thus, it was clearer 

to the free energy differences between two states corresponding to the 

pathway. The third step of OER, in my perspective, is supposed to be O-O 

couple rather than O-H2O couple, because of high coverage of O atoms on 

the IrO2 surface. I started simulation to figure out the reaction mechanism 

before the whole OER simulations. The reaction models were displayed in 

Figure 6.5 with the help of Material Studio. All the simulation below 

happened with half electron withdrawn from the system whose absolute 

electrode potential was about 1.6 eV, which was high enough to push these 

reactions to forward direction.  

 

OH*  *O + (H  + e )  + −→

2H O(l)+ O *  *OOH + (H  + e ) + −→

2OOH*  O  + (H  + e ) + −→
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Figure 6.5 Both figure show side views of two probable transition state (TS) of third step in 

OER. On the right up corner is the magnification of corresponding TS. (a) represents the 

O-O couple process, and (b) is about O-H2O couple. Both of these two near transition 

states were selected from a series of constrained MD simulation, whose averaged free 

energy gradient closed to zero mostly, and the structure was most reasonable during the 

whole simulation. 

 

 

Figure 6.6 This figure shows the results of constrained molecular dynamic: each point on 

the curve was an averaged free energy gradient of thousands of constrained MD simulation 

at fixed reaction coordination. Plot (a) described the O-O couple process, and plot (b) 

described the O-H2O couple process. The intersections with abscissa are initial state (IS), 

transition state (TS) and final states (FS) of the reaction.  

 

The middle point in the Figure 6.6 represents the reaction coordination of 
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TS, while IS and FS should analysis specifically: if the reactive atoms get 

closer, the distance in IS will be longer, and vice versa. The integration value, 

in other words, the area between curve and axes, means the free energy 

change of two different states. The value variance of each dot on the curve 

is under 0.01, which is a converged value from block average algorithm [260] 

implemented by Spencer [261]. The free energy difference between two 

states was calculated by integrating the area enclosed by the free energy 

gradient curve and axes. The reaction barriers were 0.13 eV and 0.05 eV 

for O-O couple and O-H2O couple process respectively; while the free 

energy changes were both -0.71 eV coincidently. With 0.08 eV higher barrier 

and the same heat release, which means O-H2O couple were more favored 

than O-O couple process. Considering 0.08 eV is not big enough to deny 

the possibility of O-O couple and chemical potential, to some extent, would 

affect the reaction mechanism since it happened in the water surrounding 

with extra electrode potential; more correction works were carried out (in the 

following section). 

 

Therefore, simulations of all the were carried out identically to the pattern 

referred above with constrained MD to simulate the O-O couple and O-H2O 

couple process. Their corresponding free energy gradient curves were 

drawn in Figure 6.7. All the integrations were calculated as free energy 

barriers and free energy change of the corresponding elementary 

electrochemical process listed in Table 6.1. 
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Figure 6.7 It suggests the Free Energy gradient the most probable mechanism of OER 

process, including H2O dissociation adsorption, OH deprotonation, O-H2O couple and OOH 

deprotonation reactions. The reaction energies of free energy and free energy barriers were 

integrated and listed in the table below. 

 

Table 6.1: The free energy barrier and energy change of elementary reaction in OER  

 Reactions 
Free Energy Barrier 

(eV) 

Free Energy Change 

(eV) 

R1 H2O(l)+ * → *OH+ (H++e-) 0.41 -1.05 

R2 *OH →* O+ (H++e-) 0.04 -0.43 

R3 H2O(l)+ *O → *OOH+ (H++e-) 0.05 -0.71 

R3’ *O+*O → *OO+ * 0.13 -0.71 

R4 *OOH→ *OO + (H++e-) / -0.31 

 

After getting all the energy values, the energy profile was obtained 
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immediately, which could clearly illustrate the pathways and free energy 

changes along with the reaction coordinate, as shown in Figure 6.8. But all 

the free energy here was at a constant charge electrochemical environment 

rather than constant potential surroundings. It could only provide us with a 

simple sketch of this water electrolysis half-reaction.  

 

 

Figure 6.8 This figure displayed the energy profile of OER process. All the intermediates 

were labelled under the free energy state; the reaction processes were tagged in bracket 

between two states. 

 

Combining with Figure 6.8 and Table 6.1, it was obvious that oxygen 

evolution reaction was an exothermal process with proton transfer electron 

coupled (PTEC). However, all these data were calculated under the 

constant charge environment, which was beneficial for our DFT simulation 

but not consistent with realistic reaction environment. We found the first step 

has highest reaction barrier. Once this barrier is overcome, the rest steps 

will happen easily with energy released. The whole process will release over 
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3.0 eV energy, which is calculated under constant charge environment. The 

next section was to correct these energies to the value at a constant 

potential environment. 

 

6.3.2 Electrocatalysis of OER with Electrostatic Potential 

Correction 

To clarify how water solution influence the electrostatics potential, ab initio 

molecular dynamics (AIMD) simulations were applied in to simulate as many 

water structures as possible. For a certain structure, constrained MD was 

adopted to sample the static microstate configurations, with 100 structures 

randomly extracted from final 1ps (pick 100 steps structures from final 1000 

steps). After sampling those structures, the workfunction of those 

microstates were supposed to be averaged to obtain a more realistic and 

reliable representation of electrolyte layer (as Equation (6.9) shows in 

angular brackets), explaining the water configuration impact. Then the 

statistically averaged distribution for electrode potential (U) and capacitance 

(C) could be obtained as well. This assisted in determining the electrode 

potential the specific points of interest along the reaction coordinate, and 

the whole IrO2/H2O system was deemed to rely on the dynamic capacitor.  

 

Based on Equation (6.8), electrostatic capacitance (C) was easy to calculate: 

the ratio of the change in the electric charge of a system to the 

corresponding change in its electric potential. Electric potential, to some 

extent, was dependent on the size of the system: the larger the system, the 

smaller the fluctuation of potential value. To balance the calculation 

resource, time and precise, a compromise was reached: to simulate OER 

under water solvent surrounding at a constant charge system, then correct 
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the environment to constant potential basing on the method proposed by 

Chan and Norskov [29]. As I referred before, the constant potential model 

required large cell sizes, or finite-cell would affect the simulation leading to 

an unreliable result. The electrostatic potential, expectedly, varied at the 

interface even without adding or withdrawing any electrons from the system 

as shown in Figure 6.9. 

 

Figure 6.9 A schematic diagram of a sandwich-like slab-vacuum-slab unit cell, representing 

the planar electrostatic potential profile as a function of position along the unit cell (z-axis 

of supercell) for three oxygen adsorbed IrO2(110)/H2O system.  ,  and  

denote the position vacuum, bulk metal and Fermi potentials for the applied double 

reference model. The water molecule was represented by white and red colour for 

hydrogen and oxygen atom, respectively. And Iridium was represented by navy color.  

( )v ( )m ( )f
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Figure 6.10 Plot of (a) represents the workfunction of IrO2/H2O system lacking different 

number of electron charge (Q=0.0, -0.5, -1.0, -1.5, -2.0). The more electrons lose, the more 

positive system is. The sample configurations were picked from the final 1 ps of AIMD 

simulation randomly. Plot (b) showed the electrode potential ( ) as a function of lacking 

the number of charge(Q), from which the capacitance of IrO2/H2O system was obtained 

equal to 1.24 eV/V2 according to Equation (6.8). 

 

After calculating the capacitance of system, the corrections of reaction free 

energies and free energy barriers were easy to calculate. Similarly, the 

averaged workfunction of every intermediate in each step were calculate 

and displayed in Figure 6.11. 

SHEU
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Figure 6.11 This figure consists of five snapshots of the workfunction corresponding to the 

five elementary reactions of OER: 2H O(l)+* * ( )OH H e+ −→ + +  ;

* * ( )OH O H e+ −→ + +
 ; 2H O(l)+* * ( )O OOH H e+ −→ + +

 ; * +* * +*O O OO→  ; 
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2* * +( )OOH O H e+ −→ +
. The black, red, blue line in the line chart represents the initial 

(IS), transition (TS), and final (FS) state, respectively. The average values of these 

workfunctions of intermediates were listed in Table 6.2 below.  

 

With the electrode potential difference, and previously obtained capacitance, the 

results of electrostatic corrections were calculated and listed in Table 6.3, 

according to Equation (6.11): 

 

 

Table 6.2: The average electrode potential vs SHE (~4.40V) for the initial (UIS), transition 

(UTS) and final states (UFS). The electrode potential difference between IS to FS (ΔUFS-IS), 

IS to TS (ΔUTS-IS) and TS to FS (ΔUFS-TS) 

 
UIS 

(V) 

UTS 

(V) 

UFS 

(V) 

ΔUFS-IS 

(V) 

ΔUTS-IS 

(V) 

ΔUFS-TS 

(V) 

R1 6.35 6.48 5.84 -0.51 0.13 -0.64 

R2 6.52 6.64 6.18 -0.34 0.12 -0.46 

R3 6.03 6.13 5.90 -0.13 0.10 -0.23 

R3’ 6.50 6.44 6.22 -0.28 0.06 -0.22 

R4 6.42 / 6.38 -0.04 / / 

 

Table 6.3: Relative free energy (G) from constrained MD simulation, the electrostatic 

energy correction ( 2 1

electro

U UE − ) and the correction relative free energy ( *G ), for the initial 

(IS), transition (TS) and final state (FS) configurations of most possible OER reactions 

2 1

2 2

2

electrostatic

U U

C e U
E −

 
 =
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mechanism. 

 trajectory G  (eV) 2 1

electro

U UE −
 (eV) 

*G  (eV) 

R1 

IS to TS 0.41 0.01 0.40 

IS to FS -1.50 0.16 -1.66 

R2 

IS to TS 0.04 0.01 0.03 

IS to FS -0.43 0.07 -0.50 

R3 

IS to TS 0.05 0.01 0.04 

IS to FS -0.71 0.01 -0.72 

R3’ 

IS to TS 0.13 0.00 0.13 

IS to FS -0.71 0.05 -0.76 

R4 IS to FS -0.31 0.00 -0.31 

 

After correcting the relative free energy to the electrostatic energy corrected 

free energy, the new energy profile of the most possible reaction pathway 

was demonstrated in Figure 6.12. The result, obviously, was the same as 

our previous perspective that electrostatic potential only affected a little in 

the free energy change and O coupled with water molecule from solvent 

closing to the interface was the more realistic reaction mechanism. 

Comparing with the results of Norskov group [224], the reaction mechanism 

was compatible with what they put forward before. Oxygen coupled with 

water was the preferred reaction process in OER process. Because of 

different calculation methodologies, the free energy values were different, 

especially in water dissociative adsorption steps. What is more, concerning 

the electrode potential, the free energy values were not supposed to be the 

same. One the one hand, all free energies in this chapter is calculated with 
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molecular dynamic method, which means all simulations happen at 

specified reaction environment, such as temperature (300 K), pressure (1 

atm), electrode potential (1.8 V). On the other hand, we have corrected 

reaction energies and barriers from constant charge environment to 

constant potential condition, which is more closing to the real reaction 

conditions.   

  

 

Figure 6.12 This figure displayed the energy profile of two possible OER process. All the 

intermediates were labelled under the free energy state; the reaction processes were 

tagged in bracket between two states: the red tag representing the O-O couple mechanism 

according to the red legend; black representing the O-H2O couple mechanism.  

 

6.4 Conclusion 

In this work, enhanced AIMD sampling methodologies (including slow-

growth approach, and constrained molecular dynamic) and DFT 

calculations (such as static calculation, workfunction calculation and 

electrostatic potential corrections) have been applied to study the oxygen 
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evolution reactions under the 1.8 V electrode potential vs SHE (~4.40V) at 

IrO2 (110) surface with O atoms terminated. Reaction models were 

established in Material Studios to simulate the reactions at an atomic scale. 

Based on these calculations and analysis, the following conclusion can be 

drawn: 

(1) It is found that the free energies of two probable pathways of OER are 

very closing under the constant charge condition with half electron 

withdrawn. As listed in Table 6.3, the difference of free energy barrier 

and reaction energies between R3 and R3’ are really small, only 0.09 eV 

and 0.04 eV respectively. 

(2) The O-H2O couple process, either under constant charge environment 

or constant potential condition, is the favored mechanism in the OER 

process. Both G (under constant charge environment) and G*( under 

constant potential environment) of R3 in Table 6.3 is smaller than 

another coupling pathway O-O represented by R3’. 

(3) The third step, either O-O couple or O-H2O couple process, were not the 

rate-determined steps as we expected. In this work, we found, water 

dissociative adsorption played a vital role in OER process because of 

the relative high barrier compared with other reactions. It is clear to 

observe that barrier of first step is much higher than others in Figure 6.12, 

and this step releases the most energy during the whole OER process. 

(4) It was a huge leap to calculation reaction energy of free energy and free 

reaction barrier directly with an enhanced molecular dynamic method. 

Since previous theoretic researches have never obtained the free 

energy directly from the simulations, all their work was calculated under 

static calculation regardless of many solvent effects. The methods 

applied in OER process have some values for others in electrocatalysis 

reactions and other aqueous reaction, such as using averaged value to 
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deal with aqueous environment, simplifying the difficult problem to a 

simple one then correcting later and adopting existing methods to figure 

out another comprehensive one to tackle more complex problems. 

(5) In this work, electrostatic potential corrections have been carried out, 

even if it didn’t have a great effect on the result. Overall, it provided a 

method to achieve more realistic simulation. 
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Chapter 7 

Conclusions and Outlook 

 

The aim of this study is to explore several typical reaction mechanisms 

using DFT calculations, microkinetic modelling, and certain molecular 

dynamic methods. In previous discussions, we have introduced several key 

discoveries and methods in investigating different reaction mechanisms. 

Particularly, density functional theory (DFT) paves us a wider way to 

calculate activation barriers and reaction energies for reactions happen at 

gas-solid interfaces, which helps to understand catalysis mechanism. As for 

heterogeneous catalysis happens at liquid-solid interfaces, we adopted 

molecular dynamic approaches to monitor and analyze the physical 

movements of atoms and molecules in the system. The trajectories of atoms 

and molecules are determined by numerically solving Newton's equations 

of motion for the system of interacting particles, where forces between the 

particles and their potential energies are often calculated using interatomic 

potentials or molecular mechanics force fields. After obtaining the calculated 

energies, we can figure out the reaction pathway easily.   

 

In Chapter 3, we proposed an advanced method to investigate the reaction 

mechanism of the Fisher-Tropsch process. The formation energy was put 

forward to predict the stability of adsorbed intermediates. The self and cross 

adsorbate-adsorbate interactions were discussed in the catalytic reactions. 

Together with a model to calculate the coverage-dependent activation 

barrier, a rigorous coverage-dependent model was raised. Different 

adsorption numbers of CO molecules as an example is applied to exhibit 

this model. Moreover, the microkinetic modelling was used to calculate the 
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reaction rate, which was agreed better with the experimental data than that 

without microkinetic modeling applied. 

 

In Chapter 4, we calculated the methane combustion reaction in different 

type of NiO surface to investigate the relationship between coordination 

environment of Ni2+ and catalytic activities. The ideal surface such as sheet 

NiO, cubic NiO and tetrahedral NiO were represented by NiO(110), NiO(100) 

and NiO(111), respectively. The vacant defects were simply simulated as 

well. The mechanism schemes of the pathway were all simulated to search 

the most favorable methane oxidation route. We found that Ni cations 

coordinating with four oxygen atoms of NiO(110) exhibit low activation 

barriers in the catalytic cycles of compete oxidation of CH4 than those on 

NiO(100) on which a Ni cation coordinates with five oxygen atoms, which is 

in good accordance with experimental work from our coauthor Franklin 

(Feng) Tao’s group. These studies demonstrated that the coordination-

number-dependent catalysis of transition metal oxide also suggested a new 

catalyst designing method by tailoring the coordination of oxygen atoms 

around cation on transition metal oxide. 

 

Chapter 5 applied an advanced molecular dynamic method, namely 

umbrella sampling, and a useful analyzing tool weighted histogram analysis 

method (WHAM) to figure out how CO adsorption and desorption from 

Pt(111) H2O interface. Additionally, the results were discussed and 

compared with previous calculation work of the same system but no water 

surroundings. The rational explanations well clarify the difference between 

those two systems: (1) water solvation effect between CO and water 

surrounding (2) less freedom contribution of CO to the aqueous system than 

that in the gas-solid system (entropy loss). 
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Chapter 6 proposed a new simulation approach to dealing simulation 

oxygen evolution reaction (OER) electrocatalysis process at IrO2(110)-H2O 

interface, which combines the slow-growth approach and constrained 

molecular dynamic method. Adsorbed oxygen atoms were considered as 

main coverage species on the surface. Considering both efficiency and 

accuracy, constant charge model was applied in OER electrocatalysis 

reactions, which withdraw some electrons from IrO2 surface to generate 

extra electrode potential; then the calculated energies were corrected to the 

constant potential environment. We figured out the whole OER process 

mechanism on the IrO2(110) surface and importantly, the O-O pair is verified 

as the third step in the whole process. 

 

In the future, I believe that some new techniques will be used in the reaction 

mechanism investigation, such as machine learning. Based on those, 

rational catalyst design will be much easier, due to that there still exist some 

limitations using the popular static calculations. 

 

 

  



 

193 

 

Reference:  

1. Atkins，P.W., Atkins' Physical chemistry. 11 ed. 

2. Marcus, R.A., Theoretical Relations among Rate Constants, Barriers, and 

Brpnsted Slopes of Chemical Reactions. The Journal of Physical Chemistry 

1968. 72: p. 891. 

3. Hammond, B.G.S., A Correlation of Reaction Rates. J. Am. Chem. Soc. , 1955. 

77: p. 334. 

4. Eyring, H., The Activated Complex in Chemical Reactions. J. Chem. Phys., 1935. 

3: p. 107. 

5. Polanyi, M.G.E.a.M., SOME APPLICATIONS OF THE TRANSITION STATE 

METHOD TO THE CALCULATION OF IN REACTION. Trans. Faraday Soc, 

1935. 31: p. 875. 

6. I. Chorkendorff and J. W. Niemantsve, Concepts of Modern Catalysis and 

Kinetics. 2003: Wiley-VCH Verlag. 

7. Roberts., M.W., Birth of the catalytic concept (1800-1900). . Catalysis Letters, Jul 

2000. 67(1): p. 1-4. 

8. Niemantsve., R.A.v.S.a.J.W., Chemical Kinetics and Catalysis. 1995, Plenum, 

New York. 

9. Bell, A.T.U.D.O.o.S.O.o.B.E.S.U., The impact of nanoscience on heterogeneous 

catalysis. 2003, U.S.: Berkeley, Calif. : Lawrence Berkeley National Laboratory ; 

Oak Ridge, Tenn. : Distributed by the Office of Scientific and Technical 

Information, U.S. 

10. Rothenberg, G., Catalysis : concepts and green applications. 2008, Germany: 

Weinheim  : Wiley-VCH. 

11. Partington, J.R., A History of Chemistry. 1964, London: Macmillan. 

12. Ostwald, W., J. Prakt. Chem., 1884. 30: p. 93. 

13. Woodruff, D.P.D., T. A, A. Modern Techniques in Surface Science. 1989, 

Cambridge. 

14. Somorjai, G.A., Introduction to Surface Chemistry and Catalysis. 1994, New York: 

Wiley. 



 

194 

 

15. Masel, R.I., Principles of Adsorption and Reaction on Solid Surfaces. 1996, New 

York: Wiley. 

16. P. Hermann, J.M.G., B. Tardy, Y. Jugnet, D. Simon and J. -C. Bertolini, The 

Pd/Ni(110) Bimetallic System: Surface Characterisation by LEED, AES, XPS, and 

LEIS Techniques; New Insight on Catalytic Properties. JOURNAL OF 

CATALYSIS, 1996. 163: p. 169-175. 

17. Gopinath, F.Z.a.C.S., Evidence for an N2O intermediate in the catalytic reduction 

of NO to N2 on rhodium surface. Chem. Phys. Lett, 2000. 332: p. 209. 

18. Zaera, F. and C.S. Gopinath, On the mechanism for the reduction of nitrogen 

monoxide on Rh(111) single-crystal surfaces. Physical Chemistry Chemical 

Physics, 2003. 5(3): p. 646-654. 

19. Iwasawa, H.O.a.Y., Reconstruction of TiO~2(110) surface: STM study with 

atomic-scale resolution. Surface Science, 1994. 313(1). 

20. Watkins, M., M.L. Berkowitz, and A.L. Shluger, Role of water in atomic resolution 

AFM in solutions. Phys Chem Chem Phys, 2011. 13(27): p. 12584-94. 

21. Yamamoto, S., et al., In situx-ray photoelectron spectroscopy studies of water on 

metals and oxides at ambient conditions. Journal of Physics: Condensed Matter, 

2008. 20(18): p. 184025. 

22. Katayama, O.V.G.L.A.A.S.A.V.Z.M. Surface Science. Springer-Verlag. 2003, 

Berlin Heidelberg New York. 1-45. 

23. Rakić V., D.L., Temperature-Programmed Desorption (TPD) Methods. In: Auroux 

A. (eds) Calorimetry and Thermal Methods in Catalysis. . Springer Series in 

Materials Science, 2013. 154. 

24. C, B., Scanning tunneling microscopy and its applications. 2000, New York: 

Springer Verlag. 

25. Measuring and Analyzing Force-Distance Curves with Atomic Force Microscopy. 

26. Li, Y., et al., Enhancement of Pitting Corrosion Resistance of Austenitic Stainless 

Steel Through Deposition of Amorphous/Nanocrystalline Oxy-nitrided Phases by 

Active Screen Plasma Treatment. Materials Research, 2018. 21. 

27. Rahmayeni, et al., Green synthesis and Characterization of ZnO-CoFe2O4 

Semiconductor Photocatalysts Prepared Using Rambutan (Nephelium 

lappaceum L.) Peel Extract. Materials Research, 2019. 22. 



 

195 

 

28. F. Besenbacher, I.C., B. S. Clausen, B. Hammer, A. M. Molenbroek, J. K. 

Nørskov,* I. Stensgaard, design of a surface alloy catalyst for steam reforming. 

Science, 1998. 279: p. 1913. 

29. Bradley, J.M.H., A.; King, D. A, Control of a Biphasic Surface Reaction by Oxygen 

Coverage: The Catalytic Oxidation of Ammonia over Pt{100}. J. Phys. Chem., 

1995. 99: p. 17032. 

30. van der Vliet, D., et al., On the importance of correcting for the uncompensated 

Ohmic resistance in model experiments of the Oxygen Reduction Reaction. 

Journal of Electroanalytical Chemistry, 2010. 647(1): p. 29-34. 

31. Carrasco, J., A. Hodgson, and A. Michaelides, A molecular perspective of water 

at metal interfaces. Nat Mater, 2012. 11(8): p. 667-74. 

32. Peng, J., et al., The effect of hydration number on the interfacial transport of 

sodium ions. Nature, 2018. 557(7707): p. 701-705. 

33. Koper, M.T., Structure sensitivity and nanoscale effects in electrocatalysis. 

Nanoscale, 2011. 3(5): p. 2054-73. 

34. Kim, D., J. Shi, and Y. Liu, Substantial Impact of Charge on Electrochemical 

Reactions of Two-Dimensional Materials. J Am Chem Soc, 2018. 140(29): p. 

9127-9131. 

35. L. Pauling, P.D., Sc.D. and E. B. Wilson, Jr., Introduction to quantum mechanics, 

with applications to chemistry. . Journal of Chemical Technology and 

Biotechnology, 1936. 55(44): p. 861. 

36. Lipkowitz, K.B.B., D. B., Reviews in Computational Chemistry. 1990, New York, 

N.Y.Hoboken, N.J.: VCH  

37. Smith, S.J.S.B.T., The development of Computational Chemistry in the United 

Kingdom. Reviews in Computational Chemistry., 1997. 10: p. 271-316. 

38. Griffiths, D.J., Introduction to Quantum Mechanics (2nd ed.). 2004, New Jersey, 

U.S.: Prentice Hall. 

39. Hartree, D.R., The Wave Mechanics of an Atom with a Non-Coulomb Central 

Field. Part I. Theory and Methods. Mathematical Proceedings of the Cambridge 

Philosophical Society, 1928. 24(1): p. 89-110. 

40. Hohenberg, P. and W. Kohn, Inhomogeneous Electron Gas. Physical Review, 

1964. 136(3B): p. B864-B871. 

41. Kohn, W. and L.J. Sham, Self-Consistent Equations Including Exchange and 

Correlation Effects. Physical Review, 1965. 140(4A): p. A1133-A1138. 



 

196 

 

42. Thomas, L.H., The calculation of atomic fields. Mathematical Proceedings of the 

Cambridge Philosophical Society, 1927. 23(5): p. 542-548. 

43. Becke, A.D., Perspective: Fifty years of density-functional theory in chemical 

physics. J. Chem. Phys., 2014. 140(18A): p. 301. 

44. Perdew, J.P. and Y. Wang, Accurate and simple analytic representation of the 

electron-gas correlation energy. Phys Rev B Condens Matter, 1992. 45(23): p. 

13244-13249. 

45. Perdew, J.P., K. Burke, and M. Ernzerhof, Generalized Gradient Approximation 

Made Simple. Physical Review Letters, 1996. 77(18): p. 3865-3868. 

46. PéterPulay, Convergence acceleration of iterative sequences. the case of scf 

iteration. Chemical Physics Letters, 1980. 73(2): p. 393-398. 

47. M.R. Hestenes, E.S., Methods of conjugate gradients for solving linear systems. 

Journal of Research of the National Bureau of Standards, 1952. 49: p. 409. 

48. Jensen, F., Introduction to Computational Chemistry. 1999, England: John Wiley 

and Sons Ltd. 

49. Stoltze, P. and J.K. Norskov, Bridging the "pressure gap" between ultrahigh-

vacuum surface physics and high-pressure catalysis. Phys Rev Lett, 1985. 

55(22): p. 2502-2505. 

50. Norskov, P.S.a.J.K., An interpretation of the high-pressure kinetics of ammonia 

synthesis based on a microscopic model. Journal of Catalysis 

1998. 110(1): p. 1-10. 

51. T. K. Woo, P.M.M., P. E. Blochl, and T. Ziegler, A Combined Car−Parrinello 

QM/MM Implementation for ab Initio Molecular Dynamics Simulations of 

Extended Systems:  Application to Transition Metal Catalysis. J. Phys. Chem. B 

1997. 101: p. 7877. 

52. Michiel Sprik, G.C., Free energy from constrained molecular dynamics. J. Chem. 

Phys. , 1998. 109: p. 7737  

53. Guo, C., et al., First-Principles Determination of CO Adsorption and Desorption 

on Pt(111) in the Free Energy Landscape. The Journal of Physical Chemistry C, 

2018. 122(37): p. 21478-21483. 

54. Schrödinger, E., An Undulatory Theory of the Mechanics of Atoms and 

Molecules. Physical Review, 1926. 28(6): p. 1049-1070. 



 

197 

 

55. R, B.M.a.O., Zur quantentheorie der molekeln. Annals of Physics, 1927. 389: p. 

457-484. 

56. Slater, J.C., Note on Hartree's Method. Physical Review, 1930. 35(2): p. 210-211. 

57. Fock, V., Näherungsmethode zur Lösung des quantenmechanischen 

Mehrkörperproblems. Zeitschrift für Physik 1930. 61: p. 126-148. 

58. Fermi, E., Un Metodo Statistico per la Determinazione di alcune Prioprietà 

dell'Atomo. Rend. Accad. Naz. Lincei., 1927. 6: p. 602-607. 

59. P. Hu, D.A.K., S. Crampin, M. H. Lee and M. C. Payne, Gradient corrections in 

density functional theory calculations for surfaces: Co on Pd{110}. Chemical 

Physics Letters 1994. 230(6): p. 501-506. 

60. John P. Perdew, A.R., Jianmin Tao, Viktor N. Staroverov, Gustavo E. Scuseria, 

and Gábor I. Csonka, Prescription for the design and selection of density 

functional approximations: More constraint satisfaction with fewer fits. The 

Journal of Chemical Physics, 2005. 123: p. 062201. 

61. Cheng, J., et al., A quantitative determination of reaction mechanisms from 

density functional theory calculations: Fischer–Tropsch synthesis on flat and 

stepped cobalt surfaces. Journal of Catalysis, 2008. 254(2): p. 285-295. 

62. Cheng, J., et al., A DFT study of the chain growth probability in Fischer–Tropsch 

synthesis. Journal of Catalysis, 2008. 257(1): p. 221-228. 

63. Cheng, J., et al., Chain Growth Mechanism in Fischer−Tropsch Synthesis: A DFT 

Study of C−C Coupling over Ru, Fe, Rh, and Re Surfaces. Vol. 112. 2008. 

64. Jun Cheng, P.H., Peter Ellis, Sam French, Gordon Kelly  and C. Martin Lok, A 

First-Principles Study of Oxygenates on Co Surfaces in Fischer-Tropsch 

Synthesis. J. Phys. Chem. C 2008. 112: p. 9464–9473 

 

65. Cheng, J., et al., Some Understanding of Fischer–Tropsch Synthesis from 

Density Functional Theory Calculations. Topics in Catalysis, 2010. 53(5-6): p. 

326-337. 

66. Mermin, N.W.A.a.N.D., Solid state physics. 1976, Holt Saunders, Philadelphia, 

1976. . 

67. Monkhorst, P., Phys. Rev. B, 1997. 13: p. 5188. 



 

198 

 

68. Hellmann, H., A New Approximation Method in the Problem of Many Electrons. 

The Journal of Chemical Physics, 1935. 3(1): p. 61. 

69. Blöchl, P.E., O. Jepsen, and O.K. Andersen, Improved tetrahedron method for 

Brillouin-zone integrations. Physical Review B, 1994. 49(23): p. 16223-16233. 

70. Kresse, G. and D. Joubert, From ultrasoft pseudopotentials to the projector 

augmented-wave method. Physical Review B, 1999. 59(3): p. 1758-1775. 

71. Schlegel, H.B., Modern Electronic Structure Theory;. 1995, Singapore: World 

Scientific Publishing. 

72. Hestenes, M.R.S., Eduard Methods of Conjugate Gradients for Solving Linear 

Systems Journal of Research of the National Bureau of Standards, 1952. 49(6): 

p. 409. 

73. Jens K. Nørskov, F.S., Frank Abild-Pedersen and Thomas Bligaard, fundamental 

concepts in heterogeneous catalysis. 2014, New Jersey: John Wiley & Sons, Inc., 

Hoboken. 

74. Jónsson, G.H.a.H., A dimer method for finding saddle points on high dimensional 

potential surfaces using only first derivatives. J. Chem. Phys., 1999. 111: p. 7010. 

75. Graeme Henkelman, B.P.U., and Hannes Jónsson, A climbing image nudged 

elastic band method for finding saddle points and minimum energy paths. J. 

Chem. Phys., 2000. 113: p. 9901. 

76. Mills, G. and H. Jonsson, Quantum and thermal effects in H2 dissociative 

adsorption: Evaluation of free energy barriers in multidimensional quantum 

systems. Phys Rev Lett, 1994. 72(7): p. 1124-1127. 

77. Alavi, A., et al., CO Oxidation on Pt(111): An Ab Initio Density Functional Theory 

Study. Physical Review Letters, 1998. 80(16): p. 3650-3653. 

78. Hu, Z.-P.L.a.P., General Rules for Predicting Where a Catalytic Reaction Should 

Occur on Metal Surfaces: A Density Functional Theory Study of C-H and C-O 

Bond Breaking/Making on Flat, Stepped, and Kinked Metal Surfaces. Journal of 

the American Chemical Society, 2003. 125(7): p. 1958-1967. 

79. J. Frisch, M., et al., Gaussian 09 (Revision A02). 2009. 

80. Falsig, H., et al., Trends in the catalytic CO oxidation activity of nanoparticles. 

Angew Chem Int Ed Engl, 2008. 47(26): p. 4835-9. 

81. Jiang, T., et al., Trends in CO Oxidation Rates for Metal Nanoparticles and Close-

Packed, Stepped, and Kinked Surfaces. The Journal of Physical Chemistry C, 

2009. 113(24): p. 10548-10553. 



 

199 

 

82. Madon, R.J., et al., Microkinetic analysis and mechanism of the water gas shift 

reaction over copper catalysts. Journal of Catalysis, 2011. 281(1): p. 1-11. 

83. Filot, I.A.W., et al., First-Principles-Based Microkinetics Simulations of Synthesis 

Gas Conversion on a Stepped Rhodium Surface. ACS Catalysis, 2015. 5(9): p. 

5453-5467. 

84. Filot, I.A.W., et al., Kinetic aspects of chain growth in Fischer-Tropsch synthesis. 

Faraday Discuss, 2017. 197: p. 153-164. 

85. Lausche, A.C., et al., On the effect of coverage-dependent adsorbate–adsorbate 

interactions for CO methanation on transition metal surfaces. Journal of 

Catalysis, 2013. 307: p. 275-282. 

86. Yang, N., et al., Intrinsic Selectivity and Structure Sensitivity of Rhodium 

Catalysts for C(2+) Oxygenate Production. J Am Chem Soc, 2016. 138(11): p. 

3705-14. 

87. steady state (stationary state). 2009. 

88. Verlet, L., Computer "Experiments" on Classical Fluids. I. Thermodynamical 

Properties of Lennard-Jones Molecules. Physical Review, 1967. 159(1): p. 98-

103. 

89. W. D. Cornell, P.C., C. Bayly, I. Gould, K. M. Merz Jr, D. M. Ferguson, D. C. 

Spellmayer, T. Fox, J. W. Caldwell and P. A. Kollman, , A Second Generation 

Force Field for the Simulation of Proteins, Nucleic Acids, and Organic Molecules 

J. Am. Chem. Soc. , 1995. 117: p. 5179-5197. 

90. Car, R. and M. Parrinello, Unified approach for molecular dynamics and density-

functional theory. Phys Rev Lett, 1985. 55(22): p. 2471-2474. 

91. G. M. Torrie, a.J.P.V., J. Comp. Phys. 1977, 23, 187. , Nonphysical sampling 

distributions in Monte Carlo free-energy estimation: Umbrella sampling. J. Comp. 

Phys. 

, 1977. 23,: p. 187. 

92. Kästner, J., Umbrella sampling. Wiley Interdisciplinary Reviews: Computational 

Molecular Science, 2011. 1(6): p. 932-942. 

93. Kumar, S.R., John M.; Bouzida, Djamal; Swendsen, Robert H.; Kollman, Peter A, 

The Weighted Histogram Analysis Method for Free-Energy Calculations on 

Biomolecules. I. The Method. Journal of Computational Chemistry., 1992. 13(8): 

p. 1011–1021. 



 

200 

 

94. Kollman, S.K.J.M.R.D.B.R.H.S.P.A., Multidimensional free‐energy calculations 

using the weighted histogram analysis method. Journal of Computational 

Chemistry., 1995. 16(11): p. 1339-1350. 

95. Jarzynski, C., Nonequilibrium Equality for Free Energy Differences. Phys. Rev. 

Lett. , 1997. 78: p. 2690. 

96. Harald Oberhofer, C.D., and Phillip L. Geissler, Biased Sampling of 

Nonequilibrium Trajectories:  Can Fast Switching Simulations Outperform 

Conventional Free Energy Calculation Methods? J. Phys. Chem. B, 2005. 

109(14): p. 6902–6915. 

97. JEAN-PAUL RYCKAERT*, G.C., AND HERMAN J. C. BERENDSEN*, Numerical 

integration of the Cartesian Equations of Motion of a System with Constraints: 

Molecular Dynamics of n-Alkanes JOURNAL OF COMPUTATIONAL. PHYSICS 

1977. 23: p. 327-341. 

98. Dzyaloshinsky, A.A.A.L.P.G.I.E., Methods of Quantum Field Theory in Statistical 

Physics. Chapter 6 Electromagnetic Radiation in an Absorbing Medium. Dover 

Publications. 

99. Grimme, S., S. Ehrlich, and L. Goerigk, Effect of the damping function in 

dispersion corrected density functional theory. J Comput Chem, 2011. 32(7): p. 

1456-65. 

100. Chan, K. and J.K. Norskov, Electrochemical Barriers Made Simple. J Phys Chem 

Lett, 2015. 6(14): p. 2663-8. 

101. Qinghong Zhang, J.K., and Ye Wang, Development of Novel Catalysts for 

Fischer–TropschSynthesis: Tuning the Product Selectivity. ChemCatChem, 2010. 

2: p. 1030-1058. 

102. F. Fischer, H.T., Brennst.-Chem. , 1923. 4: p. 276-285. 

103. F. Fischer, H.T., Brennst.-Chem., 1926. 7: p. 97-116. 

104. Rostrup‐Nielsen, J.R., Fuels and Energy for the Future: The Role of Catalysis. 

Catalysis Reviews, 2011. 46(3-4): p. 247-270. 

105. Dry, M.E., The Fischer–Tropsch process: 1950–2000. Catalysis Today, 2002. 71 

p. 227–241. 

106. Ertl, G.K., H.;  Schüth, F.; Weitkamp, J., Handbook of Heterogeneous Catalysis. 

2008: Wiley-VCH. 

107. Hook, M., et al., Hydrocarbon liquefaction: viability as a peak oil mitigation 

strategy. Philos Trans A Math Phys Eng Sci, 2014. 372(2006): p. 20120319. 



 

201 

 

108. Kurchania, A.K., Biomass Energy. 2012: p. 91-122. 

109. Jun Cheng, P.H., Peter Ellis, Sam French, Gordon Kelly, and C. Martin Lok, 

Chain Growth Mechanism in Fischer-Tropsch Synthesis: A DFT Study of C-C 

Coupling over Ru, Fe, Rh, and Re Surfaces. J. Phys. Chem. C 2008. 112: p. 

6082-6086. 

110. M.A.Vannice, The catalytic synthesis of hydrocarbons from H2CO mixtures over 

the group VIII metals: I. The specific activities and product distributions of 

supported metals. Journal of Catalysis, 1974. 37(3): p. 449-461 

 

111. Jahangiri, H., et al., A review of advanced catalyst development for Fischer–

Tropsch synthesis of hydrocarbons from biomass derived syn-gas. Catal. Sci. 

Technol., 2014. 4(8): p. 2210-2229. 

112. Kapur, N., et al., Ab Initio Study of CO Hydrogenation to Oxygenates on Reduced 

Rh Terraces and Stepped Surfaces. The Journal of Physical Chemistry C, 2010. 

114(22): p. 10171-10182. 

113. Wang, J., et al., Ethanol Synthesis from Syngas on the Stepped Rh(211) Surface: 

Effect of Surface Structure and Composition. The Journal of Physical Chemistry 

C, 2014. 118(39): p. 22691-22701. 

114. Yu-hua, D., C. De-An, and T. Khi-Rui, Promoter action of rare earth oxides in 

rhodium/silica catalysts for the conversion of syngas to ethanol. Applied 

Catalysis, 1987. 35(1): p. 77-92. 

115. Spivey, J.J. and A. Egbebi, Heterogeneous catalytic synthesis of ethanol from 

biomass-derived syngas. Chem Soc Rev, 2007. 36(9): p. 1514-28. 

116. Schulz, H., Short history and present trends of Fischer–Tropsch synthesis. 

Applied Catalysis A: General, 1999. 186(1): p. 3-12. 

117. Iglesia, E., Design, synthesis, and use of cobalt-based Fischer-Tropsch synthesis 

catalysts. Applied Catalysis A: General, 1997. 161 p. 59-78. 

118. Davis, B.H., Fischer-Tropsch Synthesis: Comparison of Performances of Iron and 

Cobalt Catalysts. Ind. Eng. Chem. Res. , 2007. 46: p. 8938-8945. 

119. Choi, Y. and P. Liu, Mechanism of Ethanol Synthesis from Syngas on Rh(111). 

Journal of the American Chemical Society, 2009. 131(36): p. 13054-13061. 

120. Wilson, J. and C. de Groot, Atomic-Scale Restructuring in High-Pressure 

Catalysis. The Journal of Physical Chemistry, 1995. 99(20): p. 7860-7866. 



 

202 

 

121. Gong, X.-Q., R. Raval, and P. Hu, CO dissociation and O removal on Co(0001): a 

density functional theory study. Surface Science, 2004. 562(1-3): p. 247-256. 

122. Biloen, P. and W.M.H. Sachtler, Mechanism of Hydrocarbon Synthesis over 

Fischer-Tropsch Catalysts, in Advances in Catalysis, D.D. Eley, H. Pines, and 

P.B. Weisz, Editors. 1981, Academic Press. p. 165-216. 

123. Liu, Z.-P. and P. Hu, A New Insight into Fischer−Tropsch Synthesis. Journal of the 

American Chemical Society, 2002. 124(39): p. 11568-11569. 

124. Ciobı̂că, I.M., et al., Mechanisms for Chain Growth in Fischer–Tropsch Synthesis 

over Ru(0001). Journal of Catalysis, 2002. 212(2): p. 136-144. 

125. Vannice, M.A., The catalytic synthesis of hydrocarbons from H2CO mixtures over 

the group VIII metals: I. The specific activities and product distributions of 

supported metals. Journal of Catalysis, 1975. 37(3): p. 449-461. 

126. Brady, R.C. and R. Pettit, Reactions of diazomethane on transition-metal 

surfaces and their relationship to the mechanism of the Fischer-Tropsch reaction. 

Journal of the American Chemical Society, 1980. 102(19): p. 6181-6182. 

127. Maitlis, P.M. and V. Zanotti, The role of electrophilic species in the Fischer-

Tropsch reaction. Chem Commun (Camb), 2009(13): p. 1619-34. 

128. Oliver R. Inderwildi, S.J.J., and David A. King, Fischer-Tropsch Mechanism 

Revisited: Alternative Pathways for the Production of Higher Hydrocarbons from 

Synthesis Gas. J. Phys. Chem. C, 2008. 112: p. 1305-1307. 

129. S. Shetty, A.P.J.J., R. A. van Santen, Direct versus Hydrogen-Assisted CO 

Dissociation. J. Am. Chem. Soc. , 2009. 131: p. 12874 – 12875. 

130. Davis, B.H., Fischer–Tropsch synthesis: Overview of reactor development and 

future potentialities. Topics in Catalysis, 2005. 32(3-4): p. 143-168. 

131. Yao, Z., et al., Quantitative Determination of C–C Coupling Mechanisms and 

Detailed Analyses on the Activity and Selectivity for Fischer–Tropsch Synthesis 

on Co(0001): Microkinetic Modeling with Coverage Effects. ACS Catalysis, 2019. 

9(7): p. 5957-5973. 

132. Xiao, C.-x., et al., Aqueous-Phase Fischer–Tropsch Synthesis with a Ruthenium 

Nanocluster Catalyst. Angewandte Chemie, 2008. 120(4): p. 758-761. 

133. Fraser, I., A.M. Rabiu, and E. van Steen, Investigating the Stability of Ru-

promoted Fe-based Fischer-tropsch Catalyst at high Synthesis Gas Conversion. 

Energy Procedia, 2016. 100: p. 210-216. 



 

203 

 

134. Dry, M.E., Practical and theoretical aspects of the catalytic Fischer-Tropsch 

process. Applied Catalysis A: General 138 (1996) 319-344, 1996. 138  

p. 319-344. 

135. Grimme, S., et al., A consistent and accurate ab initio parametrization of density 

functional dispersion correction (DFT-D) for the 94 elements H-Pu. J Chem Phys, 

2010. 132(15): p. 154104. 

136. Liu, Z.-P. and P. Hu, General Rules for Predicting Where a Catalytic Reaction 

Should Occur on Metal Surfaces:  A Density Functional Theory Study of C−H and 

C−O Bond Breaking/Making on Flat, Stepped, and Kinked Metal Surfaces. 

Journal of the American Chemical Society, 2003. 125(7): p. 1958-1967. 

137. Cao, X.-M., et al., An understanding of chemoselective hydrogenation on 

crotonaldehyde over Pt(111) in the free energy landscape: The microkinetics 

study based on first-principles calculations. Catalysis Today, 2011. 165(1): p. 71-

79. 

138. Wang, Z., et al., Elucidating the mechanism and active site of the cyclohexanol 

dehydrogenation on copper-based catalysts: A density functional theory study. 

Surface Science, 2015. 640: p. 181-189. 

139. Moazami, N., et al., Catalytic performance of cobalt–silica catalyst for Fischer–

Tropsch synthesis: Effects of reaction rates on efficiency of liquid synthesis. 

Chemical Engineering Science, 2015. 134: p. 374-384. 

140. Frisch, M.J., et al., Gaussian 03, Revision C.02. 

141. Azadi, P., et al., Microkinetic Modeling of the Fischer-Tropsch Synthesis over 

Cobalt Catalysts. ChemCatChem, 2015. 7(1): p. 137-143. 

142. Wang, Z., H.F. Wang, and P. Hu, Possibility of designing catalysts beyond the 

traditional volcano curve: a theoretical framework for multi-phase surfaces. Chem 

Sci, 2015. 6(10): p. 5703-5711. 

143. Mao, Y., et al., Understanding Catalytic Reactions over Zeolites: A Density 

Functional Theory Study of Selective Catalytic Reduction of NOx by NH3 over 

Cu-SAPO-34. ACS Catalysis, 2016. 6(11): p. 7882-7891. 

144. Prof. Dr. Mathias Nest, D.R.R., Steady state approximation,Supplementary notes 

for the course "Chemistry for Physicists". 2013. 

145. The Steady-State Approximation: Catalysis. 

146. Cardelli, L., <From Processes to ODEs by Chemistry.pdf>. 2008. 



 

204 

 

147. Klng, K.J.L.a.M.C., <31.The Development of  Transition-State Theory.pdf>. J. 

Phys. Chem, 1883. 87: p. 2657-2664  

148. Chen, J.-F., et al., Reversibility Iteration Method for Understanding Reaction 

Networks and for Solving Microkinetics in Heterogeneous Catalysis. ACS 

Catalysis, 2016. 6(10): p. 7078-7087. 

149. Moazami, N., et al., Modelling of a fixed bed reactor for Fischer–Tropsch 

synthesis of simulated N 2 -rich syngas over Co/SiO 2 : Hydrocarbon production. 

Fuel, 2015. 154: p. 140-151. 

150. P. Azadi, G.B., I. Kemp, S. Mosbach, J. S. Dennis and M. Kraft, Microkinetic 

Modeling of the Fischer–Tropsch Synthesis over Cobalt Catalysts. 

ChemCatChem,, 2015. 7: p. 137-143. 

151. Yang, J., et al., Fischer–Tropsch synthesis: A review of the effect of CO 

conversion on methane selectivity. Applied Catalysis A: General, 2014. 470: p. 

250-260. 

152. Friedel, R.A. and R.B. Anderson, Composition of Synthetic Liquid Fuels. I. 

Product Distribution and Analysis of C5—C8Paraffin Isomers from Cobalt 

Catalyst1. Journal of the American Chemical Society, 1950. 72(3): p. 1212-1215. 

153. Wang, Z.-j., et al., Surface Science Studies on Cobalt Fischer-Tropsch Catalysts. 

ChemCatChem, 2011. 3(3): p. 551-559. 

154. Gerhard A. Beitel, C.P.M.d.G., Heiko Oosterbeek, and Jon H. Wilson, A 

Combined in-Situ PM-RAIRS and Kinetic Study of Single-Crystal Cobalt Catalysts 

under Synthesis Gas at Pressures up to 300 mbar. J. Phys. Chem. B, 1997. 101: 

p. 4035-4043. 

155. Jiao, G., et al., Effect of La2O3 doping on syntheses of C1–C18 mixed linear α-

alcohols from syngas over the Co/AC catalysts. Applied Catalysis A: General, 

2009. 364(1-2): p. 137-142. 

156. H.A.J. van Dijk, J.H.B.J.H.a.J.C.S., A mechanistic study of the Fischer–Tropsch 

synthesis using transient 

isotopic tracing. Part-1: Model identification and discrimination. Topics in Catalysis, 2003. 

26: p. 111-119. 

157. Bell, T.K.a.A.T., Estimates of Rate Coefficients for Elementary Processes 

Occurring during Fischer-Tropsch Synthesis over Ru/TiO2. JOURNAL OF 

CATALYSIS 1994. 146: p. 237--248  



 

205 

 

158. Ding, Y., et al., Quantitative Studies of the Coverage Effects on Microkinetic 

Simulations for NO Oxidation on Pt(111). The Journal of Physical Chemistry C, 

2019. 123(45): p. 27594-27602. 

159. Joos, L., et al., Reactivity of CO on Carbon-Covered Cobalt Surfaces in Fischer–

Tropsch Synthesis. The Journal of Physical Chemistry C, 2014. 118(10): p. 5317-

5327. 

160. Filot, I.A., R.A. van Santen, and E.J. Hensen, The optimally performing Fischer-

Tropsch catalyst. Angew Chem Int Ed Engl, 2014. 53(47): p. 12746-50. 

161. Loveless, B.T., et al., CO chemisorption and dissociation at high coverages 

during CO hydrogenation on Ru catalysts. J Am Chem Soc, 2013. 135(16): p. 

6107-21. 

162. Somorjai, G. and Y. Li, Introduction to Surface Chemistry and Catalysis. 2010: 

Wiley-VCH. 

163. Bernasek, S.L. and G.A. Somorjai, SMALL MOLECULE REACTIONS ON 

STEPPED SINGLE-CRYSTAL PLATINUM SURFACES. Surface Science, 1975. 

48(1): p. 204-213. 

164. Bernasek, S.L. and G.A. Somorjai, MOLECULAR-BEAM STUDY OF 

MECHANISM OF CATALYZED HYDROGEN-DEUTERIUM EXCHANGE ON 

PLATINUM SINGLE-CRYSTAL SURFACES. Journal of Chemical Physics, 1975. 

62(8): p. 3149-3161. 

165. Bernasek, S.L., W.J. Siekhaus, and G.A. Somorjai, MOLECULAR-BEAM STUDY 

OF HYDROGEN-DEUTERIUM EXCHANGE ON LOW-MILLER-INDEX 

PLATINUM SINGLE-CRYSTAL SURFACES. Physical Review Letters, 1973. 

30(24): p. 1202-1204. 

166. hang, S.L., Yuting; Wang, Ziyun; Tang, Yu; Huang, Xing; House, Stephen; Huang, 

Hao; Zhou, Yan; Shen, Wenjie; Yang, Judith C.; Wang, Chengzhi; Zhao, Yongjie; 

Schlögl, Robert; Hu, Peijun; Tao, Franklin, Coordination number-dependent 

catalysis of transition metal oxide. working paper, 2020. 

167. O. Bengone, M.A., P. Blochl, and J. Hugel, Implementation of the projector 

augmented-wave LDA¿U method: Application to the electronic structure of NiO. 

PHYSICAL REVIEW B, 2000. 62. 

168. Blochl, P.E., Projector augmented-wave method. Phys Rev B Condens Matter, 

1994. 50(24): p. 17953-17979. 



 

206 

 

169. S. Massida, A.C., M. Posternak, and A. Baldereschi,, Quasiparticle energy bands 

of transition-metal oxides within a model GW scheme. PHYSICAL REVIEW B, 

1997. 55. 

170. Mayernick, A.D. and M.J. Janik, Methane oxidation on Pd–Ceria: A DFT study of 

the mechanism over PdxCe1−xO2, Pd, and PdO. Journal of Catalysis, 2011. 

278(1): p. 16-25. 

171. Xu, L.-l., et al., DFT study on dry reforming of methane over Ni2Fe overlayer of 

Ni(1 1 1) surface. Applied Surface Science, 2018. 443: p. 515-524. 

172. Schrön, A. and F. Bechstedt, Spin-dependent properties and images of MnO, 

FeO, CoO, and NiO(001) surfaces. Physical Review B, 2015. 92(16). 

173. Anna Maria Ferrari, C.P., Fabrizio Cinquini, Livia Giordano, and Gianfranco 

Pacchion, Cationic and anionic vacancies on the NiO(100) surface: and hybrid 

functional density functional theory calculations. J. Chem. Phys., 2007. 127: p. 

174711. 

174. Rohrbach, A., J. Hafner, and G. Kresse, Molecular adsorption on the surface of 

strongly correlated transition-metal oxides: A case study for CO/NiO(100). 

Physical Review B, 2004. 69(7). 

175. Kresse, G. and J. Furthmüller, Efficient iterative schemes for ab initio total-energy 

calculations using a plane-wave basis set. Physical Review B, 1996. 54(16): p. 

11169-11186. 

176. Kresse, G. and J. Furthmüller, Efficiency of ab-initio total energy calculations for 

metals and semiconductors using a plane-wave basis set. Computational 

Materials Science, 1996. 6(1): p. 15-50. 

177. Kresse, G. and J. Hafner, Ab-Initio Molecular-Dynamics Simulation of the Liquid-

Metal Amorphous-Semiconductor Transition in Germanium. Physical Review B, 

1994. 49(20): p. 14251-14269. 

178. Kresse, G. and J. Hafner, Ab initio molecular dynamics for liquid metals. Physical 

Review B, 1993. 47(1): p. 558-561. 

179. S. L. Dudarev, G.A.B., S. Y. Savrasov, C. J. Humphreys, and A. P.Sutton, 

Electron-energy-loss spectra and the structural stability of nickel oxide: An 

LSDA+U study. Phys. Rev. B, 1998. 57: p. 1505  

180. Anisimov, V.V., J. Zaanen, and O.K. Andersen, Band theory and Mott insulators: 

Hubbard U instead of Stoner I. Phys Rev B Condens Matter, 1991. 44(3): p. 943-

954. 



 

207 

 

181. Liechtenstein, A.I., V.V. Anisimov, and J. Zaanen, Density-functional theory and 

strong interactions: Orbital ordering in Mott-Hubbard insulators. Phys Rev B 

Condens Matter, 1995. 52(8): p. R5467-R5470. 

182. !!! INVALID CITATION !!! 

183. Hu, C.J.Z.a.P., Why Must Oxygen Atoms Be Activated from Hollow Sites to 

Bridge Sites in Catalytic CO Oxidation? J. Am. Chem. Soc. , 2000, 122, 2134-

2135. 122 

p.,2134-2135. 

184. Tao, F.F., et al., Understanding complete oxidation of methane on spinel oxides at 

a molecular level. Nature Communications, 2015. 6: p. 7798. 

185. Wang, Z., et al., Activity and coke formation of nickel and nickel carbide in dry 

reforming: A deactivation scheme from density functional theory. Journal of 

Catalysis, 2014. 311: p. 469-480. 

186. Stegelmann, C., A. Andreasen, and C.T. Campbell, Degree of Rate Control: How 

Much the Energies of Intermediates and Transition States Control Rates. Journal 

of the American Chemical Society, 2009. 131(23): p. 8077-8082. 

187. Zhang, S.R., et al., In situ studies of surface of NiFe2O4 catalyst during complete 

oxidation of methane. Surface Science, 2016. 648: p. 156-162. 

188. Zientara, M., et al., Transport of Mass at the Nanoscale during Evaporation of 

Droplets: the Hertz–Knudsen Equation at the Nanoscale. The Journal of Physical 

Chemistry C, 2013. 117(2): p. 1146-1150. 

189. van Santen, R.A., et al., Monomer Formation Model versus Chain Growth Model 

of the Fischer–Tropsch Reaction. The Journal of Physical Chemistry C, 2013. 

117(9): p. 4488-4504. 

190. sticking coefficient,. 2nd ed. 1997: IUPAC Compendium of Chemical Terminology. 

191. Zhang, X., A. Savara, and R.B. Getman, A Method for Obtaining Liquid-Solid 

Adsorption Rates from Molecular Dynamics Simulations: Applied to Methanol on 

Pt(111) in H2O. J Chem Theory Comput, 2020. 16(4): p. 2680-2691. 

192. G. Ertl, M.N., K.M. Streit, Chemisorption of CO on the Pt(111) surface. Surface 

Science,, 1977(64): p. 393-410. 

193. Steininger, H.L., S.; Ibach, H., ON THE ADSORPTION OF CO ON Pt( 111). Surf. 

Sci. , 1982. 123: p. 262-282. 



 

208 

 

194. M. Lynch, P.H., A density functional theory study of CO and atomic oxygen 

chemisorption on Pt(111). Surface Science, 2000. 458 p. 1-14. 

195. Klimeš, J., D.R. Bowler, and A. Michaelides, Van der Waals density functionals 

applied to solids. Physical Review B, 2011. 83(19). 

196. Wainwright, B.J.A.a.T.E., Studies in Molecular Dynamics. I. General. J. Chem. 

Phys., 1959. 31: p. 459. 

197. Vidossich, P., A. Lledos, and G. Ujaque, First-Principles Molecular Dynamics 

Studies of Organometallic Complexes and Homogeneous Catalytic Processes. 

Acc Chem Res, 2016. 49(6): p. 1271-8. 

198. Osella, S., A. Minoia, and D. Beljonne, Combined Molecular Dynamics and 

Density Functional Theory Study of Azobenzene–Graphene Interfaces. The 

Journal of Physical Chemistry C, 2016. 120(12): p. 6651-6658. 

199. Mason, S.E., I. Grinberg, and A.M. Rappe, First-principles extrapolation method 

for accurate CO adsorption energies on metal surfaces. Physical Review B, 

2004. 69(16). 

200. P.J. Feibelman, B.H., J.K. Nørskov, F. Wagner, M. Scheffler, R. Stumpf, R. 

Watwe, J. Dumesic,  , The CO/Pt(111) Puzzle. The Journal of Physical 

Chemistry B, , 2001. 105  p. 4018-4025. 

201. K. G, L., I. Kundappaden, and R. Chatanathodi, A DFT study of CO adsorption on 

pt (111) using van der Waals functionals. Surface Science, 2019. 681: p. 143-

148. 

202. Chagarov, E., et al., Density-Functional Theory Molecular Dynamics Simulations 

and Experimental Characterization of a-Al(2)O(3)/SiGe Interfaces. ACS Appl 

Mater Interfaces, 2015. 7(47): p. 26275-83. 

203. Efron, B.T., R. , An Introduction to the Bootstrap. 1993. 

204. Efron, B., Second Thoughts on the Bootstrap Statistical Science, 2003. 18: p. 

135-140. 

205. M.J. Frisch, J.A.P., J.S. Binkley, Self-consistent molecular orbital methods 25. 

Supplementary functions for Gaussian basis sets. J. Chem. Phys. , 1984. 80: p. 

3265. 

206. Posch, H.A., W.G. Hoover, and F.J. Vesely, Canonical dynamics of the Nose 

oscillator: Stability, order, and chaos. Phys Rev A Gen Phys, 1986. 33(6): p. 

4253-4265. 



 

209 

 

207. Schimka, L., et al., Accurate surface and adsorption energies from many-body 

perturbation theory. Nat Mater, 2010. 9(9): p. 741-4. 

208. Roux, B., The calculation of the potential of mean force using computer 

simulations. Computer Physics Communications, 1995. 91: p. 275-282. 

209. Alan M. Ferrenberg, a.R.H.S., Optimized Monte Carlo Data Analysis. Computers 

in Physics, 1989. 3: p. 101-103. 

210. Ferrenberg, A.M. and R.H. Swendsen, New Monte Carlo technique for studying 

phase transitions. Phys Rev Lett, 1988. 61(23): p. 2635-2638. 

211. A.M. Ferrenberg. 1989, Carnegie Mellon University: Pittsburgh, PA,. 

212. Grossfield, A. WHAM: The Weighted Histogram Analysis Method, version 2.0. 9. 

2013; Available from: http://membrane.urmc.rochester.edu/content/wham. 

213. Maintz, S., et al., LOBSTER: A tool to extract chemical bonding from plane-wave 

based DFT. J Comput Chem, 2016. 37(11): p. 1030-5. 

214. Richard Dronskowski* , P.E.B., Crystal Orbital Hamilton Populations (COHP). 

Energy-Resolved Visualization of Chemical Bonding in Solids Based on Density-

Functional Calculations. J. Phys. Chem. , 1993. 97: p. 8617-8624. 

215. Kemball, C., Entropy of Adsorption Advances. Catalysis Volume 1950. 2,: p. 233-

250. 

216. Liu, J., X.M. Cao, and P. Hu, Density functional theory study on the activation of 

molecular oxygen on a stepped gold surface in an aqueous environment: a new 

approach for simulating reactions in solution. Phys Chem Chem Phys, 2014. 

16(9): p. 4176-85. 

217. https://www.engineeringtoolbox.com/gases-solubility-water-d_1148.html. 

218. Ernest Awoonor-Williams, a.C.N.R., The hydration structure of carbon monoxide 

by ab initio methods. J. Chem. Phys. , 2017. 146, : p. 034503  

219. Meng, S., E.G. Wang, and S. Gao, Water adsorption on metal surfaces: A 

general picture from density functional theory studies. Physical Review B, 2004. 

69(19). 

220. Jan Rossmeisl* and Jens K. Nørskov, C.D.T., Michael J. Janik, and Matthew 

Neurock, Calculated Phase Diagrams for the Electrochemical Oxidation and 

Reduction of Water over Pt(111). J. Phys. Chem. B 2006. 110: p. 21833-21839. 

221. Bard, A.J.F., Larry R. , Electrochemical Methods: Fundamentals and Applications. 

2001. 

http://membrane.urmc.rochester.edu/content/wham
http://www.engineeringtoolbox.com/gases-solubility-water-d_1148.html


 

210 

 

222. A highly active and stable IrOx/SrIrO3 catalyst for the oxygen evolution reaction. 

223. Chen, P., et al., Metallic Co4N Porous Nanowire Arrays Activated by Surface 

Oxidation as Electrocatalysts for the Oxygen Evolution Reaction. Angew Chem 

Int Ed Engl, 2015. 54(49): p. 14710-4. 

224. Dickens, C.F., C. Kirk, and J.K. Nørskov, Insights into the Electrochemical 

Oxygen Evolution Reaction with ab Initio Calculations and Microkinetic Modeling: 

Beyond the Limiting Potential Volcano. The Journal of Physical Chemistry C, 

2019. 123(31): p. 18960-18977. 

225. Stoerzinger, K.A., et al., Orientation-Dependent Oxygen Evolution Activities of 

Rutile IrO2 and RuO2. J Phys Chem Lett, 2014. 5(10): p. 1636-41. 

226. Tahir, M., et al., Electrocatalytic oxygen evolution reaction for energy conversion 

and storage: A comprehensive review. Nano Energy, 2017. 37: p. 136-157. 

227. Zhao, Y., et al., Ultrafine NiO Nanosheets Stabilized by TiO2 from Monolayer 

NiTi-LDH Precursors: An Active Water Oxidation Electrocatalyst. J Am Chem 

Soc, 2016. 138(20): p. 6517-24. 

228. Chen, R., et al., A flexible high-performance oxygen evolution electrode with 

three-dimensional NiCo2O4 core-shell nanowires. Nano Energy, 2015. 11: p. 

333-340. 

229. Meng, Y., et al., Structure-property relationship of bifunctional MnO2 

nanostructures: highly efficient, ultra-stable electrochemical water oxidation and 

oxygen reduction reaction catalysts identified in alkaline media. J Am Chem Soc, 

2014. 136(32): p. 11452-64. 

230. Rodney D. L. Smith, M.S.P., Randal D. Fagan, Zhipan Zhang, Pavel A. Sedach, 

Man Kit Jack Siu, Simon Trudel,* Curtis P. Berlinguette, Photochemical Route for 

Accessing Amorphous Metal Oxide Materials for Water Oxidation Catalysis. 

231. Yan Jiao, Y.Z., Mietek Jaroniecb  and  Shi Zhang Qiao, Design of 

electrocatalysts for oxygen- and hydrogen-involving energy conversion reactions. 

Chemical Society Reviews, 2015(8): p. 2060-2086. 

232. Ioroi, T. and K. Yasuda, PEM-Type Water Electrolysis/Fuel Cell Reversible Cell 

with Low PGM Catalyst Loadings. ECS Transactions, 2015. 69(17): p. 919-924. 

233. Danilovic, N., et al., Activity–Stability Trends for the Oxygen Evolution Reaction 

on Monometallic Oxides in Acidic Environments. The Journal of Physical 

Chemistry Letters, 2014. 5(14): p. 2474-2478. 



 

211 

 

234. Cherevko, S., et al., Oxygen and hydrogen evolution reactions on Ru, RuO 2 , Ir, 

and IrO 2 thin film electrodes in acidic and alkaline electrolytes: A comparative 

study on activity and stability. Catalysis Today, 2016. 262: p. 170-180. 

235. Gauthier, J.A., et al., Solvation Effects for Oxygen Evolution Reaction Catalysis 

on IrO2(110). The Journal of Physical Chemistry C, 2017. 121(21): p. 11455-

11463. 

236. Zhang, J., et al., Interface Engineering of MoS2 /Ni3 S2 Heterostructures for 

Highly Enhanced Electrochemical Overall-Water-Splitting Activity. Angew Chem 

Int Ed Engl, 2016. 55(23): p. 6702-7. 

237. Zhang, G., et al., Enhanced Catalysis of Electrochemical Overall Water Splitting 

in Alkaline Media by Fe Doping in Ni3S2 Nanosheet Arrays. ACS Catalysis, 2018: 

p. 5431-5441. 

238. Gong, M. and H. Dai, A mini review of NiFe-based materials as highly active 

oxygen evolution reaction electrocatalysts. Nano Research, 2014. 8(1): p. 23-39. 

239. Busch, M., et al., Beyond the top of the volcano? – A unified approach to 

electrocatalytic oxygen reduction and oxygen evolution. Nano Energy, 2016. 29: 

p. 126-135. 

240. Zhang, C., et al., A nitrogen-doped ordered mesoporous carbon/graphene 

framework as bifunctional electrocatalyst for oxygen reduction and evolution 

reactions. Nano Energy, 2016. 30: p. 503-510. 

241. Lee, Y., et al., Synthesis and Activities of Rutile IrO2 and RuO2 Nanoparticles for 

Oxygen Evolution in Acid and Alkaline Solutions. J Phys Chem Lett, 2012. 3(3): 

p. 399-404. 

242. Song, F. and X. Hu, Exfoliation of layered double hydroxides for enhanced 

oxygen evolution catalysis. Nat Commun, 2014. 5: p. 4477. 

243. Jiang, W.J., et al., Crystallinity-Modulated Electrocatalytic Activity of a Nickel(II) 

Borate Thin Layer on Ni3 B for Efficient Water Oxidation. Angew Chem Int Ed 

Engl, 2017. 56(23): p. 6572-6577. 

244. Kresse, G. and J. Hafner, Ab initio molecular-dynamics simulation of the liquid-

metal--amorphous-semiconductor transition in germanium. Physical Review B, 

1994. 49(20): p. 14251-14269. 

245. Rossmeisl, J., et al., Electrolysis of water on oxide surfaces. Journal of 

Electroanalytical Chemistry, 2007. 607(1-2): p. 83-89. 



 

212 

 

246. Hu, J., Oxygen evolution reaction on IrO2-based DSA® type electrodes: kinetics 

analysis of Tafel lines and EIS. International Journal of Hydrogen Energy, 2004. 

29(8): p. 791-797. 

247. Hoover, W.,  Canonical dynamics: Equilibrium phase-space distributions 

Physical Review A: General Physics. 31(3): p. 1985. 

248. Gonzalez, D., et al., Water Adsorption on MO2 (M = Ti, Ru, and Ir) Surfaces. 

Importance of Octahedral Distortion and Cooperative Effects. ACS Omega, 2019. 

4(2): p. 2989-2999. 

249. Ping, Y., R.J. Nielsen, and W.A. Goddard, 3rd, The Reaction Mechanism with 

Free Energy Barriers at Constant Potentials for the Oxygen Evolution Reaction at 

the IrO(2) (110) Surface. J Am Chem Soc, 2017. 139(1): p. 149-155. 

250. Ziegler, T.K.W.M.M.E.B., A Combined Car−Parrinello QM/MM Implementation for 

ab Initio Molecular Dynamics Simulations of Extended Systems:  Application to 

Transition Metal Catalysis. J. Phys. Chem. B, 1997. 101(40): p. 7877-7880. 

251. T. Cheng, H.X.a.W.A.G.I., Reaction Mechanisms for the Electrochemical 

Reduction of CO2 to CO and Formate on the Cu(100) Surface at 298 K from 

Quantum Mechanics Free Energy Calculations with Explicit Water. J. Am. Chem. 

Soc, 2016. 138: p. 13802. 

252. Filhol, J.S. and M. Neurock, Elucidation of the electrochemical activation of water 

over Pd by first principles. Angew Chem Int Ed Engl, 2006. 45(3): p. 402-6. 

253. Taylor, C.D., et al., First principles reaction modeling of the electrochemical 

interface: Consideration and calculation of a tunable surface potential from 

atomic and electronic structure. Physical Review B, 2006. 73(16). 

254. Sundararaman, R., et al., Electrochemical Capacitance of CO-Terminated Pt(111) 

Dominated by the CO-Solvent Gap. J Phys Chem Lett, 2017. 8(21): p. 5344-

5348. 

255. Bueno, P.R., G.T. Feliciano, and J.J. Davis, Capacitance spectroscopy and 

density functional theory. Phys Chem Chem Phys, 2015. 17(14): p. 9375-82. 

256. Miranda, D.A. and P.R. Bueno, Density functional theory and an experimentally-

designed energy functional of electron density. Phys Chem Chem Phys, 2016. 

18(37): p. 25984-25992. 

257. Ganeshan, S., R. Ramírez, and M.V. Fernández-Serra, Simulation of quantum 

zero-point effects in water using a frequency-dependent thermostat. Physical 

Review B, 2013. 87(13). 



 

213 

 

258. Man, I.C., et al., Universality in Oxygen Evolution Electrocatalysis on Oxide 

Surfaces. ChemCatChem, 2011. 3(7): p. 1159-1165. 

259. Zagalskaya, A. and V. Alexandrov, Role of Defects in the Interplay between 

Adsorbate Evolving and Lattice Oxygen Mechanisms of the Oxygen Evolution 

Reaction in RuO2 and IrO2. ACS Catalysis, 2020. 10(6): p. 3650-3657. 

 


