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Katsuhiro WAKAMATSU 

 

Nowadays, it is widely recognized that all the countries of the world has severe 

energy issues such as depletion of fossil fuels, and it is essential that the activity 

improvement of catalytic technologies that is used in most energy conversion systems. 

Non-faradaic electrochemical modification of catalytic activity (NEMCA) by the 

impression of an external electric field has had an attractive attention as one of the 

methods to improve catalyst performance. NEMCA has been proposed firstly by Vayenas 

group in 1981 and has been discussed that oxygen anions that is forced electrochemically 

to adsorb on catalyst surface alter the catalyst electric property. Furthermore, it has been 

discussed that given electric field also changes the catalyst electric property directly. 

However, which effects are the main factor in the detailed NEMCA mechanism had not 

been revealed before. This argument points to a need for the theoretically detailed 

comparison and discussion between these possible phenomena as the detailed NEMCA 

mechanism. 

 The research purpose in this study is to reveal theoretically the detailed NEMCA 

mechanism by the comparison activation effects as mentioned above with computational 

science because it is difficult to divide down these effects with experimental approaches. 

As the target reaction system, CO2 methanation (CO2 + 4H2 → CH4 + 2H2O,

Δ𝑟𝐻298𝐾
0 = −165kJ/mol) on Ni metal catalyst in Solid oxide electrolysis cell (SOEC) is 

used which has been reported that the reaction acceleration effect beyond the current 

value when electric voltage is applied and has been regarded as one of the effective 

methods for a carbon dioxide capture and storage (CCS). Rate determining steps (RDSs) 

in CO2 methanation and the related seven hydrocarbon species are utilized in density 

functional theory (DFT) calculation and the detailed kinetic simulation to discuss external 

electric field and oxygen co-adsorption effects towards kinetic energy changes. 

This dissertation is roughly divided into five sections. In chapter 3, the sensitivity 

analysis and flow analysis simulations in CO2 methanation on Ni (211), (111) and (100) 

at the temperature range from 400 to 700 °C have been performed so as to identify 

detailed elementary steps behavior in CO2 methanation and their dependence on surface 

facets and temperature conditions. In chapter 4, the effect of direct electric field 
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impressions on Ni (111) used the thin film condenser model has been calculated in order 

to discuss the direct change in a catalytic electron state with an electric field. In chapter 

5, the effect of direct electric charge impressions on Ni (111) used the electric battery 

model with Effective screening medium (ESM) method has been calculated in order to 

confirm the direct change in a catalytic electron state with an electric field in more 

practical SOEC systems. In chapter 6 and 7, the effects of oxygen co-adsorption on Ni 

(111) and (211) used the co-adsorbed oxygen atoms surface model on flat and step sites 

have been calculated so as to discuss the spillover effect of a lattice oxygen toward the 

catalyst surface on flat and step sites, respectively. 

The novelty and originality of this dissertation can be described as follows. 

Firstly, I have found RDSs in CO2 methanation are CHO*, CO2* dissociations and CH4 

desorption on Ni (211) surface at all temperature ranges and that CH4 generation process 

depends on surface reactions on Ni (211) surface although all surfaces have the almost 

same mechanisms. Secondly, I found that a direct electric field enhances the stability of 

adsorbed species on the catalyst surface and accelerates all RDSs for the relation between 

electric fields and electric dipole moments, and the change amount of charge transference 

from Ni surface into adsorbed species with electric fields. Also, I have found that overall 

CO2 methanation accelerates in SOEC mode with the detailed kinetic simulation. In 

addition, these phenomena have been confirmed in more practical SOEC setup with the 

direct electric charge impressions. Thirdly, I have found that all intermediates adsorb on 

the surface less strongly and that CHO and CO2 dissociations decelerate and CH4 

desorption accelerates with co-adsorbed oxygen atoms for steric barrier effects. However, 

I have found that overall CO2 methanation accelerates in SOEC mode using the detailed 

kinetic simulation. Also, I have found that steric barrier effect magnitude differs at 

adsorption sites on step sites (peculiarity of S4 site). Fourthly, compared with effects to 

the kinetic energy of direct electric field impressions and co-adsorbed oxygen atoms, I 

have found that the spillover effect of a lattice oxygen toward the catalyst surface may be 

larger than the direct change in the catalytic electron state with an electric field. Fifthly, I 

have found that detailed NEMCA mechanism can not be explained by the activation 

theory on the entire catalytic surface that has been discussed until now. 

It is my expectation that the results from the study in this dissertation will provide 

fundamental understandings on the theoretical mechanism of NEMCA and I believe that 

this research will connect to develop more energetically-effective catalysis technology 

and help to overcome serious energy issues. These findings also hopefully direct the 

attention in the catalytic reaction research community to the application probability of 

NEMCA to catalytic technologies in the chemical industry. 
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Chapter 1 Introduction 

1.1 Background [1,6,7,11] 

 Nowadays, all countries of the world have faced severe energy issues such as 

global warming, air pollution by the automobile exhaust gases etc., exhaustion of fossil 

fuel that is one of the current major energy resource and economic problems in low energy 

self-sufficiency countries. Dependence on imported energy sources in major countries is 

shown in Figure 1.1-1. In order to resolve these international energy issues, efficiencies 

of the energy utilization and the energy saving etc. are promoted, but energy consumption 

amounts of the world has been increasing consistently as shown in Figure 1.1-2 and 1.1-

3, and it is required to ensure the energy stably [1]. For example, in reserves of 

representative energy resources, natural gas and petroleum has about 50 years, coal and 

uranium have about 100 years as shown in Figure 1.1-4 [2]. 

 

 

Figure 1.1-1. Dependence on imported energy sources in major countries. [2] 
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Figure 1.1-2. The world’s primary energy consumption. [2] 

 

 

Figure 1.1-3. Primary energy consumption in major countries. [2] 
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Figure1.1-4. Proven reserves of energy resources. [2] 

 

 Also, All the countries of the world (in particular, developed countries) are 

requested the reduction of the greenhouse effect gas such as carbon dioxide by 

international treaties as Kyoto Protocol in the 3rd conference of the parties to the 

framework convention on climate change (COP3) in 1997 [3] and Paris Agreement in 

COP21 in 2015 [4,5] etc. as shown in Table 1.1-1. For example, Paris Agreement 

requested to decrease the rising value of the average temperature in the world up to 1.5 °C 

compared with that before industrialization as a long term goal [5]. The change in CO2 

emissions and average temperatures are shown in Figure 1.1-5 and 1-1.6. In order to 

accomplish this goal, greenhouse gas (GHG) emissions are reduced to balance emissions 

and absorption, zero-emissions that make emissions virtually zero are raised, and vision 

of decarbonized society and economy is proposed. This means that the international 

community changes the present socio-economic foundation that depends on fossil fuel 

and transforms into economy that does not emit greenhouse gas. Moreover, Paris 

Agreement proposed countermeasures against the effects of global warming and 

consideration and measures for developing countries. All the countries of the world 

involving developing countries try to decrease emissions to realize the long term goal. In 

concreate, the emission reduction target has to be revised and submitted every five years 

and this revision must have advanced contents compared with the previous one [1]. 

Current status of GHG emissions and SOx and NOx emissions in major countries are 

shown in Figure 1.1-7 and 1.1-8 as an example. 
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Table 1.1-1. Efforts toward solving the problem of global warming. [2] 

 

 

 

Figure1.1-5. Historical trends in the world's CO2 emissions. [2] 
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Figure 1.1-6. Changes in average temperatures. [2] 

 

 

Figure 1.1-7. Current status of GHG emissions of major countries. [2] 
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Figure 1.1-8. SOx and NOx emissions per unit of electricity generated in major 

countries. [2] 

 

 In addition, it is paid attention to regulate nuclear power to protect people and 

the environment through natural and artificial disasters (for example, Fukusima daiiti 

nuclear power plant accident occurred with The 2011 off the Pacific coast of Tohoku 

earthquake and the tidal wave). Generating capacity of nuclear power plants and power 

generation composition by source in major countries are shown in Figure 1.1-9 and 1.1-

10. For instance, in Japan, the thermal power generation increases so as to cover the 

generation decrease occurred with reactor shutdown and suspension. As a result, Japan 

depends more to fossil fuel like petroleum and natural gas. This means that import 

amounts of fossil fuel increase and this becomes an economic problem beyond the energy 

field [1]. The change in the price of imported crude oil is shown in Figure 1.1-11 as an 

example. 
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Figure 1.1-9. Generating capacity of nuclear power plants in major countries. [2] 

 

 

Figure 1.1-10. Power generation composition by source in major countries. [2] 
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Figure 1.1-11. Changes in the price of imported crude oil. [2] 

 

 From these backgrounds, the clean alternative energy to cover the dependent of 

fossil fuel etc. Hence, the utilization expansion of the renewable energy such as 

hydropower, wind power, sun light, geothermal etc. as shown in Figure 1.1-12 and Table 

1.1-2 is regarded as very important to reduce CO2 emissions. Biomass fuel is expected as 

a one of the clean alternative energy. Biomass fuel is organic energy resources made from 

renewable organisms that is used what is disposed as garbage such as wood chips, thinned 

woods, animal manure, food garbage, sewage etc. as shown in Figure 1.1-13. Carbon 

dioxide is emitted by combustion of biomass as same as fossil fuel because biomass fuel 

is an organic matter. However, because vegetal organic matters used as materials for 

biomass absorb carbon dioxide with photosynthesis, carbon dioxide is emitted as an 

absorbed itself with photosynthesis. As a result, carbon dioxide in the air does not increase 

and this is called as carbon neutral. This is why biomass fuel is expected as an eco-friendly 

fuel. As a method to reduce CO2 emissions, it is effective to use energy and chemical 

products made from biomass that is the sustainable and renewable resource as long as 

there are organisms and solar energy. However, the focus of current research is the 

utilization of non-food biomass because competition with grain based foods such as a 

corn occurs and rising food prices is caused. The advantage of biomass fuel is that the 

price is cheap unlike other fuels because the material of biomass fuel is originally what is 

disposed as garbage. Also, biomass fuel is less susceptible of the forex market and Middle 
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East Asia situations compared with the existing fuels such as fossil fuel. The disadvantage 

of biomass fuel is the supplies of construction waste, felling material and pruning material 

as a material of biomass fuel are unstable and it is difficult to obtain stably. Furthermore, 

the obtainment of food materials depends on the environment situation. In Southeast Asia, 

the effective utilization technology of biomass that has high energy density is expected in 

terms of adaptability such as the terrain and the environment towards the production of 

energy produces and large biomass reserves such as the agricultural residue and the fish 

processing residue [1]. Furthermore, it is said that Asian countries have 40 % of biomass 

resources in the world and biomass is considered very important domestic energy 

resources in countries that have low energy self-sufficiency rate (for example, Japan). In 

particular, it is remarkable to utilize of biogas (mixed gas of CH4 and CO2) made from 

methane fermentation of food waste and livestock waste that are account for 

approximately half of waste biomass emissions. The researches about the utilization of 

biogas with fuel cells have reported. For instance, the study of direct internal reforming 

(DIR) solid oxide fuel cell (SOFC) fueled by CH4 and CO2 mixed gas has reported [1,8-

11]. 

 

 

Figure 1.1-12. What is new energy ? [2] 
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Table 1.1-2. Evaluation & problems of new energy. [2] 

 

 

 

Figure 1.1-13. Most probable sources of biomass. [12] 

 

Hydrogen energy is also remarkable for energy carriers. Hydrogen can be formed 

by not only fossil fuel but also biogas, natural gas, the by-product of plants and the water 

electrolysis using renewable energy such as natural energy, so that this leads to improve 

the energy security. CO2 free hydrogen produced by the renewable energy is a low carbon 
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energy medium that does not emit carbon dioxide at the use stage and it is expected to 

utilize as an energy source of the distributed power system and the transportation use as 

shown in Figure 1.1-14 (for example, fuel cells as shown in Figure 1.1-15). However, 

hydrogen has the cost problem of a transport and storage. As a hydrogen transport and 

storage way from the hydrogen production base to the electricity usage site, there are 

compressed hydrogen and liquid hydrogen, but they are required the utilization of the 

special tank that can store hydrogen under high pressure and cryogenic conditions. To 

realize the energy conversion process that can transport and store of hydrogen more easily, 

the utilization of the chemical hydrogen storage medium is essential (for example, 

hydrocarbons such as methane, alcohol, dimethyl ether, methylcyclohexane etc. and 

ammonia) [1,6,7,13,14]. 

 

 

Figure 1.1-14. Hydrogen economy chart. [15] 
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Figure 1.1-15. How fuel cells work. [2] 

 

In particular, methane that has a high weight density of hydrogen has attractive 

attention as a chemical hydrogen storage medium today. Methane generated by renewable 

hydrogen can use the existing infrastructure such laying piping of natural gas mainly 

using methane and city gas by pumping. Also, methane is stored easily with the gas holder 

in the use site. The methane utilization technology in the boiler or internal heat engine is 

have established, so that the new technology development is not required [6,7,13]. In the 

fuel cell system involving a cogeneration system (for example ENE-FARM [14]), 

Methane is utilized with desulfurization and steam reforming etc. [14,16,17]. Therefore, 

a transport and storage with converting hydrogen into methane are considered one of the 

useful and reasonable methods as shown in Figure 1.1-16. In this study, we have focused 

on this converting system of hydrogen into methane [6,7]. 

 

 

Figure 1.1-16. The cycle of hydrogen and Methane. [18] 



20 

 

1.2 CO2 Methanation [2] 

As a converting system of hydrogen into methane, we have focused on CO2 

methanation as follows in this study [1-10]. 

 

CO2 + 4H2 → CH4 + 2H2O,  𝛥𝑟𝐻298𝐾
0 = −165kJ/mol (1.2-1) 

 

This reaction consists of the reverse water gas shift reaction and the CO hydrogenation 

as follows.  

 

CO2 + H2 → CO + H2O (1.2-2) 

 

CO + 3H2 → CH4 + H2O (1.2-3) 

 

Also, the electrolysis reaction in each case is expressed as follows. 

 

CO2 + 2𝑒
− → CO + O2− (1.2-4) 

 

CO + 2H2 + 2𝑒
− → CH4 + O

2− (1.2-5) 

 

In particular, CO2 methanation on the metal catalyst in Solid oxide electrolysis 

cell (SOEC) that is effective as a carbon dioxide capture and storage (CCS) has attractive 

attention today as shown Figure 1.2-1 [2,12]. In this process, CO/H2 synthesis gas is 

formed by CO2 and H2O co-electrolysis reaction in a solid oxide electrolysis cell (SOEC) 

that can produce renewable power. This reaction is forced to proceed by the co-

electrolysis reaction at high temperature because this reaction is an endothermic reaction 

and does not proceed under normal conditions for positive Gibbs energy (reaction 

equilibrium leans to the product side at high temperature). Then, CH4 is formed by the 

weak current support of SOEC operated at low and middle temperatures. This reaction is 

a normal exothermic catalytic reaction and reaction equilibrium leans to the product side 

at low temperature, but the reaction rate is low at low temperature. The weak current 

support of SOEC helps this low reaction rate at low temperature. It is reported that this 

process has high CH4 conversion and energy efficiency is 87.0 % (based on higher heating 

value (HHV)) [12]. 
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Figure 1.2-1. A schematic diagram of the CO2 methanation process in SOEC (① the 

reverse water gas shift reaction and ② the CO hydrogenation). [2] 

 

As shown (1.2-1), CO2 methanation is an exothermic reaction with reaction heat 

and the reaction that gas volume decreases, so that high CO2 conversion is shown under 

low temperature and high pressure conditions [11]. However, the reaction rate is small 

under low temperature condition and it is important to decrease reaction pressure to 

design the reactor that applies to renewable power produced on small or medium scale. 

CO2 hydrogenation with SOEC was conducted by D. Theleritis et al. They performed CO 

or CH4 formation from H2/CO2 mixed gas on Ru|YSZ|Au, and they have reported that 

apparent Faradaic efficiency calculated the amount of electric current towards the 

formation rate of CO or CH4 is larger than 1. That means Non-faradaic electrochemical 

modification of catalytic activity (NEMCA) is observed [13]. Also, it has been reported 

that NEMCA effect on CO2 hydrogenation have been observed on not only Ru catalyst 

but also Ni catalyst that is a cheap transition metal with SOEC [1].  

 R. Atsumi et al. have tried to develop the CO2 methanation process under low 

temperature and normal pressure conditions on Ni metal catalyst with SOEC that utilizes 

NEMCA effect. They use a coin type single cell with Yttria-stabilized zirconia (YSZ) 

electrolyte that has the thickness of 500μm. The cell structure is NiO-YSZ|YSZ|LSM that 

working electrode (WE) is NiO-YSZ and counter electrode (CE) is (La, Sr)MnO3 (LSM). 

The diameter of electrode and electrolyte are 12.5 and 20 mm, respectively. Reference 

electrode (RE) is alumina tube of wire diameter 16 mm [2]. A schematic diagram of the 

experimental setup is shown in Figure 1.2-2. 
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Figure 1.2-2. A schematic diagram of the NiO-YSZ|YSZ|LSM cell. [2] 

 

They have conducted the CH4 synthesis experiment at the temperature range 

from 400 to 700 °C and have evaluated the effect of working voltage to the reaction rate 

and electric current density. The flow amounts of CO2 and H2 are 5 and 20 [ml ∙ min−1], 

respectively. Also, open circuit voltage (OCV) at 400~700 °C are 1.16, 1.15, 1.10, 1.11 

V vs. Ref. As shown in Figure 1.2-3, they have reported the reaction rate and current 

density increase as increasing of working voltage at the range of reaction temperatures 

from 400 to 600 °C, while current density increases but CO and CH4 generation rates has 

little change as increasing of working voltage at 700 °C [2]. 

 

 

Figure 1.2-3. CO/CH4 reaction rate and current density against voltage of working 

electrode in the temperatures ranged from 400 to 700 °C. [2] 
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Figure 1.2-4 shows Faradaic efficiencies against voltages of working electrode in the 

temperatures ranged from 400 to 700 °C. Faradaic efficiencies are calculated by the 

transfer amount of oxygen ion estimated by current density and the increase amount of 

the reaction rate referred to electrolysis reactions (1.2-4) and (1.2-5) as follows. 

 

휀 =
(2𝑟𝐶𝐻4 + 𝑟𝐶𝑂) − (2𝑟𝐶𝐻4

𝑂𝐶𝑉 + 𝑟𝐶𝑂
𝑂𝐶𝑉)

𝐹𝑂2−
 (1.2-6) 

 

where 휀  is Faradaic efficiency, 𝑟𝐶𝑂  is CO reaction rate [mol ∙ s−1 ∙ cm−2] , 𝑟𝐶𝑂
𝑂𝐶𝑉  is 

CO reaction rate in OCV [mol ∙ s−1 ∙ cm−2], 𝑟𝐶𝐻4 is CH4 generation rate [mol ∙ s−1 ∙

cm−2] , 𝑟𝐶𝐻4
𝑂𝐶𝑉  is CH4 generation rate in OCV [mol ∙ s−1 ∙ cm−2]  and 𝐹𝑂2−  is the 

transfer amount of oxygen ion [mol ∙ s−1 ∙ cm−2]. As shown Figure 1.2-4, it is observed 

that the promotion of CH4 formation that can not be described by the electrolysis at the 

range from 400 to 600 °C i.e. Faradaic efficiencies are over 1. This suggests that catalytic 

activity is promoted by not CO2 reduction with electrolysis but the electric voltage 

impression to the catalyst layer (NEMCA effect). At 600 °C, Faradaic efficiency is around 

1 and the promotion effect of the reduction with electrolysis should be also considered. 

Moreover, they have also reported that not only CO2 electrochemically reduction but also 

H2O electrolysis as follows occurs in parallel because Faradaic efficiency at 700 °C is 

around 0.1 [2]. 

 

H2O + 2e
− → H2 + 2O

2− (1.2-7) 

 

 

Figure 1.2-4. Faradaic efficiencies against voltages of working electrode in the 

temperatures ranged from 400 to 700 °C. Re-calculation of data in [2] 
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 They also evaluated the increasing amounts of CO and CH4 generation rates 

against overpotential that is equivalent to the change of oxygen potential on electrode. 

Figure 1.2-5 shows the increase of CO and CH4 generation rate against overpotential of 

working electrode at 400 and 500 °C. Δ𝑟 means the reaction rate increase that is the 

difference against the reaction rate in OCV. In the temperature region of 400 and 500 °C 

that Faradaic efficiencies are over 1 and NEMCA effect is observed sufficiently, CO and 

CH4 generation rates increase against the increase of overpotential. If it is assumed that 

the increase of electrode overpotential on SOEC affects the decrease of oxygen potential 

at active sites to electrochemical reactions on Ni-YSZ electrode, the decrease of oxygen 

potential on working electrode leads to increase the CO2 hydrogenation rate [2]. However, 

theoretical grounds of this interpretation have not been revealed yet and above effects in 

elementary steps and detailed NEMCA mechanism have not been clear unfortunately 

today. 

 

 

Figure 1.2-5. Increase of CO and CH4 generation rate against overpotential of working 

electrode at 400 and 700 °C. [2] 
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1.3 Non-Faradaic Electrochemical Modification of Catalytic Activity 

 Non-faradaic electrochemical modification of catalytic activity (NEMCA) called 

also as Electrochemical promotion of catalysis (EPOC) is the enhancement of catalytic 

activity and selectivity when an external electric field or electric current is applied 

between the two electrodes of the solid electrolyte cell. NEMCA has potential that can 

promote a catalytic reaction at low temperature [12,13]. NEMCA has been proposed 

firstly in 1981 by M. Stoukides and C. G. Vayenas for the case of ethylene and propylene 

epoxidations on Ag catalysts at atmosphere pressure and approximately 400 °C [14]. 

From early experimental studies [15-27], the existence of NEMCA effect has 

been demonstrated in many reaction systems, has not been limited to a specific solid 

electrolyte, catalyst, and has not been limited to pure catalytic films. For example, CO + 

O2 / Pt / YSZ [15] and C2H4 + O2 / Pt / YSZ [16] were studied as a metal (Me) / YSZ 

system and some NO reducing reactions [17] were studied as a Me / 𝛽′′-Al2O3 system, 

and NEMCA effect has been observed when dispersed catalyst or metal oxide catalyst 

was used [18,19]. Also, the electrochemically induced spillover of ionic species (the 

spillover oxygen atom) including alkali species Na+ etc. on the metal electrode surface 

from solid oxide electrolyte and through the triple phase boundary (TPB) has been 

discussed as a NEMCA mechanism [20-23]. It is assumed that the oxygen back-spillover 

species (BSS) (O𝛿− − 𝛿+) increases the rate and selectivity of catalytic reactions. An 

oxygen back-spillover species from the solid oxide electrolyte to electrode surface is 

proposed that it should be strongly polar, i.e. it have a charge between O- and O2-, it should 

be bonded more strongly to the metal surface than chemisorbed oxygens, and it should 

have a reduced reactivity compared to chemisorbed oxygens [2]. Schematic diagrams of 

behavior of Na+ and O2- conductors on metal catalyst are shown in Figure 1.3-1. In order 

to observe the spillover oxygen species, experiments with X-ray photoelectron 

spectroscopy (XPS) [24], Temperature programmed desorption (TPD) [25], Cyclic 

voltammetry (CV) [26] etc. have been conducted. As shown in Figure 1.3-2, for instance, 

the XPS experiment with the porous Pt electrode under the ultra-high vacuum (UHV) by 

S. Ladas et al. have reported that the peak of 528.8 eV was observed in addition to the 

peaks of 530.4 eV considered as a normal adsorbed oxygen atom when the 

electrochemical pumping is performed in the voltage between the reference and the 

working electrodes (VWR) = 1.2V. They assumed that this peak was considered as a 

spillover oxygen atom [24]. 
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Figure 1.3-1. A Schematic diagram of a metal catalyst particle in contact with a 

connecting wire and with a solid electrolyte support, such as (Na+)−β′′-Al2O3 (top), a 

Na+ conductor, and Yttria-stabilized-zirconia (YSZ), an O2- conductor. Also shown is the 

location of the three phase boundaries (TPB), of the classical double layer at the metal–

support interface and of the effective double layer at the metal–gas interface where 

catalysis (in this case CO oxidation) is taking place. [11] 
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Figure 1.3-2. X-ray photoelectron spectrum of a Pt/YSZ catalyst demonstrating the 

effect of electrochemical pumping at 673 K on the binding states of adsorbed oxygen. 

Shown is the O 1s region. A Pt/YSZ catalyst with porous metal electrode was used. (A) 

VWR = 0 V, I = 0 μA (B) VWR = 1.2 V, I = 40 μA. (C) Difference spectrum of A and B. 

𝛼 and 𝛽 are states attributed to YSZ, i.e. they are seen also without applied potential. 

𝛾 (530.4 eV) = regular chemisorbed oxygen; 𝛿 (528.8 eV) = spillover oxygen. Ek and 

Eb are photo electron kinetic energy and electron binding energy, respectively. [2,24] 

 

Several theoretical studies about spillover species also have been performed and 

discussed for catalytic reactions on a metal catalysts surface [28-37]. For example, C. G. 

Vayenas and G. E. Pitselis have developed a steady-state one-dimensional surface 

reaction and diffusion model to simulate NEMCA effect for porous catalyst on a solid 

electrolyte [28]. E. P. M. Leiva et al. have studied the structural and energetic properties 

of Na / Pt (111) and O / Pt (111) with quantum mechanical calculations and Monte Carlo 

(MC) Grand Canonical simulations in order to contribute to the understanding NEMCA 

effect [29]. I. S. Fragkopoulos et al. have developed a macroscopic multi-dimensional 

kinetic model in CO oxidation that consider the oxygen spillover species, and have 

evaluated CO2 production rate with NEMCA [30-32]. Also, S. Liu et al. have performed 



28 

 

the first-principles calculation and density of state (DOS) analysis of the oxygen coverage 

effect on the hydrogen oxidation on Ni (111) facet, and have found the binding energy of 

H, O atoms and OH on Ni surface decrease as increasing the co-adsorbed oxygen atom 

coverage owing to the change of the Ni atomic charge by co-adsorbed oxygen atoms as 

shown in Table 1.3-1 and 1.3-2. While, they have reported that the binding energy of H2O 

on Ni surface increase as increasing co-adsorbed oxygen atom coverage on account of 

the increase of the positive species charge and the hydrogen bond between H2O and co-

adsorbed oxygen atoms as shown in Table 1.3-1 and 1.3-2. They have also reported the 

change of DOS profiles of adsorbed species with different oxygen coverages as shown in 

Figure 1.3-3. In addition, as shown in Figure 1.3-4, 1.3-5 and Table 1.3-3, they have 

reported that the activation barrier of main two elementary steps over the hydrogen 

oxidation: (O + H)* ↔ OH* and (OH + H) ↔ H2O* become smaller as increasing co-

adsorbed oxygen atom coverage due to the stability and instability of the adsorbed species 

on Ni surface [33]. However, the existence confirmation of the spillover oxygen atom has 

not been obtained and the connection between spillover and the change in catalytic 

activity and selectivity has not been clear, so that the theoretical concepts and mechanistic 

models are not clear enough to explain NEMCA effect. In addition, given the electric field 

also changes the catalyst electric state directly. 

 

Table 1.3-1. The binding energy (eV) of various adsorbed species on Ni (1 1 1) surface 

at different oxygen coverage (θ = 0, 1/9, and 2/9). The adsorbed site is fcc unless 

otherwise noted. a Top site without hydrogen bond. b Top site with hydrogen bond.  
c-f Taken from Ref. [38-41] respectively. [33] 
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Table 1.3-2. The atomic charge of various species and Ni of each layer after adsorption 

on Ni (1 1 1) surface at different oxygen coverage (θ = 0, 1/9, and 2/9). [33] 

 

 

 

Figure 1.3-3. The density of states (DOS) profiles of (a–c) Ni(1 1 1) surfaces with pre-

dsorbed O, (d–f) H adsorption, (g–i) H2O adsorption without hydrogen bond, and (j–k) 

H2O adsorption with hydrogen bond. Pre-adsorbed O coverages are 0 in (a), (d), (g), 1/9 

in (b), (e), (h), (j), and 2/9 in (c), (f), (i), (k), respectively. [33] 
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Figure 1.3-4. (a) The energy diagram of (O + H)* ↔ OH* reaction on Ni (1 1 1) 

surface at different oxygen coverage (θ = 0, 1/9, and 2/9). The values are energy 

difference between two states. The optimized structures of initial ((O + H)*), transition 

state (TS), and final (OH*) states at different oxygen coverage (θ = 0, 1/9, and 2/9) are 

shown in (b), (c), and (d), respectively. [33] 

 

 

Figure 1.3-5. (a) The energy diagram of (OH + H)* ↔ H2O* reaction on Ni (1 1 1) 

surface at different oxygen coverage (θ = 0, 1/9, and 2/9). The values are energy 

difference between two states. The optimized structures of initial ((OH + H)*), 

transition state (TS), and final (H2O*) states at different oxygen coverage (θ = 0, 1/9, 

and 2/9) are shown in (b), (c), and (d), respectively. [33] 
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Table 1.3-3. The forward, backward reaction barriers (𝐸𝑎𝑐𝑡
𝑓

, 𝐸𝑎𝑐𝑡
𝑏  ) and reaction 

energy(𝛥𝐸) on Ni (1 1 1) surface at different oxygen coverage (θ = 0, 1/9, and 2/9). a-d 

Taken from Ref. [38-41] respectively. [33] 

 

 

Several experimental and theoretical studies have been performed in the direct 

electric field effect [12,13,42-52]. For instance, Y. Sekine et al. have conducted the 

experiment of the catalytic steam methane reforming (SMR) at low temperature under an 

electric field as shown in Figure 1.3-6 and have reported that the catalytic steam methane 

reforming is prompted drastically under an electric field as shown in Figure 1.3-7 [12,13]. 

J.-H. Wang and M. Liu have performed the first-principles calculation to evaluate the 

direct electric field effect of S atoms related to H2S dissociation on Ni (100) and (111), 

and have reported that the adsorption energy of S atoms is slightly changed in both Ni 

facets because the Fermi level of Ni metal surface is shifted by the direct electric field 

[42]. J. Mukherjee and S. Linic also have computed H atom, O atom and OH on Ni (111) 

facet as a function of an electric field strength using the first-principles calculation. They 

have reported that direct effects of an electric field in the surface adsorption are different 

between O atom and OH. They have also reported that there is little effect of the electric 

field on the adsorption energy of H atom [43]. Also, F. Che et al. have calculated the CHx 

species adsorption and co-adsorption of methyl species on Ni (111) and (211) surfaces in 

the presence of an external electric field with the first-principles calculation. They have 

reported that adsorption energies of H atom, C atom, CH, CH2 and CH3 are changed with 

an external electric field on both Ni facets. They have also reported that the adsorbates 

adsorb more strongly on Ni (211) surface compared with on Ni (111) surface, and the 

different adsorption sites of Ni (211) surface have different local electric field distribution 

[44,45]. 
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Figure 1.3-6. A schematic image of the electreforming system. [12] 

 

 

Figure 1.3-7. Catalytic activities for electreforming over various catalysts supported on 

CeO2 (left figure) and catalytic activities for electreforming over Rh Catalysts on 

various CexZr1–xO2 catalyst-supports (right figure). [13] 

 

 

 

 

 

 



33 

 

1.4 Solid Oxide Cells 

 Solid oxide cells (SOCs) are the reversible cells that all component parts are solid 

materials (for example, it has a solid oxide electrolyte). SOCs can be operated at high 

temperature range from 750 to 1000 °C. SOCs for operation in fuel cell and electrolysis 

cell modes are called as solid oxide fuel cell (SOFC) and solid oxide electrolysis cell 

(SOEC), respectively. SOCs consists of fuel electrode, oxygen electrode, electrolyte and 

the interface between electrode, electrolyte and gas phase i.e. triple phase boundary (TPB) 

works as active reaction sites. 

  SOFC generates electric powers through electrochemical reactions with 

supplying oxygen to oxygen electrode and supplying fuels such as hydrogen, carbon 

monoxide, methane etc.to fuel electrode [1-4]. Oxide ion is formed by reduction of 

oxygen, oxide ion moves to TPB in fuel electrode via electrolyte. Then, oxide ion reacts 

with the fuel such as hydrogen, carbon monoxide etc. electrochemically and electricity is 

generated by electron emissions to the outlet circuit. Electrochemical reactions in oxygen 

and fuel electrodes in SOFC are as follows. 

 

Oxygen electrode 

O2 + 4e
− → 2O2− (1.4-1) 

 

Fuel electrode 

In the case of hydrogen 

2H2 + 2O
2− → 2H2O + 4e

− (1.4-2) 

 

In the case of carbon monoxide 

2CO + 2O2− → 2CO2 + 4e
− (1.4-3) 

 

Above three electrochemical reactions means that oxide ion moves from oxygen electrode 

to fuel electrode via electrolyte. In SOFC, reaction products are generated in the fuel 

electrode side and catalyst in fuel electrode is used often nickel etc. Characteristics of 

SOFC are to have high total energy efficiency, not to require expensive catalysts such as 

a platinum, to have fuel diversity and to use waste heat easily because SOFC can be 

operated at high temperature. Also, SOFC structure types are classified as cylindrical 

types and flat plate types roughly. 

Today, the study of Methane steam reforming (SRM) involving Methane mixed 

(steam and dry) reforming as follows has been reported [5-23]. 
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CH4 +H2O → 3H2 + CO (1.4-4) 

 

where Δ𝑟𝐻298𝐾
0   in this reaction is 206.2 kJ/mol. SRM is normally conducted at high 

temperature, so that it requires long start-up time for heating the catalyst bed and heat 

exchanger for achieving higher energy efficiency. Small commercial devices require 

quick start-up and simple processes, so high temperature operation is serious issue. In 

order to resolve this issue, the studies of SRM in low temperature that is applied NEMCA 

effect have been tried and reported, for example [24,25]. Also, SOFC has potential to 

utilize biogas which is produced by biomass fermentation and primarily comprised 

methane and carbon dioxide as fuel supply instead of hydrogen because SOFC has fuel 

diversity. Furthermore, SOFC can perform a directly internal reforming (DIR) of methane 

because it can operate under high temperature conditions. As a result, direct biogas 

reforming on SOFC mixed biomass that has Methane dry reforming (DRM) and Reverse 

water gas shift reactions (RWGS) as main overall reactions as follows has attractive 

attention today [26-45]. 

 

CH4 + CO2 → 2H2 + 2CO (1.4-5) 

 

H2 + CO2 ↔ CO + H2O (1.4-6) 

 

where Δ𝑟𝐻298𝐾
0   in DRM and RWGS are 247 kJ/mol and 41.2 kJ/mol, respectively. 

However, when biogas is supplied directly to SOFC fuel electrodes, DRM which is a 

strong endothermic reaction causes carbon deposition [5,9-11,30,31,34,46-51] and local 

temperature drop [3,4,52-56] near the entrance of catalyst in the cell configuration as in 

the past. Problems in direct biogas reforming on SOFC mixed biomass involving other 

problems are shown in Figure 1.4-1. 

 



35 

 

 

Figure 1.4-1. Main problems in direct biogas reforming on SOFC mixed biomass. [57] 

 

SOEC is close to a reversibly operated SOFC conducts high temperature 

electrolysis (HTE) with electric powers [58,59]. The fuel such as water, carbon dioxide 

etc. is reduced and generates the product such as hydrogen, carbon monoxide etc. and 

oxide ion in fuel electrode. Oxide ion moves to TPB in oxygen electrode via electrolyte 

and then oxygen is formed by oxidation of oxide ion. Electrochemical reactions in fuel 

and oxygen electrodes in SOEC are as follows. 

 

Fuel electrode 

In the case of water (steam electrolysis) 

2H2O + 4e
− → 2H2 + 2O

2− (1.4-7) 

 

In the case of carbon dioxide (carbon dioxide electrolysis) 

2CO2 + 4e
− → 2CO + 2O2− (1.4-8) 

 

Oxygen electrode 

2O2− → O2 + 4e
− (1.4-9) 

 

Above three electrochemical reactions means that oxide ion moves from fuel electrode to 

oxygen electrode via electrolyte. Schematic diagrams of the operational principle for 

SOEC and SOFC are shown in Figure 1.4-2. Characteristics of SOEC are almost similar 

to SOFC characteristics as mentioned above. For, example, SOEC can be operated at high 
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temperature, has high efficiency of conversion and is required low energy input and more. 

From this advantages, SOEC is expected to store electric powers produced renewable 

energy as a style of fuels. 

 SOEC can conduct steam (water) electrolysis for production of hydrogen and 

oxygen as follows and steam electrolysis began to develop from 1970s [60-65]. 

 

H2O → H2 +
1

2
O2 (1.4-10) 

 

SOEC can also conduct carbon dioxide electrolysis to carbon monoxide and oxygen as 

follows, and some studies of carbon dioxide electrolysis have been reported [58,66-77]. 

 

CO2 → CO +
1

2
O2 (1.4-11) 

 

Carbon dioxide electrolysis in SOEC is conducted for production of oxygen and carbon 

monoxide is converted back into carbon dioxide and carbon on metal catalyst. Converted 

carbon dioxide is returned to SOEC and re-utilized. Furthermore, Co-electrolysis with 

steam and carbon dioxide in SOEC that produces mixed gas (hydrogen and carbon 

monoxide) has attractive attention today [78-82]. Recycling or reuse of CO2 from energy 

systems or air is remarkable alternative to storage of CO2 and provides CO2 neutral 

synthetic hydrocarbon fuels [58]. 

 Steam and/or carbon dioxide electrolysis are endothermic reactions. Because 

these reactions require high energy, SOFC operation at high temperature is effective. Heat 

resources can be obtained by solar concentrators or waste heat from nuclear power plants, 

for example [83-85]. Electrolysis in SOEC is normally performed at high temperature in 

the range from 750 to 1000 °C, so that it can be operated with lower energy input 

(electricity consumption) than electrolysis at low temperature [86,87]. Also, reaction 

kinetics is improved in SOEC operation at high temperature because internal resistance 

of the cell decreases, so that operation efficiency increases. However, although SOEC 

operation at high temperature is effective in terms of thermodynamic and reaction kinetics, 

material stability makes an upper limit for the operation temperature. Moreover, reduction 

of carbon dioxide to coke at high cell voltage that deposit on the active sites or porous 

electrode becomes problem that reduces cell performance [58]. In particular, nickel is 

likely to occur the catalytic dissociation of carbon containing gas and disproportionation 

of CO (Boudouard reaction) that lead to carbon deposition [88]. However, it has been 
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reported that carbon deposition occurs at very high CO concentration only [89]. The 

equilibrium of Boudouard reaction is shifted to CO reactants at present CO2/CO 

concentration in CO2 electrolysis. Therefore, carbon deposition is not formed on 

electrolyte in SOEC [58]. In this study, I have focused on co-electrolysis in SOEC for 

CO2 methanation [90-92]. 

 

 

Figure 1.4-2. Schematic diagrams of the operational principle for a Solid oxide 

electrolysis (SOEC) and a solid oxide fuel cell (SOFC). The revision of the figure in 

[58] 
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1.5 Research Purpose 

We must improve energy conversion efficiency in order to prevent depletion of 

energy resources and environment issues as mentioned in above. Catalysis is used in most 

of the energy conversion technologies in the present world industry, so enhancement of 

catalytic activity is essential for improving energy efficiency. In addition, enhancement 

of eco-friendly energy generation mechanism with catalysis techniques leads to the 

solution of severe environmental issues in the world. In this study, I have focused on CO2 

methanation on the Ni metal catalyst in SOEC that is effective as CCS in particular and 

have been observed NEMCA effect [1-3]. CO2 methanation is an exothermic reaction 

with reaction heat, so that high CO2 conversion is shown under low temperature and high 

pressure conditions, but the reaction rate is small under low temperature condition. 

NEMCA has potential that improve catalytic activity and selectivity in low temperature. 

Therefore, the utilization and application of NEMCA mechanism is a prospective solution 

of this problem. 

As mentioned above, however, the detail activation mechanism of NEMCA has 

not been clear unfortunately yet today although some researches have been reported and 

discussed a lattice oxygen migration on metal surface with electric field and a direct 

change in catalytic electron state with electric field. NEMCA mechanism can apply to 

other many catalysis reactions involving CO2 methanation, so that we can promote many 

catalysis reactions and also restrict many catalysis reactions (for example, explosion 

reactions, carbon deposition, reactions with toxic products or by-products etc.) if  

NEMCA mechanism is revealed and controlled. Therefore, an ultimate purpose in this 

study is to reveal the detailed activation mechanism of NEMCA and apply NEMCA effect 

to present industrial techniques in the chemical engineering. Thus, in order to accomplish 

this ultimate purpose, I set solution of NEMCA mechanism in the case of CO2 

methanation as a practical purpose. In concrete, I have evaluated computationally both 

effects of a direct electric field and co-adsorbed oxygen atoms to the catalytic activation 

in order to reveal the activation mechanism of NEMCA because it is difficult to divide 

into these effects with an experimental approach [2,3]. 

In more details, in chapter 3, I have performed detailed kinetic simulations about 

CO2 mathanation on Ni surface and identified those reaction paths. Rate-determining 

steps (RDSs) in CO2 methanation on Ni surface also have identified by sensitivity analysis. 

Then, I have tried to theoretically investigate the effect of the direct electric field 

impression using the first-principles calculation in chapter 4. I have calculated adsorption 

and surface reaction energies of hydrocarbon species related RDSs over CO2 methanation 

on Ni (111) facet proposed by elementary steps mechanism with a direct electric field. 
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And I have evaluated the promotion or restraint effect of RDSs toward the overall CO2 

methanation with detailed kinetic simulation. In chapter 5, I have evaluated the direct 

change in a catalytic electron state with an electric field on Ni (111) used electric battery 

model that can supply electric charge into the slab model in order to consider the electric 

potential effect in more present conditions with the same way as chapter 4. After that, I 

have tried to theoretically investigate the effect of the oxygen co-adsorption on Ni (111) 

facet in the same way as the calculation with the direct electric field impression and have 

evaluated the promotion or restraint effect of RDSs toward the overall CO2 methanation 

with detailed kinetic simulation used activation energy in chapter 6. Also, I have discussed 

why the catalytic activity is enhanced by the direct change in a catalytic electron state 

with an electric field or spillover effects of a lattice oxygen toward the catalyst surface on 

flat sites (Ni (111)) based on the knowledge of a kinetic mechanism. Moreover, in chapter 

7, I have evaluated spillover effects of a lattice oxygen toward the catalyst surface on step 

sites (Ni (211)) and compared it with spillover effects of a lattice oxygen toward the 

catalyst surface on flat sites. Finally, I have identified which the direct change in a 

catalytic electron state with an electric field or spillover effects of a lattice oxygen toward 

the catalyst surface is the main factor in NEMCA mechanism over CO2 methanation in 

chapter 8. 
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Chapter 2 Theories 

2.1 Introduction 

 In this chapter, fundamental theories used in this study have been briefly 

described. In concreate, Chemical Kinetics, First-Principles Calculation and Surface 

Science that are utilized in detailed kinetic simulations and DFT calculations of this study 

have been basically stated. Also, more detailed information and criteria of each theory 

has been described in each related chapter. 
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2.2 Chemical Kinetics  

2.2.1 Reaction Kinetics [1-8] 

Now, the chemical reaction as (2.2-1) is considered. Reaction rate r is expressed 

as (2.2-2) in case of the chemical reaction as (2.2-1). 

 

𝜈𝐴𝐴 + 𝜈𝐵𝐵 ↔ 𝜈𝐶𝐶 + 𝜈𝐷𝐷 (2.2-1) 

 

𝑟 = −
1

𝜈𝐴

𝑑[𝐴]

𝑑𝑡
= −

1

𝜈𝐵

𝑑[𝐵]

𝑑𝑡
=
1

𝜈𝐶

𝑑[𝐶]

𝑑𝑡
=
1

𝜈𝐷

𝑑[𝐷]

𝑑𝑡
 (2.2-2) 

 

where [X] is the concentration of species X and 𝜈𝑋 is the stoichiometric ratio of species 

X. The time change rate of each species is also described with rate constants as follows. 

Here, the time change rate of species A is shown for example. 

 

𝑑[𝐴]

𝑑𝑡
= −𝑘𝑗[𝐴]

𝜈𝐴[𝐵]𝜈𝐵 = 𝑘−𝑗[𝐶]
𝜈𝐶[𝐷]𝜈𝐷 (2.2-3) 

 

where, 𝑘𝑗 is a forward rate constant in the jth reaction and 𝑘−𝑗 is a reverse rate constant 

in the jth reaction. This forward rate constant is expressed by the Arrhenius equation as 

follows. 

 

𝑘𝑗 = 𝐴𝑇
𝛽exp (−

𝐸𝑎
𝑅𝑇
) (2.2-4) 

 

where A is a frequency factor ( a pre-exponential factor), 𝛽 is a temperature exponent, 

R is the ideal-gas constant: 8.3145 (J/mol ∙ K), 𝐸𝑎  is an activation energy and T is 

temperature. Also, an equilibrium constant is written with forward and reverse rate 

constants as follows. 

 

𝐾 =
𝑘𝑗

𝑘−𝑗
 (2.2-5) 

 

where K is an equilibrium constant. Furthermore, an equilibrium constant is also 

expressed thermodynamically as follows. 
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𝐾 = exp (−
𝛥𝐺

𝑅𝑇
) (2.2-6) 

 

where 𝛥𝐺 is a Gibbs free energy and is written as (2.2-7). 

 

𝛥𝐺 = 𝛥𝐻 − 𝑇𝛥𝑆 (2.2-7) 

 

where 𝛥𝐻 is a reaction enthalpy and 𝛥𝑆 is a reaction entropy. Therefore, a reverse rate 

constant is described with a forward rate constant and a Gibbs free energy as follows. 

 

𝑘−𝑗 = 𝑘𝑗exp (
𝛥𝐺

𝑅𝑇
) (2.2-8) 

 

2.2.2 Transition State Theory [2-5,9-12] 

Transition state theory (TST) (the canonical transition state theory, CTST) [11-

14] is the theory that can estimate the rate constant by the partition functions of the 

starting state and the transition state. This theory is used widely because the 

approximation constructed by the theory can calculate the rate constant only in terms of 

the statistical properties of the reaction system. One of the main assumptions of transition 

state theory is that transition states are effectively in equilibrium with reactant molecules. 

For example, the scheme is as follows for a reaction A + B → products.  

 

A + B
𝐾≠

↔ AB
𝑘≠

→ products (2.2-9) 

 

AB represents transition states. The overall rate constant k≠ is obtained by the product of 

the concentration of transition states calculated from the equilibrium constant K≠ and the 

frequency associated with the motion passing over the energy barrier located at saddle 

point. 

 

𝑘≠ =
𝑘𝐵𝑇

ℎ

𝑄≠

𝑄𝐴𝑄𝐵
exp (−

𝐸0
𝑘𝐵𝑇

) (2.2-10) 

 

where 𝑘𝐵 is Boltzmann constant (= 1.380649 × 10−23 J/K), T is the temperature, h is 

Planck constant (= 6.62607015 × 10−34 J ∙ K), 𝐸0 is the threshold energy (the critical 

energy), QA and QB are the complete partition functions per unit volume for the reactants, 
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and Q≠ are the partition functions for all the degrees of freedom of the transition state 

except the reaction coordinate.  

CTST is assumed that transition states once formed do not re-cross the potential 

barrier at the saddle point on the potential energy surface and re-form reactant molecules. 

However, actually, reaction trajectories of the transition state (the activated complex) 

sometimes move around the saddle point on the potential energy surface, pass through 

that saddle point and finally progress the product side. Also, there is often the case that 

the transition state goes back the reactant side. Hence, this assumption of CTST often 

leads to an overestimate of the exact rate constant. In order to solve this problem, the 

dividing surface perpendicular to the reaction coordinate is chosen to minimize the 

calculated rate constant. For instance, some trajectories named from 1 to 6 in phase space 

are shown in Figure 2.2-1. Only trajectories 1 and 3 can move to a product side in the end. 

However, if the dividing surface shown as the solid line in Figure 2.2-1 is chosen, all six 

trajectories including trajectories 1 and 3 are assumed as reactive trajectories. Hence, the 

best choice of dividing surface perpendicular to the reaction coordinate (between reactant 

side and product side) is not on saddle points but on points that the number of crossing or 

re-crossing the dividing surface is minimized, which means that the calculated rate 

constant is minimized (for example, the dividing surface shown as the dashed line in 

Figure 2.2-1) [10]. This procedure to choose the transition state variationally is called 

variational transition state theory (VTST) [15]. In particular, VTST is important in 

classical trajectory studies of unimolecular reactions and also particularly for reactions 

with the unclear maximum in the energy along the reaction path. In VTST, the minimum 

value of the microcanonical rate constant 𝑘(휀) in reactant molecules whose the initial 

energy 휀 is in microcanonical distribution is calculated firstly by the variational method 

that moves the position of the dividing surface. After that, the given rate constant 𝑘(휀) 

is averaged by the canonical distribution of the temperature T, so that the rate constant as 

a function of the temperature 𝑘(𝑇) can be obtained. 

 Also, if the energy of the reactant is lower than the activation energy barrier, 

the reactant sometimes pass through the energy barrier in the quantum mechanics, which 

is called the tunnel effect. The tunnel effect appear remarkably at low temperature when 

the ratio that the activated complex climbs over the potential barrier becomes smaller. As 

a simple correction method to this tunnel effect, the introduction of the factor as follows 

into the transition state theory is considered [2,16]. 

 

𝑃𝑡𝑢𝑛𝑛𝑒𝑙 = 1 −
1

24
(
ℎ𝜈‡

𝑘𝐵𝑇
)

2

 (2.2-11) 
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where 𝜈‡  means the imaginary frequency when the upward convex potential along 

reaction coordinate of the transition state is approximated harmonically. When the value 

of 𝜈‡ is large, this means the curvature of the potential barrier is large and the barrier is 

thin, so that the contribution of the tunnel effect becomes larger. The high accuracy of 

rate constants calculated by VTST with the tunnel effect correction is verified in the 

fundamental reaction system as D + H2 → DH + H. 

 

 

Figure 2.2-1. Various trajectories in phase space and the concept of variational transition 

state theory (left side is a reactant region and right side is a product region). [10] 

 

2.2.3 Kinetic Simulations of Complex Reaction System [3,17] 

Chemical reactions in the gas phase, combustions, explosions and plasma 

chemical reactions are complex reaction systems that consist of many elementary steps. 

CO2 methanation that is studied in this study is also a complex reaction system. Reaction 

rate equations derived from the elementary step group in the complex reaction system is 

described normally as a non-linear simultaneous differential equation. To describe these 

equations generally, the concentration vector that is derived from the concentration of the 

ith species and the reaction parameter are defined as follows. 

 

𝒄 = {𝑁𝑖} (2.2-12) 

 

𝜶 = {𝑘𝑗 , 𝑁𝑖
0} (2.2-13) 



53 

 

where 𝒄 is the concentration vector, 𝑁𝑖 is the concentration of the ith species, 𝜶 is the 

reaction parameter, 𝑘𝑗  is the rate constant of the jth reaction and 𝑁𝑖
0  is the initial 

concentration of the ith species. 𝑁𝑖
0 is also equal to the initial value of the concentration 

vector 𝒄0. 

 

𝒄0 = {𝑁𝑖
0} (2.2-14) 

 

The reaction rate in the complex reaction system is written by above physical values as 

follows. 

 

𝑑𝒄

𝑑𝑡
= 𝑓(𝒄, 𝜶), 𝒄0 = {𝑁𝑖

0} (2.2-15) 

 

This equation is calculated numerically using the computational calculator and the 

concentration of each species related to the reaction can be expressed as a function of 

reaction time. As a representative numerical solution for a simultaneous differential 

equation, Runge-Kutta method etc. are used [18].  

Also, the parameter that judge which the contribution of elementary steps is 

larger to the concentration change of a certain species is effective to improve simulation 

accuracy. It means that rate constants of elementary steps can be modified the more 

appropriate values with the comparison of an experiment. This parameter is called a 

sensitivity coefficient and shows the degree in the change of the concentration of the ith 

species towards the small change of elementary step rate constants in the jth reaction. A 

sensitivity coefficient 𝑆𝑖𝑗 is defined as follows. 

 

𝑆𝑖𝑗 =
𝑑(𝑁𝑖 𝑁𝑖,𝑚𝑎𝑥⁄ )

𝑑 𝑘𝑗 𝑘𝑗⁄
=
{𝑁𝑖(𝑡, 𝑘𝑗 + Δ𝑘𝑗) − 𝑁𝑖(𝑡, 𝑘𝑗)} 𝑁𝑖,𝑚𝑎𝑥⁄

Δ 𝑘𝑗 𝑘𝑗⁄
 (2.2-16) 

 

Here, the concentration of the ith species is taken the relative value to the maximum value 

in the reaction process 𝑁𝑖,𝑚𝑎𝑥 and the small change of elementary step rate constants are 

also defined as a rate of the change. The elementary step that has the large sensitivity 

coefficient play an important role towards generation and annihilation of species. 

Therefore, the rate constant can be adjusted to approach experimental results. As 

mentioned above, reaction rates are decided by the balance of elementary step rates. 

Therefore, rate constants and equilibrium constants of elementary steps are incorporated 

in reaction rate equations.  
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These days, the information database of rate and equilibrium constants about 

elementary steps of adsorption, desorption and association reactions on the metal surface 

is accumulated by surface science experiments. The reaction mechanism and validity of 

reaction rate equations are considered by these parameters, and the reaction rate of the 

catalytic reaction can be expected by the reaction rate of the elementary step. This 

approach is called microkinetics and it is expected to utilize widely from now on. 
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2.3 First-Principles Calculation [1-15] 

2.3.1 Quantum Chemistry [1,2] 

First-principles calculation is the calculation based on Schrödinger equation 

(2.3-1) to estimate physical property values with first-principles. 

 

�̂�𝜓 = 𝐸𝜓 (2.3-1) 

 

where �̂�  is a Hamiltonian operator, 𝐸  is an energy of particles, and  𝜓  is a wave 

function. Substances are composites of electrons and atomic nucleuses, and the 

Hamiltonian in multi electrons and atoms system is expressed as follows. 

 

𝐻 =∑
𝒑𝑖
2

2𝑚
𝑖

+∑∑𝑉𝑖𝑜𝑛(𝒓𝑖 − 𝑹𝑛)

𝑛𝑖

+∑
𝑒2

|𝒓𝑖 − 𝒓𝑗|𝑖≠𝑗

+ 𝐸𝑖𝑜𝑛{(𝑹𝐼)} (2.3-2) 

 

where p is a momentum of particles, 𝑚 is a mass of particles, r is a position vector of 

electrons, R is a position vector of atoms and e is an electric charge of an electron. 

Electrons moves complexly with Coulomb potential by other electrons and atomic 

nucleuses. The first term represents the kinetic energy of electrons and the second term 

represents the interaction between electrons and atomic nucleuses and 𝑉𝑖𝑜𝑛(𝒓𝑖 − 𝑹𝑛) is 

described as follows. 

 

𝑉𝑖𝑜𝑛(𝒓𝑖 − 𝑹𝑛) =
𝑍𝑛𝑒

2

|𝒓𝑖 − 𝑹𝑛|
 (2.3-3) 

 

where 𝑍  is an atomic number. The third term represents the interaction between 

electrons, and the fourth term represents the interaction between atomic nucleuses and 

expressed as follows. 

 

𝐸𝑖𝑜𝑛{(𝑹𝐼)} =∑
𝑍𝑛𝑍𝑙𝑒

2

|𝑹𝑛 − 𝑹𝑙|
𝑛≠𝑗

 (2.3-4) 

 

2.3.2 Density Functional Theory [1,2] 

Density functional theory (DFT) is the most basic theory to describe ground state 

in multi electrons system. DFT says that the total energy of ground state in multi electrons 
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system is expressed by the functional of electron density (the first theorem of Hohenberg-

Kohn) [16] and that the minimum value of total energy functional related electron density 

gives the total energy of ground state (the second theorem of Hohenberg-Kohn) [16]. The 

total energy in multi electrons system is as follows as a functional of electron density. 

 

𝐸[{𝜓𝑖}] =∑∫𝜓𝑖
𝑖

(𝒓) [−
ℏ2

2𝑚
]𝛻2𝜓𝑖(𝒓)𝑑𝒓

+ ∫𝑉𝑖𝑜𝑛(𝒓)𝑛(𝒓)𝑑𝒓 +
𝑒2

2
∫∫

𝑛(𝒓)𝑛(𝒓′)

|𝒓 − 𝒓′|
𝑑𝒓𝑑𝒓′

+ 𝐸𝑋𝐶[𝑛(𝒓)] + 𝐸𝑖𝑜𝑛{(𝑹𝐼)} 

(2.3-5) 

 

where 𝐸[{𝜓𝑖}] is the total energy in multi electrons system, 𝜓𝑖(𝒓) is a wave function 

in occupied state, ℏ  is Dirac's constant (= 1.054571817…× 10−34  [J・s]), 𝜵  is a 

nabla operator and expressed as (2.3-6). Also, 𝛻2 is Laplacian (Laplace operator) and 

expressed as (2.3-7). 

 

𝜵 = (
𝜕

𝜕𝑥
,
𝜕

𝜕𝑦
,
𝜕

𝜕𝑧
) (2.3-6) 

 

𝛻2 = ∆ =
𝜕2

𝜕𝑥2
+
𝜕2

𝜕𝑦2
+
𝜕2

𝜕𝑧2
 (2.3-7) 

 

𝑛(𝒓) is electron density and written as follows with a wave function in occupied state 

𝜓𝑖(𝒓). 

 

𝑛(𝒓) =∑∫|𝜓𝑖(𝒓)|
2

𝑖

 (2.3-8) 

 

In (2.3-5), the first term is the kinetic energy in electron system written by a wave function 

in occupied state 𝜓𝑖(𝒓). The second term is the interaction energy between electrons and 

atomic nucleuses. The third term is Hartree term by Coulomb interaction (repulsion) 

among electrons and it is positive value. The fourth term (𝐸𝑋𝐶) is the exchange-correlation 

interaction term and it means electrons interaction energy that is not included in Hartree 

term. The fifth term is the interaction energy between atomic nucleuses. Because electrons 

are Fermion, electrons that have a same direction spin can not approach each other for the 

restriction of Pauli exclusion principle (the exchange interaction term). Also, electrons 
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that have a different direction spin are not affected by Pauli exclusion principle but these 

electrons also can not approach each other for Coulomb repulsion (the correlation 

interaction term). Therefore, negative value energy correlation have to be considered in 

Hartree term that assumes average electron distribution, and the exchange-correlation 

term gives this correlation. 

As mentioned above, DFT says that the minimum value of total energy 

functional related electron density 𝑛(𝒓) gives the total energy of ground state. Here, the 

total energy is conducted the variational calculus, so that the one electron equation called 

as Kohn-Sham equation [16,17] is described as follows. 

 

[−
ℏ2

2𝑚
𝛻2 + 𝑉𝑖𝑜𝑛(𝒓) + 𝑉𝐻(𝒓) + 𝑉𝑋𝐶(𝒓)]𝜓𝑖(𝒓) = 휀𝑖𝜓𝑖(𝒓) (2.3-9) 

 

where 𝑉𝑖𝑜𝑛(𝒓) is Coulomb interaction potential between electrons and atomic nucleuses 

(attraction), 𝑉𝐻(𝒓) is Hartree interaction potential that is Coulomb interaction among 

electrons (repulsion), 𝑉𝑋𝐶(𝒓) is the exchange-correlation interaction potential, 휀𝑖 is a 

characteristic value of energy. Here, 𝑉𝐻(𝒓)  and 𝑉𝑋𝐶(𝒓)  are expressed as follows, 

respectively. 

 

𝑉𝐻(𝒓) = 𝑒
2∫

𝑛(𝒓′)

|𝒓 − 𝒓′|
𝑑𝒓′ (2.3-10) 

 

𝑉𝑋𝐶(𝒓) =
δ𝐸𝑋𝐶[𝑛(𝒓)]

δ𝑛(𝒓)
 (2.3-11) 

 

Also, the sum of Coulomb interaction potential 𝑉𝑖𝑜𝑛(𝒓) , Hartree interaction potential 

𝑉𝐻(𝒓)  and the exchange-correlation interaction potential 𝑉𝑋𝐶(𝒓)  is called as Kohn-

Sham effective potential 𝑉𝑒𝑓𝑓(𝒓). 

 

𝑉𝑒𝑓𝑓(𝒓) = 𝑉𝑖𝑜𝑛(𝒓) + 𝑉𝐻(𝒓) + 𝑉𝑋𝐶(𝒓) (2.3-12) 

 

In Kohn-Sham equation, each electron is affected by Coulomb interaction potential with 

atomic nucleuses, Hartree interaction potential with electrons and the exchange-

correlation interaction potential, and moves without interactions at a glance. However, 

each electrons is actually affected by the interaction between electrons through Hartree 

interaction potential 𝑉𝐻(𝒓)  and the exchange-correlation interaction potential 𝑉𝑋𝐶(𝒓) 
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that depend on electric density 𝑛(𝒓). 

 

2.3.3 Self-Consistent Field Calculation [1,2] 

 Self-consistent is a problem that a calculated answer involves itself or an 

analytical technique that results in an above problem. A calculated answer has to consist 

of a given answer candidate. If an answer candidate is given in a self-consistent equation 

to lead a new answer candidate and an answer candidate from this process converges to 

set convergence criteria, chosen proper answer candidate as initial input values gives 

more suitable approximate answers. This analytical simulation method is called Self-

Consistent Field (SCF) calculation. In order to calculate the total energy 𝐸[{𝜓𝑖}] in DFT 

calculation, this SCF calculation is utilized as a detail calculation procedure. In concrete, 

at first, an electron density 𝑛𝑖𝑛(𝒓)  is assumed as an input parameter, and Hartree 

interaction potential 𝑉𝐻(𝒓)  and the exchange-correlation interaction potential 𝑉𝑋𝐶(𝒓) 

are computed through (2.3-10) and (2.3-11), respectively. Then, Kohn-Sham equation 

(2.3-9) can give a wave function 𝜓𝑖(𝑟) by the use of above potentials. After that, this 

wave function 𝜓𝑖(𝒓)  gives an output electron density 𝑛𝑜𝑢𝑡(𝒓)  through (2.3-8). This 

gained output electron density 𝑛𝑜𝑢𝑡(𝒓)  is normally different from the initial input 

electron density 𝑛𝑖𝑛(𝒓). Therefore, SCF calculation in (2.3-8), (2.3-9), (2.3-10) and (2.3-

11) until these input and output electron density converge to set convergence criteria 

decides a wave function in ground state 𝜓𝑖(𝒓). Finally, these converged electron density 

𝑛(𝒓) and a wave function 𝜓𝑖(𝒓) gives the total energy 𝐸[{𝜓𝑖}] through (2.3-5). 

 

2.3.4 Exchange-Correlation Functional [4] 

 In DFT calculation, an electron multi-body correlation effect involved all in the 

exchange-correlation energy 𝐸𝑋𝐶[𝑛(𝒓)]. Although it is very difficult that the exchange-

correlation energy 𝐸𝑋𝐶[𝑛(𝒓)]  is defined strictly, it is indicated that the exchange-

correlation energy 𝐸𝑋𝐶[𝑛(𝒓)]  is expressed as the functional of electron density 𝑛(𝒓) 

and various functionals are proposed. Some functional methods are shown here for 

example. Local Density Approximation (LDA) is expressed only the functional of electric 

density 𝑛(𝒓) as follows (Dirac type) [18]. 

 

𝐸𝑋𝐶
𝐿𝐷𝐴[𝑛(𝒓)] = ∫휀𝑋𝐶[𝑛(𝒓)] 𝑛(𝒓)𝑑𝒓 (2.3-13) 

 

where 휀𝑋𝐶[𝑛(𝒓)]  is the exchange-correlation energy calculated about an uniform 

electron gas whose density is 𝑛(𝒓). While, Generalized Gradient Approximation (GGA) 
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[19,20] is as follows and it considers the differential term of electric density 𝑛(𝒓). 

 

𝐸𝑋𝐶
𝐺𝐺𝐴[𝑛(𝒓)𝛼, 𝑛(𝒓)𝛽] = ∫𝑓(𝑛(𝑟)𝛼, 𝑛(𝑟)𝛽 , 𝜵𝑛(𝒓)𝛼, 𝜵𝑛(𝒓)𝛽) 𝑑𝒓 (2.3-14) 

 

where 𝜵𝑛(𝑟)  is an electric density gradient, 𝛼  and 𝛽  mean 𝛼 -spin and 𝛽 -spin 

directions, respectively. Moreover, various GGA type functional methods revised by 

technical methods are proposed as follows. For example, Meta-GGA is the functional 

method that revises GGA with the kinetic energy density 𝜏 and the secondary electric 

density gradient 𝜵2𝑛(𝒓). Hybrid-GGA is the functional method that revises GGA with 

Hartree-Fock exchange integration. Semi-empirical-GGA is the functional method that 

reproduces physical property values using many semi-empirical parameters with high 

precision. Progressive-GGA is the functional method that can change itself equation style 

as corresponding to combined functionals. LDA and GGA methods can describe ground 

states of many materials with high precision though they are simple approximation. 

Normally, LDA method underestimates the distance between atoms and estimates DFT 

energy excessively. While, GGA method has a small error in calculation to an experiment 

and can improve DFT energy precision although it estimates the distance between atoms 

excessively. The exchange-correlation functional in LDA and GGA methods is changed 

various functional types depending to the number of basic physical conditions to be 

satisfied. In this study, we use GGA-PBE exchange-correlation functional.  

The exchange functional describes the effect derived from electron spins and the 

correlation functional describes the effect derived from electron correlation. GGA 

exchange functional has the conventional general formula as follows. 

 

𝐸𝑋
𝐺𝐺𝐴[𝑛(𝒓)↑, 𝑛(𝒓)↓] = −

1

2
∑𝑛(𝒓)𝜎

4
3⁄ 𝐾𝜎𝑑𝒓

𝜎

 (2.3-15) 

 

where 𝜎  is a semi-empirical parameter and 𝐾𝜎  is a non-dimensional coefficient 

(changing various types depending to the exchange functional, for example B88 [21], 

PW91, PBE and more). 𝐾𝜎 depends on a non-dimensional parameter 𝑥𝜎 as follows. 

 

𝑥𝜎 =
|𝜵𝑛(𝒓)𝜎|

𝑛(𝒓)𝜎
4
3⁄

 (2.3-16) 
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The difference of famous GGA exchange functionals are almost the difference of 

dependence in 𝐾𝜎 and 𝑥𝜎. PBE exchange functional is proposed by Perdew et al. as 

follows and is the simple PW91 exchange functional type [22,23] that restricts 

fundamental physical conditions which should be satisfied to only important conditions 

and decreases fundamental constants by two [19]. Note that a fundamental physical 

condition is the condition that each energy part of kinetic, exchange. Also, correlation 

should satisfy and a fundamental constant is to satisfy fundamental physical conditions 

and does not a universal physical constant like Plank constant. Nonetheless, a 

fundamental constant is not sometimes included in parameters. Non-dimensional 

coefficient 𝐾𝜎
𝑃𝐵𝐸 is expressed as follows. 

 

𝐾𝜎
𝑃𝐵𝐸 = 𝐾𝜎

𝐿𝐷𝐴 [1 + 𝜅 −
𝜅

1 + 𝜇𝑥𝜎2 (48𝜋2)2 3
⁄ 𝜅⁄
] (2.3-17) 

 

In this formula, fundamental constants are 𝜇 = 0.21951 and 𝜅 = 0.804 and 𝐾𝜎
𝐿𝐷𝐴 is 

defined as follows. 

 

𝐾𝜎
𝐿𝐷𝐴 = 3(

3

4𝜋
)

1
3⁄

 (2.3-18) 

 

PBE exchange functional comes not to contribute under low density 𝑛(𝒓)𝜎  or high 

density gradients 𝜵𝑛(𝒓)𝜎 condition because 𝐾𝜎
𝑃𝐵𝐸 approaches to a certain value when 

𝑥𝜎 is large value. This behavior is not necessarily right physically, but it is said that PBE 

exchange functional is effective in case of high spin and dominant dispersion power 

systems.  

Meanwhile, GGA correlation functional 𝐸𝐶
𝐺𝐺𝐴 is roughly divided into density 

gradient expansion type correlation functional and Colle-Salvetti (CS) type correlation 

functional. Density gradient expansion type correlation functional is the conventional 

correlation functional that LDA correlation functional is conducted the density gradient 

correction. The general GGA functional correlation functional is obtained by the 

parameter fitting depending on fundamental physical conditions after the decision of the 

fundamental formula that satisfies the fundamental physical condition towards the 

correlation energy. The characteristic of this functional type is to satisfy many 

fundamental physical conditions, and weakness is a complex formula and many 

parameters. Colle-Salvetti (CS) type correlation functional is the correlation functional 

obtained by the correlation wave function [24]. The correlation wave function is that the 
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correlation function which gives the correlation hole satisfied with the correlation cusp 

condition [25] is multiplied by the wave function which is not involved dynamical 

correlation [26]. Note that the correlation hole is the coulomb hole that wave function 

should have when antiparallel spin electrons are closed, the correlation cusp condition as 

follows is the condition that the wave function which has the correlation hole should 

satisfy. 

 

(
𝜕𝜓

𝜕𝒓12
)
𝒓12=0

= (
𝜓

2
)
𝒓12=0

 (2.3-19) 

 

Also, this correlation hole keeps away electrons that have antiparallel spin and the 

coulomb interaction decrease, so that total energy decrease. This effect is called as 

dynamical correlation. The characteristic of CS type correlation functional is the simple 

model that the correlation function is multiplied only and the high reproducibility of 

molecule correlation energy. Weakness is that almost CS type correlation functional 

except OP correlation functional [27,28] does not satisfy fundamental physical conditions 

because CS type correlation functional is not considered fundamental physical conditions 

in those derivation unlike the density gradient expansion type correlation functional. PBE 

correlation functional used in this study is density gradient expansion type correlation 

functional [19]. PBE correlation functional is developed to overcome some weakness 

points of PW91 correlation functional [23], and uses two parameters and satisfies only 

three important fundamental physical conditions. PBE correlation functional formula 

𝐸𝐶
𝑃𝐵𝐸[𝜌, 휁, 𝑡] is expressed as follows. 

 

𝐸𝐶
𝑃𝐵𝐸[𝜌, 휁, 𝑡] = 𝐸𝐶

𝑃𝑊−𝐿𝐷𝐴[𝜌] + ∫𝑑3𝑟𝜌𝐻[𝜌, 휁, 𝑡] (2.3-20) 

 

𝐻[𝜌, 휁, 𝑡] = 𝛾𝜙3 ln [1 +
𝛽

𝛾
𝑡′
2
(

1 + 𝐴𝑡′
2

1 + 𝐴𝑡′2 + 𝐴2𝑡′
4)] (2.3-21) 

 

𝐴 =
𝛽

𝛾
[exp(−

�̅�𝐶
𝑃𝑊−𝐿𝐷𝐴[𝜌]

𝛾𝜙2𝜌
) − 1]

−1

 (2.3-22) 

 

𝜙 =
1

2
[(1 + 휁)2 3⁄ + (1 − 휁)2 3⁄ ] (2.3-23) 
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휁 =
𝜌𝛼 − 𝜌𝛽

𝜌𝛼 + 𝜌𝛽
 (2.3-24) 

 

where 𝐸𝐶
𝑃𝑊−𝐿𝐷𝐴[𝜌] is PW-LDA correlation functional that is one of LDA correlation 

functional [23], �̅�𝐶
𝑃𝑊−𝐿𝐷𝐴[𝜌] is the integral core of PW-LDA correlation functional, 𝜌𝛼 

and 𝜌𝛽 are electron density that has 𝛼-spin and 𝛽-spin directions, respectively. PBE 

correlation functional has two fundamental constants 𝛽 = 0.066725 and γ as follows. 

Note that parameters of PW-LDA correlation functional 𝐸𝐶
𝑃𝑊−𝐿𝐷𝐴[𝜌] are omitted here. 

 

𝛾 =
(1 − ln 2)

𝜋2
= 0.031091 (2.3-25) 

 

Also, PW-LDA correlation functional 𝐸𝐶
𝑃𝑊−𝐿𝐷𝐴[𝜌] is expressed as follows. 

 

𝐸𝐶
𝑃𝑊−𝐿𝐷𝐴[𝜌] = −2𝑎∫𝑑3𝒓𝜌(1

− 𝛼𝑟𝑠) ln [1 +
1

2𝑎(𝛽1𝑟𝑠
1 2⁄ + 𝛽2𝑟𝑠 + 𝛽3𝑟𝑠

3 2⁄ + 𝛽4𝑟𝑠2)
] 

(2.3-26) 

 

where six parameters in PW-LDA correlation functional formula are 𝑎 = 0.031097, 𝛼 

= 0.21370,  𝛽1  = 7.5957,  𝛽2  = 3.5876,  𝛽3  = 1.6382, and 𝛽4  = 0.49294, 

respectively. Moreover, 𝑟𝑠 is Wigner-Seitz radius and is defined as follows.  

 

4

3
𝜋𝑟𝑠

3 =
1

𝜌
 (2.3-27) 

 

PBE correlation functional is superior to PW91 correlation functional because PBE 

correlation functional has only two fundamental constants and simple formula. However, 

PBE correlation functional has the effect of the exchange energy because this functional 

is obtained by the correlation energy condition in the limitation of the low density gradient 

and high density that has the degree of the exchange energy [29]. This fundamental 

condition also contradicts the uniform coordinate scaling condition as one of fundamental 

conditions, so that this functional have to be an unnatural style for the cancellation of that 

inconsistency in functional systems. Note that the coordinate scaling condition is the 

fundamental condition that prescribes behavior of each energy component towards the 

increase and the decrease of electron density when coordinate units become large or small 
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extremely [28]. In this coordinate scaling condition, there are the uniform coordinate 

scaling condition that increases or decreases a spatial coordinate (x, y, z), the secondary 

un-uniform coordinate scaling condition that increases or decreases a plane coordinate (x, 

y), and the once un-uniform coordinate scaling condition that increases or decreases a line 

coordinate (x). 

 

2.3.5 Plane-Wave Basis Set [1,2,12,30] 

Kohn-Sham equation (2.5-9) is normally solved by the expansion of the wave 

function with a basis function. A basis function is the function that expresses the function 

style of a wave function for solution of Kohn-Sham equation (Schrödinger equation). As 

one of basis sets, there is the plane-wave basis set that is expressed by the plane wave 

with a wave number. When the plan wave is used as a basis function, the wave function 

in this system is expanded with a reciprocal lattice vector as follows. 

 

𝜓𝑖(𝒓) =∑𝑐𝑖,𝒌+𝑮exp [𝑖(𝒌 + 𝑮) ∙ 𝒓]

𝐺

 (2.3-28) 

 

where 𝒌 is a wave number vector and 𝑮 is a reciprocal lattice vector. As a main solution 

of Kohn-Sham equation, the matrix element of an electron Hamiltonian is calculated with 

the plane-wave basis set and the coefficient 𝑐𝑖,𝒌+𝑮 is obtained by the diagonalization of 

that matrix. Compared the plane-wave basis set used this study with the localized basis 

set as Gaussian, the characteristic of the plane-wave basis set is that the basis set accuracy 

can be improved easily as increasing the number of plane waves i.e. the cutoff energy. 

The plane-wave basis set does not depend on an atomic position, so that Pulay revision 

[31] is not considered in the force calculation. Furthermore, the displacement of wave 

functions can be described easily because the plane-wave basis set has exponential 

function style. As weakness of the plane-wave basis set, the diagonalization of 

Hamiltonian matrix needs calculation amounts being proportional to three squared of the 

number of wave functions. Therefore, it is difficult to analyze large scale systems. 

However, there is another method that it is assumed that total energy E (2.3-5) depends 

on the function of the expansion coefficient {𝑐𝑖,𝒌+𝑮}  and Kohn-Sham equation is 

regarded as the minimum value problem of total energy. If this method is used, the 

increase of calculation amounts is mild compared with a normal matrix diagonalization 

and it can apply large scale systems. 

Also, the plane-wave basis set function spreads throughout the space and needs 

a periodic boundary condition (PBC). In order to solve these two conditions, a vacuum 



64 

 

layer is required not to give the interaction between slab models adjoined each other. 

Many basis sets are required to calculate the wave function near atoms and the vacuum 

layer to keep calculation accuracy, so that the total calculation is complex. Moreover, 

electrons near the atomic nucleus vibrate violently and it is difficult for the plane-wave 

basis set to calculate those region at high accuracy. However, this weakness is solved by 

the pseudopotential method. 

 

2.3.6 Pseudopotential [1,2,12,30] 

 Many characteristics as material structures, electron states, conduction 

characteristics and more normally depend on atomic valence electron states and it is 

considered that inner shell electron state contributions are small. Hence, it is considered 

that inner shell electrons are not changed and total electrons is not treated (frozen core 

method). In short, it is the effective method that material ground states are analyzed with 

only consideration of valence electrons. The execution potential towards valence 

electrons that the inner electron effect is incorporated into the atomic nucleus potential is 

called as a pseudopotential. A pseudopotential is more sallow and smooth compared with 

a true potential, and pseudo-wave function can be expanded with a few plane wave ground 

functions. The pseudopotential method used above can shorten the calculation time. The 

pseudopotential is a non-local interaction that works on angular momentums of valence 

electrons and is expressed as follows. 

 

𝑉𝑁𝐿 =∑|𝑙𝑚⟩

𝑙𝑚

𝑉𝑙⟨𝑙𝑚| (2.3-29) 

 

where 𝑉𝑁𝐿  is a pseudopotential and |𝑙𝑚⟩𝑉𝑙⟨𝑙𝑚|  is a projection operator of angular 

momentums. The pseudopotential is decided by two conditions that valence electron 

states have the same energy as isolated atoms and that pseudo-wave functions do not have 

wave nodes and agree with true wave functions outside of a certain cutoff radius 𝑅𝐶 from 

the center of the atomic nucleus.  

Also, a norm-conserving pseudopotential (NCPP) required the additional 

condition that the norm of pseudo-wave functions agrees with the norm of true wave 

functions (the total energy calculation agrees with the norm of the inner shell electrons 

(electron density)). Furthermore, as a more effective pseudopotential, there is a non-norm 

ultra-soft conserving pseudopotential (USPP) that is not imposed the norm-conserving 

condition in order to describe local valence electro states as d-electrons of transition metal 

atoms. In this study, we use ultrasoft and OTFG-ultersoft types as a non-norm ultrasoft 
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conserving pseudopotential to compute Ni metal surface slab model in DFT.  

As an example of calculations with these pseudopotentials, cutoff energy 

dependence of the total energy and the bond dissociation energy per atom for oxygen 

molecule with the norm-conserving pseudopotential and the non-norm ultra-soft 

conserving pseudopotential, respectively. The cutoff radius Rc is set 1.3 Bohr to pseudo-

wave function in all angular momentums in both pseudopotential cases and each 

calculation result difference from the calculation with 81 Rydberg cutoff energy is plotted 

in this figure. As shown this Figure 2.3-1, a non-norm ultra-soft conserving 

pseudopotential is converged quicker than a norm-conserving pseudopotential. This 

means that the number of used plan-waves is small in a non-norm ultra-soft conserving 

pseudopotential compared with a norm-conserving pseudopotential. Also, to discuss the 

bond dissociation energy at approximately 0.1 eV order accuracy, approximately 30 

Rydberg and 64 Rydberg are required in a non-norm ultra-soft conserving pseudopotential 

and a norm-conserving pseudopotential, respectively [12]. 

 

 

Figure 2.3-1. Cutoff energy dependence of the total energy (symbols only) and the bond 

dissociation energy per atom for oxygen molecule (symbols and lines) with NCPP 

(white points) and USPP (black points). [12] 

 

2.3.7 Sample K-Points [1,2,12,32] 

Sample k-points are k-points used the integral in Brillouin zone (BZ). k means 

wave number vector and it decides how the plan wave is. Wave number vectors k are 



66 

 

countless although all wave number vectors k have to be considered ideally. Therefore, 

some representative k-points are normally sampled, only these k-points are calculated and 

connected appropriately. For example, the integral calculation in Brillouin zone as follows 

is required for the electron density 𝑛(𝒓). 

 

∑
(2𝜋)3

Ω
𝑖

∫𝑑𝒌𝑊𝑖𝒌|𝜓𝑖𝒌(𝒓)|
2 (2.3-30) 

 

where Ω is the volume of a unit cell and 𝜓𝑖𝒌(𝒓) is the wave function of the ith energy 

level at k-points in Brillouin zone. So as to perform the above integral in calculators, the 

above integral formula is transformed into the discrete sum formula as follows. 

 

(2𝜋)3

Ω
∑∫𝑑𝒌

𝑖

→
1

𝑁𝒌
∑

𝒌

 (2.3-31) 

 

where 𝑁𝒌 is the number of k-points sampled discretely and these k-points used for this 

sum is sample k-points. k-points are also arranged spatially and evenly on equidistant 

meshes. Normally, the calculation time depends on heavily sample k-points because 

calculation amounts increase as increasing the number of sample k-points. 

As an example, dependence of the total energy on the k-point mesh and its 

difference in the case of oxygen adsorption on Si 2 × 1 surface is shown in Figure 2.3-

2. Oxygen atom is adsorbed on the bond center of Si dimer (bond center: bc) and the 

vacancy between the dimer rows (void: vc). The total energy of bc model and the energy 

difference between bc and vd models are shown in this Figure 2.3-2 as a function of k-

point mesh. Also, each energy shows the difference from the calculation result with 16 ×

32 k-point mesh as eV unit. As shown Figure 2.3-2, k-point meshes more than 4 × 8 

and 2 × 4  are required in the total energy and the energy difference respectively to 

discuss the total energy at approximately 0.1 eV order accuracy. Also, the convergence in 

the energy difference is better than that in the total energy because calculation errors are 

canceled for the same k-point meshes utilization in the energy difference result. This same 

k-points means that the interval and the position of k-point mesh are the same each other 

i.e. the cancellation is not occurred when surface facets are different in each case, for 

instance. The case like this and elasticity calculation (for example, stress and Poisson 

ratio) is required sufficient k-point mesh accuracy [12]. 
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Figure 2.3-2. Dependence of the total energy on the k-point mesh and its difference in 

the case of oxygen adsorption on Si 2 × 1 surface (The total energy of bc model and 

the energy difference between bc and vd models are expressed as × and + signs, 

respectively). [12] 

 

2.3.8 Cut-Off Energy [1,2,12] 

 The cut-off energy is the parameter that represents the quality of a plane-wave 

basis set. Reciprocal lattice vectors 𝑮 in the plane-wave basis set expansion is expressed 

with basic reciprocal lattice vectors 𝒃1, 𝒃2, 𝒃3 and integers 𝑛1, 𝑛2, 𝑛3 as follows. 

 

𝑮 = 𝒃1𝑛1 + 𝒃2𝑛2 + 𝒃3𝑛3 (2.3-32) 

 

The reciprocal lattice is restricted finitely to be treated in calculators although the 

reciprocal lattice as above is countless. Normally, the expansion coefficient decreases as 

increasing the wave number vector 𝒌 + 𝑮 when wave functions is expanded with the 

plane-wave basis set, so that the plane-wave basis set is obtained by reciprocal lattice 

vectors 𝑮 from the smaller wave number vectors to be the formula as follows. 

 

|𝒌 + 𝑮| ≤ 𝑞𝑚𝑎𝑥 (2.3-33) 

 

where 𝑞𝑚𝑎𝑥 means wave number and described as follows. 

 

𝑞𝑚𝑎𝑥 =
2𝜋

𝜆𝑚𝑖𝑛
 (2.3-34) 
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where 𝜆𝑚𝑖𝑛  is the minimum value of the wave length. Therefore, the wave number 

𝑞𝑚𝑎𝑥 is the index to decide the quality of the plane-wave basis set. However, the kinetic 

energy of the plan wave that has the wave number 𝑞𝑚𝑎𝑥  as follows is utilized 

customarily in order to express the quality of the plane-wave basis set instead of 𝑞𝑚𝑎𝑥. 

This kinetic energy is called as the cutoff energy 𝐾𝑐𝑢𝑡𝑜𝑓𝑓. 

 

𝐾𝑐𝑢𝑡𝑜𝑓𝑓 =
ℏ2𝑞𝑚𝑎𝑥

2

2𝑚
 (2.3-35) 

 

Also, the number of the plane wave 𝑁 is described as follows. 

 

𝑁 =
𝑉

3𝜋2
(
2𝑚𝐾𝑐𝑢𝑡𝑜𝑓𝑓

ℏ2
)
3 2⁄

 (2.3-36) 

 

If the cutoff energy increases, the calculation accuracy increases. However, the 

calculation cost also increases because the number of the plane wave 𝑁 is expressed 

(2.5-36) [33].  

If 𝑞𝑚𝑎𝑥 is expressed in atomic unit (a.u.), cutoff energy can be described easily 

as follows. 

 

𝐾𝑐𝑢𝑡𝑜𝑓𝑓 = 𝑞𝑚𝑎𝑥
2 [Rydberg (Ry)] =

1

2
𝑞𝑚𝑎𝑥

2 [Hartree] (2.3-37) 

 

Accordingly, this unit system is used often in DFT calculation in addition to eV unit 

system (1 Hartree = 2 Ry, 1 Ry = 13.6 eV, 1 eV = 1.6 × 10−19 J = 23.06 kcal/mol). Here, 

𝑞𝑚𝑎𝑥 is re-written as 𝑞𝑚𝑎𝑥 = 2𝜋 𝜆𝑚𝑖𝑛⁄ . 𝜆𝑚𝑖𝑛 is the reference of the minimum structure 

size in real space that the plane-wave basis set can express. Because the length unit in 

atomic unit is 1 Bohr = 0.529 Å, in the plane-wave basis set with 1 Ry cutoff energy can 

express the structure size that is 0.529 × 2𝜋 √1⁄ = 3.3 Å . The number of the plane-

wave basis sets is a reciprocal lattice point in the sphere that satisfies with |𝒌 + 𝑮| ≤

𝑞𝑚𝑎𝑥 , so that the number of basis sets is proportional to the three squared of 𝑞𝑚𝑎𝑥 

and 3 2⁄  squared of the cutoff energy. 

 

2.3.9 Geometry Optimization [1,2,13,34] 

 The geometry optimization (GO) is to get local (or global) stable sates with the 

local-minimization (or minimization) of the total energy function as an atomic structure 



69 

 

function in systems by the moving of the atomic structure. The physically stable atomic 

structure is the structure that local-minimizes or minimizes the system total energy. The 

geometry optimization can show wide variety of information. For example, crystal lattice 

parameters and the structure information of adsorbed atoms or molecules on the surface: 

the distance between the upper atomic layer and the atomic layer directly below the upper 

layer and the distance between adsorbed species and the surface species and more. The 

most stable adsorbed surface site is also identified with the geometry optimization; hollow, 

bridge, on-top sites etc. In the geometry optimization, the force on atoms is calculated 

and atomic structure is optimized by moving to the direction that the atomic force is 

applied. This atomic force is calculated based on Hellmann–Feynman theorem as follows 

in the first-principles calculation. 

 

𝑭 =
𝑑𝐸(𝑹)

𝑑𝑹
= ⟨𝜓(𝑹)|

𝑑𝐻(𝑹)
𝑑𝑹

|𝜓(𝑹)⟩ (2.3-38) 

 

where  𝑭  is an atomic force, 𝑹  is an atomic position, 𝐻(𝑹)  is Hamiltonian of the 

electron system, |𝜓(𝑹)⟩  is a wave function in ground state, and 𝐸(𝑹)  is the total 

energy that depends on an atomic position 𝑹 written as follows. 

 

𝐸(𝑹) = ⟨𝜓(𝑹)|𝐻(𝑹)|𝜓(𝑹)⟩ (2.3-39) 

 

When the right side in Hellmann–Feynman theorem (2.3-36) is expressed by basis 

functions |𝑛(𝑹)⟩ that depend on the atomic position as Linear Combination of Atomic 

Orbitals (LCAO), the derivative term with atomic positions 𝑹 of basis functions |𝑛(𝑹)⟩ 

is also appeared not only ⟨𝑚(𝑹)|
𝑑𝐻(𝑹)

𝑑𝑹
|𝑛(𝑹)⟩ in matrix elements. This derivative term 

is called as Pulay Force [35] and it is difficult to calculate Pulay Force. However, Pulay 

force is not appeared in case of the plane-wave basis set that do not depend on atomic 

positions, so that the geometry optimization is performed easily in calculations with the 

plane-wave basis set.  

The algorism that the total energy is local-minimized as a function of atomic 

positions is performed with the optimization of multi-dimensional functions that the one-

dimensional optimization at one direction is repeated with changing directions. In 

concrete, the search range projected linearly 𝑹𝑖
𝑆 decided by the atomic position of the ith 

atom 𝑹𝑖 and the direction 𝑺𝑖 as follows is used for the one-dimensional optimization. 
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𝑹𝑖
𝑆 = 𝑹𝑖 + 𝛼𝑺𝑖  (2.3-40) 

 

where 𝛼 is a linear parameter and the one-dimensional optimization is performed with 

the local-minimization depended on 𝛼 of 𝐸(𝑹𝑆) = 𝐸(𝛼) with changing the value of 𝛼. 

The multi-dimensional optimization is also performed with the repeat of this one-

dimensional optimization with the update of the direction 𝑺𝑖 . The gradient (steepest) 

descent method and the conjugate gradient (CG) method are often used to identify search 

directions 𝑺𝑖 [35]. In the gradient descent method, each atom moves along the atomic 

force direction: 𝑺𝑖 = 𝑭𝑖 . The gradient descent method has many calculations in the 

potential valley. While, in the conjugate gradient method, 𝑺𝑖 is decided by the reflection 

of the one-dimensional optimization history not to repeat the optimization to the direction 

that has been optimized already. Therefore, the number of iterative calculations decreases 

by the history reflection. A schematic diagram of the gradient descent method and the 

conjugate gradient method is shown in Figure 2.3-3. 

 

 

Figure 2.3-3. A schematic diagram of the gradient descent method (red arrows) and the 

conjugate gradient method (blue arrows) (black lines mean energy contour lines). The 

revision of [2] 

 

In this study, we use the quasi-Newton method as an optimization algorism. The 

quasi-Newton method is the effective optimization method that uses the gradient of 

iterative calculation history that is used in the conjugate gradient method. The quasi-

Newton method obeys the Newton method framework in the utilization of the gradient. 

The Newton method is calculated by the following formula. 

 

𝒓𝑚𝑖𝑛 = 𝒓0 − 𝑨
−1(𝒓0) ∙ 𝜵𝐸(𝒓0)  (2.3-41) 

 

where 𝒓𝑚𝑖𝑛 is the minimum position value that is expected, 𝒓0 is any starting point, 

𝑨(𝒓0) is the second order partial differential matrix of the energy that depends on starting 

points 𝒓0  called as Hessian matrix, and 𝜵𝐸(𝒓0)  is the potential energy gradient in 

starting points 𝒓0.  
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Normally, the minimum energy structure can not be identified by only one 

Newton step because a potential energy surface (PES) is not harmonic, so that Newton 

algorism is repeated to identify the minimum energy structure. The following formula is 

ith position formula obtained by the 𝑖 − 1th  position. This optimization efficiency 

increases as approaching convergence. 

 

𝒓𝑖 = 𝒓𝑖−1 − 𝑨
−1(𝒓𝑖−1) ∙ 𝜵𝐸(𝒓𝑖−1)  (2.3-42) 

 

In the quasi-Newton method, the optimization calculation is simplified by that 

Hessian matrix used in Newton method is calculated in an approximate expression. In 

this study, BFGS method as follows is utilized. 

 

𝑩𝑘+1 = 𝑩𝑘 + (1 +
𝛾𝑇𝑩𝑘𝛾

𝛾𝑇𝛾
)
𝛿𝛿𝑇

𝛿𝑇𝛾
−
𝛿𝛾𝑇𝑩𝑘+𝑩𝑘𝛾𝛿

𝑇

𝛿𝑇𝛾
  (2.3-43) 

 

where 𝑩 is an approximate Hessian matrix, 𝛿 is coordinate change and 𝛾 is gradient 

change. 

 

2.3.10 Transition State Search [1,2,36,37] 

 A transition state (TS) is the structure state at the saddle point that has the highest 

energy and exists in the range from the starting state to the final state. The transition state 

search is to identify what structure is the transition state. In this study, Linear synchronous 

transit (LST) / Quadratic synchronous transit (QST) method is utilized for transition state 

search [38-40]. 

LST method generates geometrically the reaction pass from the starting state to 

the final state if the starting and final states is given. In concreate, the calculation that uses 

the distance between atomic nucleuses given by the interpolation formula is performed. 

The interpolation formula is as follows. 

 

𝒓𝑎𝑏
𝑖 (𝑓) = (1 − 𝑓)𝒓𝑎𝑏

𝑅 + 𝑓𝒓𝑎𝑏
𝑃  (2.3-44) 

 

where 𝒓𝑎𝑏
𝑅   and 𝒓𝑎𝑏

𝑃   are the distance between atomic nucleuses of a and b atoms in 

reactants and products, respectively. 𝑓 is the correction parameter that has the value rage 

from 0 to 1. The number of distances between atomic nucleuses is expressed as N(N - 

1)/2, where N is the number of atoms. If the interpolation formula as mentioned above is 

used as it is, however, the structure is imposed on excessive conditions because the 
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number of distances between atomic nucleuses is normally larger than degrees of freedom 

in Cartesian coordinate 3N. T. A. Halgren and W. N. Lipscomb defined points of the LST 

pass that are the molecular structure whose distance between atomic nucleuses is close to 

the structure given by Cartesian coordinate correlation between reactants and products 

[38]. This structure is obtained by the minimization of the follow function S. 

 

𝑆(𝑓) =
1

2
∑
[𝒓𝑎𝑏 − 𝒓𝑎𝑏

𝑖 (𝑓)]
2

[𝒓𝑎𝑏
𝑖 (𝑓)]

4

𝑎≠𝑏

+ 10−6∑[𝒙𝑎 − 𝒙𝑎
𝑖 (𝑓)]

2

𝑎

 (2.3-45) 

 

where 𝒙𝑎
𝑖 (𝑓)  is interpolated Cartesian positions of atoms and 𝒙𝑎  is actual Cartesian 

positions. 𝑆(𝑓) is minimized when 𝑓 is 0 or 1 because 𝑆(𝑓) is always lager than 0, 

and those are reactant and product structures. The LST pass is generated by the calculation 

of the structure with some 𝑓  parameters. This interpolation can be performed purely 

geometrically and do not need the energy calculation. The maximum value of total energy 

is obtained as a function of 𝑓 parameter when the potential energy is calculated at given 

the point on the pass. This is the approximation of the LST maximum value at the 

transition state. In order to obtain the more accurate result, the LST maximum value can 

be improved by the minimization of the calculated transition state point.  

QST method defines the intermediate state in addition to starting and final states, 

and generates geometrically the reaction pass from the starting state to the final state. The 

minimization of the structure is performed after the update of the maximum value by QST 

method. When the obtained structure is different from the structure calculated by QST 

method, the minimized structure is re-calculated by QST method as an intermediate state. 

Finally, the structure at the transition state is decided after performing iterative 

calculations until structures in both cases have no difference. The intermediate state is 

required when QST method is used alone. However, the intermediate state obtained by 

LST method can be used in the calculation with QST method in LST/QST method, so 

that only starting and final states are required in LST/QST method. The calculation 

procedure in LST/QST method is shown in Figure 2.3-4. 
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Figure 2.3-4. A flowchart of the LST/QST method. [2,40] 

 

Moreover, there are Nudged Elastic Band (NEB) method and Climbing Image 

NEB (CI-NEB) method in transition state search methods [7,41]. In NEB method, starting 

and final states are divided linearly and the minimum energy pass is searched by the 

geometry optimization after connecting those images with virtual springs. In CI-NEB 

method, the converged image is obtained on saddle points by the geometry optimization 

as going up the gradient of the potential surface towards the image that has the highest 

energy on the minimum energy pass. 

 

2.3.11 Surface Structure Model [42] 

Normally, a slab model or a cluster model as shown in Figure 2.3-5 is used often 

in DFT calculations in order to calculate surface mechanisms. In a slab model, a crystal 

structure is cut to form one surface facet, a vacuum layer is inserted in one direction (z 

direction in Figure 2.3-5), and periodic boundary conditions are set in directions that a 

surface is formed (x and y directions in Figure 2.3-5). As a result, the slab model can treat 

the surface that assumes a sufficient expanse in x and y directions. If a vacuum layer is 

not assumed, only to calculate the three-dimensional crystal system calculation. Therefore, 

the insertion of the vacuum layer is essential to calculate surface structure in the slab 

model. The calculation in the slab model converges easily because the slab model uses 

mainly the plane-wave basis set, and it predicts physical parameters (work function, 

adsorption heat, energy etc.) with calculation accuracy that is approximately from 20 to 

30 kJ/mol although it depends on calculation systems [11]. Also, the slab model is used 

widely by the combination with DFT calculation software with the plane-wave basis set 

(VASP, PHASE, CASTEP etc.) because the number of considering metal atoms is small 

in the slab model. The calculation time in geometry optimization of one adsorption 
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structure in the model like the left side of Figure 2.3-5 (3 × 3, 3 layers, 10 Å vacuum 

layer) is approximately 4 ~ 8  hours with 8 core parallel calculations although it 

depends on the number of sample k-points. While, a cluster model assumes the surface 

structure as an atomic cluster as well as the gas phase calculation. In the cluster model, 

the calculation with approximately several dozens to hundreds metal atoms is required to 

approach the surface electron state. It is said that this calculation is suitable for assuming 

the local electron distribution change as chemical reactions although this calculation cost 

is large. In this study, the slab model is utilized as a surface structure model in DFT 

calculations. 

 

 

Figure 2.3-5. Schematic diagrams of the slab model (left side) and the cluster model 

(right side). The revision of the figure in [42] 
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2.4 Surface Science 

2.4.1 Crystal and Surface Structure [1-4] 

 The solid is classified as the insulator, semiconductor and metal in terms of 

electric conduction. The bonding style in atomic interaction that construct the solid style 

is classified as the ionic bond, covalent bond, metal bond, hydrogen bond and van der 

Waals bond. The property of electric conduction and the bonding style relate to the atomic 

arrangement strongly. For, example, the semiconductor is a hard substance, and has the 

direction of the bonding and the wide gap. While, the metal is a soft substance and has 

the dense structure. The former is the property of the covalent bond, the latter is the 

property of the metal bond. Silicon (Si), germanium (Ge), carbon (C) etc. are the 

semiconductor or insulator in the solid, but are the metal in the liquid. This is because the 

structure decides the bonding style and the physical property. In terms of structure 

symmetry, the solid is classified as the crystal that atoms are arranged periodically, the 

quasicrystal that there is long-range order (regularity) although there is no periodicity, 

and the amorphous that there is no long-range order. In the three-dimensional crystal, 

periodicity about the atomic arrangement is characterized by three independent primitive 

vectors 𝒂𝑖 (𝑖 = 1,2,3) and the total of translation vectors 𝒕𝑛 as follows that consist of 

the sum of the integer multiple primitive vectors is called a lattice. 

 

𝒕𝑛 = 𝑛1𝒂1 + 𝑛2𝒂2 + 𝑛3𝒂3, (𝒏 = (𝑛1, 𝑛2, 𝑛3): 𝑛𝑖 = 0,±1, ±2⋯ ) (2.4-1) 

 

Also, the parallelepiped that consists of three vectors 𝒂1 , 𝒂2  and 𝒂3  as follows is 

called a primitive cell. 

 

{𝑥1𝒂1 + 𝑥2𝒂2 + 𝑥3𝒂3|0 ≤ 𝑥𝑖 ≤ 1} (2.4-2) 

 

Some primitive cells are combined and the combination can be used a unit cell. The length 

of each side in the unit cell is called the lattice parameter. Wigner-Seitz cell can be also 

used as a unit cell. Wigner-Seitz cell is the region that is surround by the vertical bisector 

surface that is made by the connection with lines between one grid point and grid points 

around it. A unit cell can has more than two grid points and the three-dimensional lattice 

is classified as seven crystal systems (cubic, tetragonal, orthorhombic, hexagonal, trigonal 

[rhombohedral], monoclinic and triclinic). In each crystal systems, there are 4 lattice types 

(simple [primitive]: P, base-centered: C, face-centered: F, body-centered: B) and there is 

crystal systems of 14 types as shown in Table 2.4-1. These crystal systems of 14 types are 

called as Bravais lattices. A lot of the catalyst is the metal and most of the metal has the 
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closet packing structure because the metal does not have the direction of the bonding. The 

metal crystal can be a face-centered cubic (fcc), a hexagonal close-packing (hcp) and a 

body-centered cubic (bcc). Most of the metal crystal becomes the face-centered cubic 

structure. For example, nickel (Ni) used in this study has the face-centered cubic structure. 

 

Table 2.4-1. Catalog of the 14 Bravais lattices classified according to their lattice 

system. [5] 
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 Electron density etc. have to reflect periodicity of the crystal lattice. General 

physical quantity 𝑓(𝒓)  is a periodic function of the position 𝒓 , this is expressed as 

follows with translation vectors 𝒕𝑛.  

 

𝑓(𝒓) = 𝑓(𝒓 − 𝒕𝑛) (2.4-3) 

 

Hence, this function can be performed Fourier series expansion with the reflection of 

lattice periodicity as follows. 

 

𝑓(𝒓) =∑𝑓𝑲exp (𝑖𝑲 ∙ 𝒓)

𝑲

 (2.4-4) 

 

Here, if vector elements are described as 𝑲 = (𝐾𝑥, 𝐾𝑦, 𝐾𝑧) and 𝒂𝑗 = (𝑎𝑗
𝑥, 𝑎𝑗

𝑦
, 𝑎𝑗
𝑧), the 

condition is determined as follows. 

 

𝑲 ∙ 𝒕𝑛 =∑𝑛𝑗(𝐾𝑥𝑎𝑗
𝑥 + 𝐾𝑦𝑎𝑗

𝑦
+ 𝐾𝑧𝑎𝑗

𝑧) = 2𝜋 × integers

3

𝑗=1

 (2.4-5) 

 

This condition is re-written as follows. 

 

𝑲 ∙ 𝒂𝑗 = 2𝜋 × integers (2.4-6) 

 

𝑲 is defined as follows with new three independent primitive vectors 𝒃𝑖 (𝑖 = 1,2,3) to 

satisfy the above condition. 

 

𝑲𝑚 = 𝑚1𝒃1 +𝑚2𝒃2 +𝑚3𝒃3, (𝒎 = (𝑚1,𝑚2, 𝑚3): 𝑚𝑖 = 0,±1, ±2⋯ ) (2.4-7) 

 

𝒃𝑖 ∙ 𝒂𝑗 = 2𝜋𝛿𝑖𝑗 (2.4-8) 

 

At this time, 𝒃𝑖 is also defined as follows to meet the above condition. 

 

𝒃1 =
2𝜋

ΩC
(𝒂2 × 𝒂3), 𝒃2 =

2𝜋

ΩC
(𝒂3 × 𝒂1), 𝒃3 =

2𝜋

ΩC
(𝒂1 × 𝒂2) (2.4-9) 

 

ΩC = 𝒂1 ∙ (𝒂2 × 𝒂3) (2.4-10) 
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where, ΩC is the volume of a primitive cell. 𝑲𝑚 makes a lattice by (2.4-7) that is called 

as a reciprocal lattice, 𝑲𝑚 is called as a reciprocal lattice vector, and 𝒃𝑖 is called as a 

primitive reciprocal vector. Also, the volume of a primitive cell in a reciprocal lattice ΩC
′  

is expressed as follows. 

 

ΩC
′ = 𝒃1 ∙ (𝒃2 × 𝒃3) =

(2𝜋)3

ΩC
 (2.4-11) 

 

A unit cell that consists of b1, b2 and b3 is a parallel hexahedron, but a unit cell is not 

required to be this form. Normally, a unit cell is constructed to be the solid of the same 

volume with as high symmetry as possible. Therefore, a unit cell is the minimum region 

that is surround by the vertical bisector surface that is made by the connection with lines 

between one reciprocal grid point and reciprocal grid points around it as Wigner-Seitz 

cell. This region is called as Brillouin zone (in particular, the first Brillouin zone). Other 

Brillouin zones are called the second Brillouin zone, the third Brillouin zone etc. in order 

of the size. Independent primitive vectors 𝒂𝑖 (𝑖 = 1,2,3)  in Simple cubic lattice, fcc 

lattice and bcc lattice are shown in Figure 2.4-1, and Brillouin zones in Simple cubic 

lattice, fcc lattice, bcc lattice and Hexagonal lattice are also shown in Figure 2.4-2. In 

each case of Simple cubic lattice, fcc lattice, bcc lattice and Hexagonal lattice, primitive 

vectors 𝒂𝑖 (𝑖 = 1,2,3) and primitive reciprocal vectors 𝒃𝑖 (𝑖 = 1,2,3) are as follows. 

Reciprocal lattices in Simple cubic lattice, fcc lattice, bcc lattice are Simple cubic lattice, 

bcc lattice, fcc lattice, respectively. 

 

Simple cubic lattice 

{

𝒂1 = 𝑎(1,0,0)

𝒂2 = 𝑎(0,1,0)
𝒂3 = 𝑎(0,0,1)

,  

{
 
 

 
 𝒃1 =

2𝜋

𝑎
(1,0,0)

𝒃2 =
2𝜋

𝑎
(0,1,0)

𝒃3 =
2𝜋

𝑎
(0,0,1)

 (2.4-12) 

 

Face-centered cubic lattice 

{
 
 

 
 𝒂1 =

𝑎

2
(0,1,1)

𝒂2 =
𝑎

2
(1,0,1)

𝒂3 =
𝑎

2
(1,1,0)

,  

{
 
 

 
 𝒃1 =

2𝜋

𝑎
(−1,1,1)

𝒃2 =
2𝜋

𝑎
(1,−1,1)

𝒃3 =
2𝜋

𝑎
(1,1, −1)

 (2.4-13) 
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Body-centered cubic lattice 

{
 
 

 
 𝒂1 =

𝑎

2
(−1,1,1)

𝒂2 =
𝑎

2
(1,−1,1)

𝒂3 =
𝑎

2
(1,1,−1)

,  

{
 
 

 
 𝒃1 =

2𝜋

𝑎
(0,1,1)

𝒃2 =
2𝜋

𝑎
(1,0,1)

𝒃3 =
2𝜋

𝑎
(1,1,0)

 (2.4-14) 

 

Hexagonal lattice 

{
 
 

 
 𝒂1 = 𝑎(

1

2
,
√3

2
, 0)

𝒂2 = 𝑎(−
1

2
,
√3

2
, 0)

𝒂3 = 𝑐(0,0,1)

,  

{
  
 

  
 𝒃1 =

2𝜋

𝑎
(1,
√3

3
, 0)

𝒃2 =
2𝜋

𝑎
(−1,

√3

3
, 0)

𝒃3 =
2𝜋

𝑐
(0,0,1)

 (2.4-15) 

 

Here, a is a lattice parameter (or a lattice parameter in xy-plane in the case of Hexagonal 

lattice) and c is a lattice parameter in z-direction in the case of Hexagonal lattice as shown 

in Figure 2.4-1. 

 

 

Figure 2.4-1. Independent primitive vectors in (a) Simple cubic lattice, (b) fcc lattice, 

(c) bcc lattice and (d) Hexagonal lattice. The revision of the figure in [3,6] 
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Figure 2.4-2. Brillouin zones in (a) Simple cubic lattice (𝑋 = (2π/𝑎)(1/2,0,0);𝑀 =

(2π/𝑎)(1/2,1/2,0); 𝑅 = (2π/𝑎)(1/2,1/2,1/2)), (b) fcc lattice (Γ = 0; 𝑋 =

(2π/𝑎)(1,0,0); 𝐿 = (2π/𝑎)(1/2,1/2,1/2);𝑊 = (2π/𝑎)(1/2,1,0)), (c) bcc lattice 

(Γ = 0;𝑁 = (2π/𝑎)(1/2,1/2,0); 𝑃 = (2π/𝑎)(1/2,1/2,1/2);𝐻 = (2π/𝑎)(0,1,0)) and 

(d) Hexagonal lattice (Γ = 0;𝐾 = (2π/𝑎)(2/3,0,0); 𝑄 = (π/𝑎)(1,1/√3, 0); 𝐴 =

(π/𝑐)(0,0,1)). [6] 

 

The surface that is expressed by the cut along one surface of the crystal keeping 

the equilibrium atomic position is called the ideal surface. Also, atoms in the crystal that 

are not affected by the surface atoms are named as a bulk. In the present surface, each 

atom is moved to the new equilibrium position to minimize the total energy including 

surface atoms because the potential of surface atoms is difference from the potential of 

atoms in the crystal. To occur only the atomic displacement without the change of two-

dimensional transition periodicity and symmetry of the atomic arrangement in the crystal 

is called a surface relaxation. The typical surface relaxation is the change of the interval 

between atomic surfaces that are parallel to the surface. In the case of the metal, the higher 

the surface porosity that is the rate of gaps on the surface is (i.e. the smaller the surface 

density), the lager the change rate of the distance between layers. Also, the structure 

change that two-dimensional transition symmetry of the reconstructed surface is different 

from that of the ideal surface is called as the surface reconstruction. The surface formed 

by the surface reconstruction is normally a large two-dimensional lattice that is larger 

than the 1 × 1 structure of the ideal surface. In the micro surface structure, there are a 

step that is the step of the range from one to some atomic layers, a kink that is the bend 

point in the step, and a terrace that is the plane surface between steps. The reaction activity 

of the defect part as the step and kink sites is basically lager than that of the terrace site. 

Also there is the structure defect as a vacancy and an adatom in the terrace, and it leads 

the important effect to the physical and chemical processes on the surface. It is said that 

the catalytic reaction has more dependent on these defect parts. A schematic diagram of 

the micro surface structure is shown in Figure 2.4-3. 
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Figure 2.4-3. A schematic diagram of the micro surface structure. [7] 

 

Miller index is used normally to define some ideal surface. For example, the 

cubic crystal is described with three integers (𝑥, 𝑦, 𝑧)  and the hexagonal crystal is 

normally described with four integers (𝑤, 𝑥, 𝑦, 𝑧). Here, how to define the Miller index 

is shown as follows with the cubic lattice as an example. Firstly, the intersection of three 

direction vectors in the crystal and the surface is found. If the surface is parallel to a 

certain axis and do not have the intersection, the value is decided as infinity ∞. Then, 

obtained three values are taken the reciprocal. After that, these reciprocals are multiplied 

by the least common multiple (LCM) of denominators to get integers. Finally, obtained 

integers (ℎ, 𝑘, 𝑙) are Miller index. Schematic diagrams of the miller index description in 

cases of (111) and (211) facets are shown in Figure 2.4-4 as an example. 

 

 

Figure 2.4-4. Schematic diagrams of the miller index description in cases of (111) and 

(211) facets. 
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2.4.2 Electronic State on Surface [2] 

 In the structure that has many atoms lined up at some interval as the metal, the 

more the number of atoms in the line increases, the more narrow adjacent energy levels 

with the interval between the maximum and minimum energy levels spread. If the number 

of atoms is larger enough, the interval between energy levels seems continuous as shown 

in Figure 2.4-5 and it is called the energy band. As an index about the band structure, the 

wavenumber vector and the electron density of states (DOS) are used widely. The 

wavenumber vector k is the wavenumber (2𝜋 𝜆⁄ ) that is added the perpendicular direction 

to the wave front of plan waves. DOS is the number of states per unit energy that the 

number of states in the minute width of the energy 𝐸 ~ 𝐸 + d𝐸 is divided by d𝐸 as 

shown in Figure 2.4-6. The range of k in the minute width of the energy 𝐸 ~ 𝐸 + d𝐸 

i.e. the tilt of 𝐸(𝑘) to k gives how many the number of states is in some energy region. 

If the tilt of 𝐸(𝑘)  to k is small, the range of k in the minute width of the energy 

𝐸 ~ 𝐸 + d𝐸 is wide and DOS is large. On the contrary, DOS is small if the tilt of 𝐸(𝑘) 

to k is large. Also, if the interaction between adjacent molecules is small, electrons is 

localized to the molecule in the same situation as the molecule is isolated and DOS in the 

molecule position is large. While, if the interaction between adjacent molecules is large, 

the width of energy spreads and DOS is small, so that electrons are likely to be non-

localized by the share with adjacent molecules. DOS has also distribution spatially. The 

local DOS is called the local density of states (PDOS). The image observed by Scanning 

tunneling microscope (STM) is related to this PDOS. 

 

 

Figure 2.4-5. A schematic diagram of energy band formation in the atomic one-

dimensional arrangement structure. [2] 
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Figure 2.4-6. A schematic diagram of the electron density of states (DOS). The revision 

of the figure in [2] 

 

In the solid materials, actually, electrons (free electrons) do not move freely 

because of the electrostatic attraction from ion shells that have a positive charge and are 

in the crystal lattice (and the interaction between electrons). If this electrostatic attraction 

from ion shells is considered, the degenerated energy level splits and generates the energy 

gap 𝐸𝑔 . As a result, the both sides are separated by the energy gap in the range of 

−𝜋 𝑎⁄ < 𝑘 < 𝜋 𝑎⁄  and one band is generated in the range from energy ground state at 

𝑘 = 0 to the lower part of the energy gap (the first energy band) as shown in Figure 2.4-

7. This range of −𝜋 𝑎⁄ < 𝑘 < 𝜋 𝑎⁄   is called (the first) Brillouin zone. Also, the 

subsequent energy band is generated in the range from the top part of the energy gap to 

the lower part of the energy gap appeared next (the second energy band). As described, 

energy band split is generated if the periodic potential is considered in free electrons, and 

this energy gap is called a band gap. 
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Figure 2.4-7. A schematic diagram of band gap formation by periodic potential. The 

revision of the figure in [2] 

 

The answer of Schrödinger equation considered the periodic potential of positive 

ion shells is satisfied with Bloch theorem as follows. 

 

𝜓𝑘(𝒓) = 𝑢𝑘(𝒓)exp(𝑖𝒌 ∙ 𝒓) (2.4-16) 

 

The wave function is equivalent to the product of the periodic function 𝑢𝑘(𝒓) that is 

equal to the period of the positive ion shells and the phase factor exp(𝑖𝒌 ∙ 𝒓). The wave 

like this is called Bloch wave. The periodic function 𝑢𝑘(𝒓)  is satisfied with the 

following equation. 

 

𝑢𝑘(𝒓) = 𝑢𝑘(𝒓 + 𝑻) (2.4-17) 

 

Here, T is the period of the crystal.  

The solid material is classified as conductor, semi-conductor and insulation by 
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electrical conductivity. Electric conductivity depends on the amount of the carrier that can 

move freely in the material i.e. electrons and holes. The number of carriers related closely 

to the energy level of the material. In the crystal, there are the tolerance band that the 

existence of electros is allowed and the forbidden band that the existence of electros is 

not allowed as the band gap. The energy band satisfied with valence electrons that are 

outermost electros in crystal atoms is called a valence band. The energy band in the higher 

energy separated by the band gap is called a conduction band. In insulation, all valence 

band area are satisfied with electrons, but no electrons are in the conduction band. 

Electrons do not move in the valence band filled with electrons, so that electric conduction 

does not occur. In the metal as conductor, electrons exist up to halfway of the conductive 

band and electric conduction occurs because electrons in the conductive band are carriers. 

When the band gap between the valence band and the conduction band is narrow, 

electrons are excited from the valence band to the conduction band at high temperature, 

so that electric conductivity increases as increasing the temperature because electrons in 

the conductive band and holes in valence band can move. This material is (intrinsic) semi-

conductor and there are a pure Si crystal etc. for example. Moreover, electric conductivity 

increases highly if slight impurities are doped to intrinsic semi-conductor. For example, 

if slight group 15 element (donors) of approximately 1 ppm is doped to Si crystal that is 

group 14 element, the impurity band is formed near the lower part of the conductive band. 

Electrons in this impurity band is excited to the conductive band by heat and electric 

conduction is induced easily. This semi-conductor is called n-type semi-conductor. Also, 

if slight group 13 element (acceptors) is doped to Si crystal that is group 14 element, the 

vacant impurity band is formed near the top part of the valence band. Electrons in the 

valence band is excited thermally to this vacant impurity band and holes are formed in 

the valence band, so that these holes become carriers and electric conduction is induced. 

This semi-conductor is called p-type semi-conductor. Schematic diagrams of band 

structures in insulator, metal and semiconductor are shown in Figure 2.4-8. 
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Figure 2.4-8. Schematic diagrams of band structures in insulator, metal and 

semiconductor. The revision of the figure in [2] 

 

When the transition metal is sorted by the atomic number order and the cohesive 

energy that metal atoms are attracted each other is examined, there is a tendency to 

become a mountain-shape as shown in Figure 2.4-9. In the transition metal that the 

number of d-electrons is 1-5, the cohesive energy becomes large because electrons enter 

the bonding orbital. While, in the transition metal that the number of d-electrons is 6-10, 

the cohesive energy becomes small because electrons enter the antibonding orbital. 

However, this is not clear tendency because of the spin effect. 

 

 

Figure 2.4-9. The relation between d-orbital electronic possessions and cohesive energy. 

[2] 
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The band structure of the transition metal related to molecule adsorption and 

reactivity on the surface is considered. In the first transition metals (3d transition metals) 

that involve Ni metal used in this study (K~Zn), the d-band and sp-band that originate 

from the 3d-electron orbital and 4s, 4p-electron orbitals in metal atoms. 4s, 4p-orbitals 

spread spatially, and have the large overlap and the interaction between close atoms. 

Hence, the band that has the wide energy range is formed, but DOS becomes small 

correspondingly. While, 3d-electrons that are attracted strongly by the atomic nucleus has 

the small overlap between close atoms. Therefore, the band that has the narrow energy 

range is formed and high DOS is formed. Compared with the type of elements, elements 

in the right side of the periodic table have large central charges and the 3d-electron is 

localized compactly. And the width of the d-band becomes narrow because the overlap 

between the d-orbital in adjacent atoms becomes small. While, in elements in the down 

side of the periodic table, the width of the d-band is wide because the spread of d-orbital 

becomes large relatively. The energy band is filled with valence electrons from the place 

with low energy to Fermi level that is equivalent to the highest occupied molecular orbital 

(HOMO) in the case of the molecular orbital. The down half of the d-band is the bonding 

orbital and the top half of the d-band is the antibonding orbital. In 3d transition metals, 

the d-band is placed in the middle of energy region of the sp-band. Fermi level is in the 

middle of the d-band, so that Fermi level has large DOS. As elements go to the right side 

of the periodic table, Fermi level moves from the down side to the up side of the d-band 

region (① →② →③) as shown in Figure 2.4-10. However, the d-band of Cu is filled 

with electrons completely at much lower than normal Fermi level because electrons enter 

the sp-band, so that Fermi level is placed in the middle of the sp-band and DOS becomes 

small. Small DOS at Fermi level in Cu, Ag, Au etc. is related often to low reactivity on 

these metal surfaces. 
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Figure 2.4-10. A schematic diagram of the band structure of 3d transition metals. The 

revision of the figure in [2] 

 

In the surface, the number of adjacent atoms is small compared with the bulk, so 

that it is expected that the d-band width of the surface is narrower than that of the bulk. 

The band is spread to the high energy side and the low energy side by the interaction. If 

electrons do not migrate between the bulk and the surface, the width of the d-band is 

different, but the d-band center consists on each other. When the number of d-electrons is 

5, d-bands are filled with electrons up to the half of them in both the surface and the bulk 

and Fermi level consists on each other. However, when the number of d-electrons is 

smaller than 4, d-bands are filled with electrons up to ≤ 40% of them and Fermi level 

of the surface is higher than that of the bulk because of the difference of the band width 

in both cases. Conversely, when the number of d-electrons is larger than 6, Fermi level of 

the bulk is higher than that of the surface. In order to match Fermi level in both cases, 

electrons migrate from high Fermi level to low Fermi level as shown in Figure 2.4-11. 

Because the electron migration is considered under electrically neutral conditions, the 

side that emits electrons is positively charged and the side that accepts electrons is 

negatively charged, so that electrostatic potential occurs. If electrons that have negative 

charges are charged positively, the energy becomes low. While, if electrons are charged 

negatively, the energy becomes high. As a result, the total d-band shift up or down along 
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the energy axis, and Fermi level consists on each other and the electron migration is 

stopped. That means the difference of the d-band center 휀𝑑 between the surface and the 

bulk occurs. 

 

 

Figure 2.4-11. The change of d-band center with electron transference between surface 

and bulk in transition metals. The revision of the figure in [2] 

 

 The relation between adsorbed species and the metal surface is considered. 

Adsorption on the surface is formed by the interaction between the p-orbital of adsorbed 

species and the d-band of the metal surface. The bonding energy of molecules or atoms 

is changed by the position of the d-band center. That means the energy level of the 

bonding orbital is changed by the position change of the d-band center. PDOS of the d-

band of the transition metal is used often in the adsorption structure analysis. The d-band 

center 휀𝑑 is defined as follows. 

 

휀𝑑 =
∫ 𝐸𝜌(𝐸)𝑑𝐸
∞

−∞

∫ 𝜌(𝐸)𝑑𝐸
∞

−∞

 (2.4-18) 

 

Here, 𝜌(𝐸) is the density of state at the energy level E. The adsorbed atom and the metal 

atom form the hybrid orbital. The adsorption energy is decided by the total sum of the 

electron energy before and after adsorption. Hence, the change of distribution of electrons 

before and after adsorption is important. Also, when the d-band center approaches to 
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Fermi level, the number of the empty antibonding states increases and the bonding power 

increases [8,9]. The interaction between adsorbed species and d-electros is shown in 

Figure 2.4-12. 

 

 

Figure 2.4-12. The interaction between adsorbed species and d-electros (휀𝑎 is the 

energy level of adsorbed species, 휀𝑑 is the d-band center, V is the interaction matrix 

element between orbitals (hopping integral) and S is overlap integral). The revision of 

the figure in [2] 

 

Here, the electron state change in the case of oxygen adsorption on Rh (110) 

surface is shown in Figure 2.4-13, for example. The left figure shows the p-orbital of the 

oxygen atom, the right side figure shows the energy band structure near Fermi level of 

Rh (110) and the middle figure shows the hybrid orbital that the p-orbital of the oxygen 

atom and the surface energy band are mixed. The down part of this hybrid orbital is the 

bonding orbital, while the top part of this hybrid orbital is the antibonding orbital. In the 

hybrid orbital, electrons are filled up to Fermi level (0 eV) i.e. the number of electrons is 

calculated by integral calculus of DOS distribution areas below Fermi level. The peak 

appearing at −6 eV means that the stabilization of the adsorption oxygen state because 

the peak of the hybrid orbital appears below the peak of the oxygen atom at −4 eV. 

Therefore, the bonding power is large and the adsorption state is stable when the peak of 

adsorbed oxygen species appears at the down region. Similarly, the d-orbital before 

adsorption and the hybrid orbital after adsorption of oxygen adsorption on Ni, Pd, Pt, Cu, 

Ag and Au (110) surface are shown in Figure 2.4-14. In Ag, Au and Cu, the antibonding 

peak appears at the range from −1  to −2  eV that is placed above the peak of the 

oxygen atom (−4 eV). In these cases, the oxygen adsorption state is not stable because 
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electrons enter the antibonding orbital, so that the adsorption energy of oxygen on Ag, Au 

and Cu surface is small. While, in the case of Ni, Pd and Pt, the bonding peak appears at 

the range from −5 to −7 eV and the unstable antibonding peak near Fermi level is 

small. In these cases, the adsorption energy of oxygen is large because many electrons 

enter the stable energy level. As mentioned above, the adsorption energy is explained by 

the band structure near Fermi level and the hybrid orbital formed by adsorbed species. 

 

 

Figure 2.4-13. The DOS change in oxygen adsorption on Rh (110). [2] 
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Figure 2.4-14. d-orbital (pale colors) and hybrid orbital (deep colors) before and after 

oxygen adsorption on Ni, Cu, Pd, Ag, Pt and Au, respectively. [2] 

 

 Electrons in the solid material are restrained inside the solid. The required 

minimum energy to take out these electrons to the vacuum level through the surface is 

called the work function. When the electron is under the state that the electron is isolated 

in vacuum and the kinetic energy is zero i.e. no power works to the electron from 

anywhere, it is called that there is the electron in the vacuum level. Also, the work function 

[10-12] is equivalent to ionization potential in terms of the molecule that the required 

energy to take out the electron from HOMO to the vacuum level. Electrons in Fermi level 

have the lowest binding energy. The work function is obtained by the difference between 

the energy of the electron that is still at infinity and Fermi level as follows. 
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𝜙 = 𝐸𝑣𝑎𝑐(∞) − 𝐸𝐹 (2.4-19) 

 

where 𝜙  is the work function, 𝐸𝑣𝑎𝑐(∞)  is the energy of the electron that is still at 

infinity and 𝐸𝐹 is Fermi level. In the photoelectric effect that the electron is taken out 

the outside of the metal when the metal is irradiated light, the photon energy is required 

to exceed the threshold to take out the electron outside of the metal and this threshold is 

the work function. Also, potential of the metal inside is lower 𝛥𝜙 + 𝜙𝐵 than the vacuum 

level. Here, 𝛥𝜙 is potential of the electric double layer (a collection of electric dipoles) 

on the surface (the surface term) and 𝜙𝐵 is the difference between exchange-correlation 

potential 𝑉𝑥𝑐(𝜌+) of the electron and the kinetic energy of the electron at Fermi level 

(the bulk term). Schematic diagrams of the potential change near surface and the work 

function is shown in Figure 2.4-15. 

 

 
Figure 2.4-15. Schematic diagrams of the potential change near surface and the work 

function. The revision of the figure in [2] 

 

2.4.3 Magnetism of Substances [4,13] 

 Magnetism of substances is occurred by the existence of magnetic moments that 

are produced by electron rotation and electron orbital revolution. Hence, free atoms 

except inactivity elements as noble gases have small magnetic moments. In inner-shell 

electrons that have a closed-shell structure, the sum of angular momentum is zero because 

there are electrons that has the opposite sign angular momentum in all electrons. As a 

result, magnetic moments that exist without external magnetic fields are zero. In 

substances with covalent bond or ionic bond, outermost-shell electrons also have a 

closed-shell structure, so that magnetic moments are not showed. Meanwhile, 3d-

electrons and 4f-electrons is set outermost-shell electrons on orbitals that are outside of 

them before their all level positions are satisfied with electrons. Therefore, in the solid 

that consists of these atoms, outermost-shell electrons relate to the bonding and angular 

momentum not offset is left in inner-shell electrons. Accordingly, magnetic moments is 



94 

 

showed.  

Magnetic bodies are classified into diamagnetism, paramagnetism, 

ferromagnetism, antiferromagnetism, ferrimagnetism, and superparamagnetism by the 

arrangement of induced magnetic moments that are induced to cancel external magnetic 

fields and permanent magnetic moments that atoms have originally as shown in Figure 

2.4-16. When external magnetic fields are impressed on substances, orbital electrons 

produce electric current that prevents magnetic fields from changing according to the law 

of electromagnetism. That means induced magnetic moments are produced that has the 

opposite direction to external electric fields. This is called diamagnetism and all atoms 

have this property. In the case of the substances that do not have magnetic moments, only 

diamagnetism is left and these substances have negative magnetic susceptibility as shown 

in Figure 2.4-16 (a). Magnetic susceptibility in diamagnetism is approximately 10-6 and 

do not have almost temperature dependence because it depends on atomic thermodynamic 

movements. When external magnetic fields are impressed on the substance that has atoms 

with magnetic moments and has small interaction between magnetic moments, all 

magnetic moment directions that has disorderly distribution without external electric 

fields as shown in Figure 2.4-16 (b) are aligned with the external magnetic field direction. 

This is called paramagnetism and the degree of aligning directions is decided by the 

balance of thermodynamic movements and expressed by Curie law as follows. 

 

𝜒 =
𝐶

𝑇
 (2.4-20) 

 

where 𝜒 is magnetic susceptibility, C is Curie constant and T is absolute temperature. 

This equation expresses that magnetic moments become disorderly distribution as 

increasing temperature. Magnetic susceptibility in paramagnetism is approximately 

10−3~10−5. When the interaction between atomic magnetic moments is strong, all those 

directions are aligned with same directions without the impression of external magnetic 

fields as shown in Figure 2.4-16 (c). This is called as spontaneous magnetization and the 

magnetism of substances that has large magnetic moments like this is called as 

ferromagnetism. Magnetic moment directions of ferromagnetic substances are not aligned 

and those have disorderly distribution at a certain temperature (Curie temperature), so 

that those substances show paramagnetism. Above Curie temperature, magnetic 

susceptibility is described by Curie-Weiss law as follows. 
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𝜒 =
𝐶

𝑇 − 𝜃𝑝
 (2.4-21) 

 

where 𝜒 is magnetic susceptibility, C is Curie constant, T is absolute temperature and 

𝜃𝑝 is paramagnetism Curie temperature in each species. For example, substances that 

show ferromagnetism at room temperature are Fe (𝜃𝑝 = 1043 K), Co (𝜃𝑝 = 1388 K), 

Ni (𝜃𝑝 = 627 K , used as catalyst in this study), Gd (𝜃𝑝 = 292 K ) etc. The relation 

between magnetization and magnetic fields when magnetic fields are impressed on 

ferromagnetic substances that are chilled rapidly after losing magnetization once is shown 

in Figure 2.4-17. Ferromagnetic substances being chilled rapidly have spontaneous 

magnetization in magnetic domains, but spontaneous magnetization is canceled as a 

whole because magnetization in each magnetic domain have disorderly directions. When 

external magnetic fields are impressed, magnetization increases but it saturated towards 

large magnetic fields. This is because that all magnetic domains in the ferromagnetic 

substance are aligned with same directions, so that no further magnetization occurs. Then, 

magnetization is left even if external magnetic fields decrease and become zero. This is 

called remanent (redual) magnetization. After that, when external magnetic fields that 

have the opposite direction are impressed, spontaneous magnetization becomes zero at a 

certain magnetic field. This is called as coercivity. Furthermore, magnetic domains are 

alighted with the opposite direction when external magnetic fields that have the opposite 

direction are impressed more. As a result, the magnetization curve draws the magnetic 

hysteresis loop as shown in Figure 2.4-17. When atoms have magnetic moments but 

magnetic moments being next to each other are antiparallel, they are offset and only small 

magnetization is showed as shown in Figure 2.4-16 (d). This is called as 

antiferromagnetism and magnetic susceptibility is approximately 10−3~10−5  in the 

magnetic field direction. As shown in Figure 2.4-16 (e), when substances have two types 

of magnetic moments that are different magnitude each other and they are antiparallel, 

large magnetization is shown on balance. This is called as ferrimagnetism and materials 

called as ferrite are used widely. Normally, ferrite has M2O4 composition (M is divalent 

metal ion such as Mn, Fe, Co, Ni, Cu etc.). Ferrite shows high magnetic susceptibility 

that is equivalent to ferromagnetic substances although it has high electrical resistance 

because it is an oxide. If conduction electrons are exist, eddy current is produced towards 

high frequency and energy loss is caused. However, ferrite has small energy loss by eddy 

current, so that it is effective for high frequency materials. If the surface of ferromagnetic 

substance particles is modified with hydrophilic polymer etc., they can be dispersed and 

kept in solution. When the particle size is nanoscale (for example, less than 10 nm), the 
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magnetization direction is aligned with external magnetic fields. However, those particle 

directions are not aligned by heat disturbance and do not show ferromagnetism as shown 

in Figure 2.4-16 (f). This magnetism is called as superparamagnetism. Also, in 

ferromagnetism and ferrimagnetism, there are soft magnetism and hard magnetism as 

shown in Figure 2.4-18. Soft magnetism has high magnetic permeability but has small 

coercivity (in other words, small hysteresis), which is used widely as high frequency 

device materials. While, hard magnetism has large coercivity, which is used widely as 

permanent magnet materials. 

 

 

Figure 2.4-16. Schematic diagrams of magnetization in a magnetic body. The revision 

of the figure in [13] 
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Figure 2.4-17. A schematic diagram of the magnetic hysteresis loop (B-H curves). The 

revision of the figure in [13] 

 

 

Figure 2.4-18. Schematic diagrams of soft magnetism and hard magnetism. The revision 

of the figure in [13] 

 

2.4.4 Electric Polarization [14,15] 

 When an electric neutrality atom is in external electric fields, the atomic nucleus 

and electrons in the atom are affected by external electric fields i.e. the atomic nucleus is 

worked electric field force and moves to the opposite direction of the electric field, and 

electrons are worked electric field force and move to the same direction of the electric 

field. When the magnitude of electric fields is very large, electrons are forced to separate 

from the atom and the atom is ionized. Also, when the magnitude of electric fields is not 

very large, the center of electric cloud is displaced from the center of the atomic nucleus 

as shown in Figure 2.4-19. The magnitude of this displacement is decided by the balance 
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between the interaction between electrons and atomic nucleus and the force formed by 

electric fields. As a result, electron distribution bias is produced and the atom has electric 

dipole moment that has the same direction of electric fields. This is called as atomic 

(induced) polarization. When the magnitude of electric fields is small, the induced electric 

dipole moment is proportional to electric fields as follows. 

 

𝒑 = 𝛼𝑬 (2.4-22) 

 

where 𝒑  is the electric dipole moment induced by atomic polarization, 𝛼  is atomic 

polarizability, and 𝑬 is external electric fields. When molecules such as polar molecules 

have electron distribution bias (for example, for asymmetric molecule shapes, surface 

adsorption etc.), those molecules have an electric dipole moment originally even without 

external electric fields. The electric dipole moment 𝝁  (formed originally) is directed 

from –q towards +q along the line joining the charges as shown in Figure 2.4-20. The 

magnitude of 𝝁 is as follows. 

 

𝜇 = 𝑞𝑙 (2.4-23) 

 

where 𝜇 is the magnitude of the dipole moment 𝝁, 𝑞 is a charge amount, and 𝑙 is the 

distance between electric dipoles. Also, the energy of electric dipoles with electric fields 

is described as follows. 

 

𝑈 = −𝝁 ∙ 𝑬 (2.4-24) 

 

where 𝑈  is the energy of dipole moments. This equation means that electric dipole 

energy is stable (i.e. 𝑈 has negative values) when the electric dipole moment has the 

same direction of external electric fields, while electric dipole energy is unstable (i.e. 𝑈 

has positive values) when the electric dipole moment has the opposite direction of 

external electric fields. 
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Figure 2.4-19. Schematic diagrams of atomic polarization ((a): without external electric 

fields, (b): with external electric fields).  

 

 

Figure 2.4-20. A schematic diagrams of electric dipole moment. The revision of the 

figure in [15] 

 

2.4.5 Adsorption and Desorption Processes [1,7] 

 When a solid surface touches a gas phase molecule, the molecule collides with 

the surface and the molecule is captured by the attractive interaction between the molecule 

and the surface atom. This process is called adsorption. While, the process that an 

adsorbed molecule takes away from a surface is called desorption. The adsorption process 

is normally an exothermic reaction and that’s adsorption enthalpy 𝛥𝑎𝑑𝑠𝐻 has negative 

values. In the adsorption process, there are chemisorption and physisorption processes. 

Chemisorption is the adsorption process by the chemical bond between the adsorbed 

molecule and the surface atom. Physisorption is the adsorption process by the van der 

Waals force between the surface and the molecule. The bonding power in chemisorption 

is larger than that in physisorption and the adsorption enthalpy value in chemisorption is 

large in the negative direction. Here, the adsorption equilibrium of the gas phase atom A 

towards the surface as follows is considered and it is assumed that one adsorption site has 
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only single adsorbed species (monolayer adsorption). 

 

A(gas) + S(surf) ↔ A(ads) (2.4-25) 

 

where A(gas) is atom A in gas phase, S(surf) is the adsorption site on the surface and 

A(ads) is the site that atom A adsorbs on. The ratio that adsorption sites are occupied by 

gas phase species is called the fractional coverage and it is expressed as follows by 

Langmuir adsorption isotherm.  

 

𝜃𝐴 =
𝐾𝐴𝑝𝐴

1 + 𝐾𝐴𝑝𝐴
 (2.4-26) 

 

where 𝜃 is the fractional coverage of atom A, 𝐾𝐴 is the adsorption equilibrium constant, 

and 𝑝𝐴  is the partial pressure of atom A. the fractional coverage converges to 1 as 

increasing the partial pressure of the adsorbed species. However, the interaction between 

adsorbed species varies the adsorption enthalpy (the adsorption equilibrium constant) if 

the fractional coverage becomes lager, so that Langmuir adsorption isotherm becomes 

more complex style in reality.  

Also, the adsorption rate and the desorption rate are described as follows because the 

adsorption rate is proportional to the pressure and vacant sites and he desorption rate is 

proportional to the number of adsorbed species. 

 

𝑣𝑎 = 𝑘𝑎(1 − 𝜃)𝜎0𝑝𝐴 (2.4-27) 

 

𝑣𝑑 = 𝑘𝑑𝜃𝜎0 (2.4-28) 

 

where 𝑣𝑎 and 𝑣𝑑 are the adsorption and desorption rates, respectively. 𝑘𝑎 and 𝑘𝑑 are 

the adsorption and desorption rate constants, respectively (𝑘𝑎/𝑘𝑑 = 𝐾𝑎𝑑𝑠: the adsorption 

equilibrium constant). 𝜎0  is the total number of adsorption sites, and (1 − 𝜃)𝜎0  and 

𝜃𝜎0 represent vacant sites and occupied sites , respectively. 

In addition, the adsorbed molecule diffuses on the surface. That is the important 

process for adsorbed species to encounter on the surface and react each other. When the 

adsorbed species diffuses on the surface, the adsorbed species moves through the valley 

between mountains of the potential energy surface without leaving completely from the 

surface. The activation energy in diffusion is approximately from one-fifth to one-tenth 

times as much as the bonding energy and it depends on the fractional coverage, surface 
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facets and surface defects. The diffusion coefficient of the molecule that has the fractional 

coverage value 𝜃 is described by the Arrhenius equation as follows. 

 

𝐷(𝜃, 𝑇) = 𝐷0𝑒𝑥𝑝 (−
𝐸𝑎(𝜃)

𝑅𝑇
) (2.4-29) 

 

where 𝐷(𝜃, 𝑇) is the diffusion coefficient, 𝐷0 is the diffusion mobility and 𝐸𝑎(𝜃) is 

The activation energy in diffusion. The mean distance 〈𝑥〉  that the adsorbed species 

diffuses in time t is defined as follows. 

 

〈𝑥〉 = (𝐷𝑡)1 2⁄  (2.4-30) 

 

If the mean distance of the adsorbed species is measured at some temperature, 𝐷0 and 

𝐸𝑎(𝜃) can be obtained by the Arrhenius plot. 

 

2.4.6 Reaction Kinetics on Surface Reactions [1,7] 

 A molecule does not perform the unimolecular decomposition reaction in the gas 

phase, but the unimolecular decomposition reaction occurs when the molecule adsorbs 

on the surface. The surface plays a role as a catalyst in this decomposition reaction. Here, 

the isomerization that molecule B is generated by the unimolecular reaction of molecule 

A and molecule B desorbs immediately to gas phase as follows is considered. 

 

A(gas) + S(surf) ↔ A(ads) → B(gas) + S(surf) (2.4-31) 

 

In this unimolecular decomposition reaction, the reaction rate is described as follows with 

Langmuir adsorption isotherm and [A(ads)] = 𝜃𝐴𝜎0. 

 

d[B]

d𝑡
= 𝑘[A(ads)] = 𝑘

𝜎0𝐾𝐴𝑝𝐴
1 + 𝐾𝐴𝑝𝐴

 (2.4-32) 

 

In the bimolecular reaction, the reaction mechanism as follows is considered. 

Reactant A and B adsorb on the surface, each adsorbed species diffuses on the surface and 

meets each other, so that bimolecular reaction occurs. This bimolecular reaction 

mechanism is called Langmuir-Hinshelwood mechanism and it is used often in the 

catalytic reaction analysis. 
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A(gas) + S(surf) ↔ A(ads) (2.4-33) 

 

B(gas) + S(surf) ↔ B(ads) (2.4-34) 

 

A(ads) + B(ads) → AB(ads) (2.4-35) 

 

If the reaction of (2.4-35) is the rate determining step (RDS), the reaction rate is expressed 

as follows in Langmuir-Hinshelwood mechanism. 

 

𝑣 = 𝑘𝜎0
2𝜃𝐴𝜃𝐵 =

𝑘𝜎0
2𝐾𝐴𝐾𝐵𝑝𝐴𝑝𝐵

(1 + 𝐾𝐴𝑝𝐴 + 𝐾𝐵𝑝𝐵)2
 (2.4-36) 

 

Here, 𝜃𝐴 and 𝜃𝐵 is written by Langmuir adsorption isotherm as follows. 

 

𝜃𝐴  =
𝐾𝐴𝑝𝐴

1 + 𝐾𝐴𝑝𝐴 + 𝐾𝐵𝑝𝐵
 (2.4-37) 

 

𝜃𝐵 =
𝐾𝐵𝑝𝐵

1 + 𝐾𝐴𝑝𝐴 +𝐾𝐵𝑝𝐵
 (2.4-38) 

 

The derivation of these theorems is the same as the reaction kinetics in the gas phase, but 

the number of vacant sites depends on fractional coverages of all adsorbed species on the 

surface reaction because the total number of adsorption sites is limited. In Langmuir-

Hinshelwood mechanism shows the temperature dependence that the reaction rate 

becomes the local-maximum at a certain temperature. Meanwhile, there is also Eley-

Rideal mechanism in the bimolecular reaction mechanism that the gas phase species B 

collides directly with the adsorbed molecule A on the surface and reacts each other. 

However, the real example of catalytic reactions in Eley-Rideal mechanism is few. The 

reaction rate is expressed as follows in Eley-Rideal mechanism. 

 

𝑣 = 𝑘𝜎0𝜃𝐴𝑝𝐵 =
𝑘𝜎0𝐾𝐴𝑝𝐴𝑝𝐵

1 + 𝐾𝐴𝑝𝐴 +𝐾𝐵𝑝𝐵
 (2.4-39) 

 

Here, it is assumed that molecule B does not affect directly to the reaction although 

molecule B also adsorbs on the surface. Schematic diagrams of Langmuir-Hinshelwood 

and Eley-Rideal mechanisms are shown in Figure 2.4-21. 
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Figure 2.4-21. Schematic diagrams of (a) Langmuir-Hinshelwood mechanism and (b) 

Eley-Rideal mechanism. [7] 

 

2.4.7 Catalyst [1,2,16] 

 A catalyst is the material that changes the reaction rate without the appearance 

as a final product in the reaction. An enzyme etc. also are a catalyst besides the metal 

catalyst. A solvent and heat change the reaction rate with the change of the reaction 

equilibrium, but a catalyst changes only the reaction rate without the change of the 

reaction equilibrium. This chemical action is called as catalysis. Nowadays, the catalysis 

reaction makes the basis of the synthetic chemical industry. For example, there are the 

ammonia synthesis by Harber-Bosch method, the catalytic cracking, hydrogenation, 

dehydrogenation and aromatization of hydrocarbons, fuel cells, electrolysis cells, a 

photocatalyst and more. To evaluate the catalytic performance, the turnover number 

(TON) and the turnover frequency (TOF) are used often. TON means the number of 

molecules or molecular moles that the catalyst or catalytic site per a mole can convert 

before the inactivation of the catalyst, and expresses the catalytic stability (lifespan). 

While, TOF (for example, [molecule ∙ cm−2 ∙ s−1 ]) means the maximum number of 

molecules on one catalytic site that catalyst can convert as a product per time and the 

surface area (or the catalytic site), and expresses the maximum catalytic efficiency. 
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Chapter 3 Detailed Kinetic Simulation of CO2 Methanation 

3.1 Introduction 

 In this chapter, detailed kinetic simulations of CO2 methanation in order to obtain 

the detailed CO2 methanation mechanism information required for the study of NEMCA 

mechanism have been described. In concreate, firstly, Continuous-stirred tank reactors 

(CSTR) model used in detailed kinetic simulations in this study has been reported and 

kinetic simulation conditions have been shown. Then, Sensitivity analysis results of 

elementary steps in CO2 methanation on Ni (211) (111) and (100) at the temperature range 

from 400 to 700 °C have been shared with and rate determining steps (RDSs) on each Ni 

facet in each temperature condition have been discussed. After that, flow analysis results 

of CO2 methanation on Ni (211) at the temperature range from 400 to 700 °C that has the 

biggest sensitivity of elementary steps in CO2 methanation to gas generation rates have 

been reported and detailed reaction path mechanisms in CO2 methanation at each 

temperature condition have been shown. Finally, I have made a brief summary in this 

chapter. 
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3.2 Numerical Details 

3.2.1 Continuous-Stirred Tank Reactors Model 

When the promotion or restraint effect of overall CO2 methanation is calculated, 

we use a single continuous-stirred tank reactors (CSTR) model as shown in Figure 3.2-1 

that is set the number of reactors 𝑁 = 1  in a multi continuous-stirred tank reactors 

(Multi-CSTR) model with ODE15s solver in MATLAB for our detailed kinetic 

simulation. Note that this model assumed that the gas composition is mixed perfectly in 

the reactor and that the surface diffusion is ignored [1-6]. ODE15s is a variable order 

solver based on the numerical differentiation formulas to solve a differential-algebraic 

problem [7,8]. 

 

 

Figure 3.2-1. A schematic diagram of the CSTR model. 

 

The equation of mass conversions that can solve time-derivative molar number 

of the ith species ni is as follows: 

 

𝑑𝑛𝑖
𝑑𝑡
=  𝐴𝑠 ∑ 𝑣𝑗,𝑖

𝑁𝑟𝑥𝑛

𝑗=1

[𝑘𝑗∏𝐶𝑖
−𝑣𝑗,𝑖 − 𝑘−𝑗∏𝐶𝑖

𝑣𝑗,𝑖

𝑆𝑃

𝑖−1

𝑆𝑅

𝑖=1

] + 𝛾𝑖 (𝐹𝑖,𝑖𝑛 −
𝑉𝐶𝑖
𝑡𝑟𝑒𝑠
) (3.2-1) 

 

where 𝐴𝑠  is a catalyst surface area, 𝑁𝑟𝑥𝑛  is the reaction number, 𝑣𝑗,𝑖  is a 

stoichiometric ratio of the ith species in the jth reaction, 𝑘𝑗  and 𝑘−𝑗  are forward and 

reverse rate constants in the jth reaction, 𝑆𝑅  and 𝑆𝑃  are numbers of reactants and 

products in each reaction, 𝐶𝑖  is the ith species concentration, 𝐹𝑖,𝑖𝑛  is the inlet flow 

amount of the ith species, 𝑉 is the reactor volume and 𝑡𝑟𝑒𝑠 is a residence time. Note that 

if gas and surface species are considered, a switching parameter 𝛾𝑖  is 1 and 0, 

respectively. 𝐹𝑖,𝑖𝑛 is defined as follows: 
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𝐹𝑖,𝑖𝑛 = (
𝑃𝑉

𝑅𝑇
) (
𝑦𝑖,𝑖𝑛
𝑡𝑟𝑒𝑠

) (3.2-2) 

 

where 𝑃 and 𝑇 are the pressure and temperature in the reactor, and 𝑦𝑖,𝑖𝑛 is the mole 

fraction of species i in the feed. Also, 𝑘𝑗 is defined by the Arrhenius equation as follows: 

 

𝑘𝑗 = 𝐴𝑗𝑇
𝛽𝑗𝑒𝑥𝑝 (−

𝐸𝑎,𝑗

𝑅𝑇
) (3.2-3) 

 

where 𝐴𝑗 is the frequency factor ( the pre-exponential factor) in the jth reaction, 𝛽𝑗 is 

the temperature exponent in the jth reaction, R is the ideal-gas constant: 8.3145 (J/mol∙K) 

and 𝐸𝑎,𝑗  is the activation energy in the jth reaction. In our simulation, 𝛽𝑗  in the 

molecular adsorption is -0.5 for barrier-less and 𝛽𝑗 in the dissociation adsorption and the 

surface reaction are 0. Reverse rate constants are calculated from their corresponding 

forward rate constants using equilibrium constants as follows: 

 

𝑘−𝑗 = 𝑘𝑗𝑒𝑥𝑝 (
𝛥𝐺𝑗

𝑅𝑇
) (3.2-4) 

 

where 𝛥𝐺𝑗 is the Gibbs free energy in the jth reaction and is written as follows: 

 

𝛥𝐺𝑗 =  𝛥𝐻𝑗 − 𝑇𝛥𝑆𝑗 (3.2-5) 

 

where 𝛥𝐻𝑗 is the reaction enthalpy in the jth reaction and 𝛥𝑆𝑗 is the reaction entropy in 

the jth reaction.  

In this study, the re-written forward rate coefficient formula used the application 

of transition state theory (TST) is utilized in the molecular adsorption, the dissociative 

adsorption and the surface reaction because surface reaction mechanism is considered 

[1,2]. Re-written forward rate coefficient formulas with TST application in the molecular 

adsorption, the dissociative adsorption and the surface reaction are explained follows. The 

forward rate constants of the molecular adsorption, the dissociative adsorption and the 

surface reaction are expressed as follows. 

 

𝑘𝑗 = (
𝑘𝐵𝑇

ℎ
)(

𝑄𝑇𝑆

𝑄𝑔𝑎𝑠𝑄𝑠𝑙𝑎𝑏
)(
𝑅𝑇

𝑃0
) (𝐶𝑇)exp (−

𝐸𝑏
𝑘𝐵𝑇

) (3.2-6) 
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𝑘𝑗 = (
𝑘𝐵𝑇

ℎ
)(
𝑄𝑇𝑆𝑄𝑠𝑙𝑎𝑏

′

𝑄𝑔𝑎𝑠𝑄𝑠𝑙𝑎𝑏
2 ) (

𝑅𝑇

𝑃0
) (𝑁𝑠𝑖𝑡𝑒𝑠

0 𝐶𝑇)exp (−
𝐸𝑏
𝑘𝐵𝑇

) (3.2-7) 

 

𝑘𝑗 = (
𝑘𝐵𝑇

ℎ
) [
𝑄𝑇𝑆(𝑄𝑠𝑙𝑎𝑏

′ )𝑅𝑡𝑜𝑡−1

∏ 𝑄𝑟
𝑅𝑡𝑜𝑡
𝑟=1

] (
𝑁𝑠𝑖𝑡𝑒𝑠
0 𝑅𝑡𝑜𝑡−1

𝐶𝑇
𝑅𝑎𝑑𝑠−1

)exp (−
𝐸𝑏
𝑘𝐵𝑇

) (3.2-8) 

 

(3.2-6), (3.2-7) and (3.2-8) are in the case of a molecular adsorption, a dissociative 

adsorption and a surface reaction, respectively. Here, 𝑄𝑇𝑆 , 𝑄𝑔𝑎𝑠 , 𝑄𝑠𝑙𝑎𝑏  and 𝑄𝑟  are 

partition functions of the transition state, the gas phase species, a 2 × 2 unit cell with no 

adsorbate and products, respectively. 𝐶𝑇 is the total concentration of binding sites on the 

catalyst surface [mol/m2], and the value is 3.095 × 10−5 mol/m2
 for Ni (111) (assuming 

for binding sites per 2 × 2 unit cell using the experimental lattice parameter). 𝑃0 is the 

standard pressure, 𝐸𝑏 is the classical electronic energy barrier of adsorption and 𝑁𝑠𝑖𝑡𝑒𝑠
0  

is the standard-state number of binding sites per adsorbate. Also, 𝑅𝑡𝑜𝑡 is the total number 

of reactants taking part in the reaction (including vacant sites) and 𝑅𝑎𝑑𝑠  is the total 

number of adsorbate reactants (not including vacant sites). Note that 2 × 4 unit cell is 

required to obtain the proper partition function of transition state 𝑄2×4
𝑇𝑆  for dissociative 

adsorption transition state. For this requirement, we approximate this transition state as 

the product of the partition functions for the transition state on a 2 × 2 unit cell and a 

2 × 2 unit cell with no adsorbate as follows. 

 

𝑄2×4
𝑇𝑆 ≈ 𝑄𝑇𝑆𝑄𝑠𝑙𝑎𝑏

′  (3.2-9) 

 

where 𝑄𝑠𝑙𝑎𝑏
′   does not contain a standard-state correction because it has already been 

account for in 𝑄𝑇𝑆. This approximation is also used in the case of the surface reaction. 

Partition functions in each forward rate constant formula are given by the vibration 

analysis after the decision of reactant and transition state structures with quantum 

chemical calculations. In an adsorption and a surface reaction, their transition states are 

generated on one slab site. After that, a molecule adsorption requires one slab site, while 

a dissociative adsorption and a surface reaction require some slab sites. From this 

difference, the product style of the transition state is different depending on the reaction 

style.  

The reverse rate constants for adsorption and surface reaction are calculated as 

follows from the corresponding forward rate constants using the equilibrium relationship 

to maintain thermodynamic consistency. 
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𝑘−𝑗 = 𝑘𝑗exp (
𝛥𝐺𝑗

0

𝑅𝑇
) (
𝑅𝑇

𝑃0
)
∑𝜈𝑖−𝑔𝑎𝑠,𝑗

(
𝑁𝑠𝑖𝑡𝑒𝑠
0 ∑𝜈𝑖−𝑠𝑢𝑟𝑓,𝑗

𝐶𝑇
∑𝜈𝑖−𝑎𝑑𝑠,𝑗

) (3.2-10) 

 

where 𝛥𝐺𝑗
0 is the standard Gibbs free energy of the jth reaction at temperature T and 

pressure 𝑃0 at 1 ML coverage. 𝜈𝑖,𝑗 is the stoichiometric coefficient of component i in 

the jth reaction. Note that i-gas, i-surf and i-ads are the indexes of a gas phase species, a 

surface species and an adsorbate, respectively (not including vacancies in a surface 

species and an adsorbate). 

 

3.2.2 Kinetic Simulation Details 

Our kinetic simulation conditions are basically determined by the reference of 

the experiment by R. Atsumi et al [9]. The inflow composition is H2 : CO2 = 4 : 1 (the 

total inflow amount is 25 ml/min ) and it is assumed that the electrolyte thickness is 500 

μm and the electrolyte diameter is 20 mm, so that reactor volume is 1.57 × 10−7 [m3]. 

Catalyst surface area is conducted parameter-fitting so as to agree with experimental 

results by R. Atsumi et al. The operation temperature is at the temperature range from 400 

to 700 °C. Also, Ni particle diameter is assumed 7 nm and it is determined that the surface 

ratio is (111)*: (211)*: (100)* = 0.74 : 0.11 : 0.15 based on Wulff theorem [2,10]. 

Elementary steps in CO2 methanation are referred to data by D. W. Blaylock et al based 

on the quantum calculation [1,2], and kinetic and thermodynamic parameters are adjusted 

in order to agree with experimental results by R. Atsumi et al. Our simulation conditions, 

assuming elementary steps in CO2 methanation, and kinetic and thermodynamic 

parameters are shown in Table 3.2-1, 3.2-2 and 3.2-3, respectively. 

 

Table 3.2-1. Our simulation conditions 

 

 

Parameters Value

Pressure [Pa] 101325

Reactor volume [m
3
] 1.57x10

-7

Temparature [K] 673, 773, 873, and 973

Catalyst surface area [m
2
] 2.32x10

-3

Number of sites per surface area [sites/Å
2
] 0.18639

Simulation time [s] 1000

Inflow composition (total amounts is 25 [ml/min]) H2 : CO2 = 4: 1
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Table 3.2-2. Elementary steps in CO2 methanation. (reaction 1-51) 

 

 

Number Reaction A Ea [J/mol] Δ H [J/mol] Δ S [J/mol ▪ K]

1  H2 +2 (111)* = 2 H(111)* 3.941x10
8 23060 -41774 -82.717

2  H2O + (111)* =  H2O(111)* 1.031 0 -18000 -85.1

3  CO + (111)* =  CO(111)* 0.827 0 -34664 -51.237

4  CH4 +2 (111)* =  CH3(111)* + H(111)* 2.673x10
8 129000 28611 -109.84

5  CH2O + (111)* =  CH2O(111)* 0.798 0 -51000 -156.57

6  CH3OH + (111)* =  CH3OH(111)* 0.773 0 -48000 -101.94

7  CO2 + (111)* =  CO2(111)* 0.66 0 -32000 -90.72

8  CH3(111)* + (111)* =  CH2(111)* + H(111)* 5.354x10
13 66660 3000 -0.79

9  CH2(111)* + (111)* =  CH(111)* + H(111)* 9.484x10
12 26030 -38000 -14.02

10  CH(111)* + (111)* =  C(111)* + H(111)* 2.321x10
14 135740 54000 -2.33

11  H2O(111)* + (111)* =  H(111)* + OH(111)* 2.301x10
11 91100 -9000 -55.54

12  OH(111)* + (111)* =  H(111)* + O(111)* 1.002x10
13 82810 -33000 -17.61

13  C(111)* + O(111)* =  CO(111)* + (111)* 1.072x10
15 206130 -144000 32.73

14  C(111)* + OH(111)* =  COH(111)* + (111)* 3.025x10
13 125710 -83000 15.11

15  CH(111)* + O(111)* =  CHO(111)* + (111)* 3.132x10
12 118277 25000 17.38

16  CH(111)* + OH(111)* =  CHOH(111)* + (111)* 1.081x10
13 123000 48000 8.49

17  CHO(111)* + (111)* =  H(111)* + CO(111)* 9.561x10
12 20140 24829 143.33

18  COH(111)* + (111)* =  H(111)* + CO(111)* 4.309x10
12 86220 -94000 0

19  CHOH(111)* + (111)* =  H(111)* + CHO(111)* 7.98x10
12 59623 -57000 -8.72

20  CHOH(111)* + (111)* =  H(111)* + COH(111)* 4.942x10
12 8760 -77000 4.29

21  CH2(111)* + O(111)* =  CH2O(111)* + (111)* 7.146x10
12 130470 28000 -4.18

22  CH2O(111)* + (111)* =  H(111)* + CHO(111)* 5.086x10
13 31000 -42000 7.54

23  CH2O(111)*  =  CHOH(111)* 1.0x10
13 174540 15000 16.26

24  CH2(111)* + OH(111)* =  CH2OH(111)* + (111)* 3.297x10
12 84770 17000 3.07

25  CH2OH(111)* + (111)* =  H(111)* + CHOH(111)* 7.077x10
12 35700 -6000 -8.6

26  CH2OH(111)* + (111)* =  H(111)* + CH2O(111)* 5.113x10
12 59410 -22000 -24.87

27  CH2OH(111)*  =  CH3O(111)* 1.0x10
13 188530 -38000 -11.32

28  H(111)* + CH2OH(111)* =  CH3OH(111)* + (111)* 1.0x10
13 142800 -26000 38.16

29  CH3(111)* + O(111)* =  CH3O(111)* + (111)* 3.256x10
13 151480 15000 8.57

30  CH3O(111)* + (111)* =  H(111)* + CH2O(111)* 1.0x10
13 60780 17000 -13.54

31  CH3(111)* + OH(111)* =  CH3OH(111)* + (111)* 1.0x10
13 124660 -6000 40.45

32  CH3OH(111)* + (111)* =  H(111)* + CH3O(111)* 1.0x10
13 60780 -13000 -49.49

33  OH(111)* + CO(111)* =  COOH(111)* + (111)* 1.0x10
13 101000 63000 -37.33

34  COOH(111)* + (111)* =  H(111)* + CO2(111)* 1.0x10
13 97000 -73000 63.1

35  O(111)* + CO(111)* =  CO2(111)* + (111)* 1.0x10
13 149000 23000 43.37

36 2 CO(111)* =  C(111)* + CO2(111)* 1.0x10
13 318000 167000 10.65

37  C(111)*  =  (111)* + Carbon(111)* 17000 80000 0 0

38  H2 +2 (211)* = 2 H(211)* 3.941x10
8 11000 -46774 -82.717

39  H2O + (211)* =  H2O(211)* 1.031 0 -12000 -85.1

40  CO + (211)* =  CO(211)* 0.827 0 -44664 -51.237

41  CH4 +2 (211)* =  H(211)* + CH3(211)* 7.03x10
9 116350.8 -34000 -124.39

42  CO2 + (211)* =  CO2(211)* 0.66 0 -26000 -90.72

43  (211)* + CH3(211)* =  H(211)* + CH2(211)* 5.354x10
13 59000 26000 -0.79

44  (211)* + CH2(211)* =  H(211)* + CH(211)* 9.484x10
12 46000 -45000 -14.02

45  (211)* + CH(211)* =  H(211)* + C(211)* 2.321x10
14 88000 -17000 -2.33

46  (211)* + H2O(211)* =  H(211)* + OH(211)* 2.301x10
11 38000 -51000 -55.54

47  (211)* + OH(211)* =  H(211)* + O(211)* 1.002x10
13 76000 -16000 -17.61

48  C(211)* + O(211)* =  (211)* + CO(211)* 1.6x10
13 160000 -48000 32.73

49  C(211)* + OH(211)* =  (211)* + COH(211)* 8.33x10
12 147000 63000 15.11

50  CH(211)* + O(211)* =  (211)* + CHO(211)* 4.1x10
15 123263.1 58000 17.38

51  (211)* + CHO(211)* =  H(211)* + CO(211)* 9.561x10
12 20000 32440 157.88
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Table 3.2-3. Elementary steps in CO2 methanation (reaction 52-101). 

 

 

Number Reaction A Ea [J/mol] Δ H [J/mol] Δ S [J/mol ▪ K]

52  (211)* + COH(211)* =  H(211)* + CO(211)* 7.3x10
12 43000 -127000 0

53  CO(211)* + OH(211)* =  (211)* + COOH(211)* 1.0x10
13 111000 106500 -37.33

54  (211)* + COOH(211)* =  H(211)* + CO2(211)* 1.0x10
13 97000 -69500 63.1

55  CO(211)* + O(211)* =  (211)* + CO2(211)* 1.35x10
14 145880.4 53000 43.37

56 2 CO(211)* =  CO2(211)* + C(211)* 1.0x10
13 326000 101000 10.65

57  C(211)*  =  (211)* + Carbon(211)* 17000 80000 0 0

58  CH3(111)* + (211)* =  (111)* + CH3(211)* 1.0x10
13 25000 -60111 -14.55

59  CH2(111)* + (211)* =  (111)* + CH2(211)* 1.0x10
13 25000 -34611 -14.55

60  CH(111)* + (211)* =  (111)* + CH(211)* 1.0x10
13 46000 -39111 -14.55

61  C(111)* + (211)* =  (111)* + C(211)* 1.0x10
13 50000 -107611 -14.55

62  H(111)* + (211)* =  (111)* + H(211)* 1.0x10
13 13000 -2500 0

63  H2O(111)* + (211)* =  (111)* + H2O(211)* 1.0x10
13 300 6000 0

64  OH(111)* + (211)* =  (111)* + OH(211)* 1.0x10
13 25000 -33500 0

65  O(111)* + (211)* =  (111)* + O(211)* 1.0x10
13 48000 -14000 0

66  CO(111)* + (211)* =  (111)* + CO(211)* 1.0x10
13 10000 -10000 0

67  CHO(111)* + (211)* =  (111)* + CHO(211)* 1.0x10
13 13000 -20111 -14.55

68  COH(111)* + (211)* =  (111)* + COH(211)* 1.0x10
13 25000 20500 0

69  CO2(111)* + (211)* =  (111)* + CO2(211)* 1.0x10
13 0 6000 0

70  H2 +2 (100)* = 2 H(100)* 3.507x10
8 11000 -43774 -82.717

71  H2O + (100)* =  H2O(100)* 1.031 0 -12000 -85.1

72  CO + (100)* =  CO(100)* 0.827 0 -35664 -51.237

73  CH4 +2 (100)* =  H(100)* + CH3(100)* 2.495x10
8 117000 156440 20.48

74  CO2 + (100)* =  CO2(100)* 0.66 0 -26000 -90.72

75  (100)* + CH3(100)* =  H(100)* + CH2(100)* 5.354x10
13 59000 -15000 -0.79

76  (100)* + CH2(100)* =  H(100)* + CH(100)* 9.484x10
12 46000 -70000 -14.02

77  (100)* + CH(100)* =  H(100)* + C(100)* 2.321x10
14 88000 -22000 -2.33

78  (100)* + H2O(100)* =  H(100)* + OH(100)* 2.301x10
11 38000 -47000 -55.54

79  (100)* + OH(100)* =  H(100)* + O(100)* 1.002x10
13 114000 -30000 -17.61

80  C(100)* + O(100)* =  (100)* + CO(100)* 1.110x10
13 202000 16000 32.73

81  C(100)* + OH(100)* =  (100)* + COH(100)* 1.018x10
13 154000 63000 15.11

82  CH(100)* + O(100)* =  (100)* + CHO(100)* 1.214x10
13 195000 72000 17.38

83  (100)* + CHO(100)* =  H(100)* + CO(100)* 9.561x10
12 20000 -10374 76.04

84  (100)* + COH(100)* =  H(100)* + CO(100)* 2.513x10
13 93000 -77000 0

85  CO(100)* + OH(100)* =  (100)* + COOH(100)* 1.0x10
13 111000 95000 -37.33

86  (100)* + COOH(100)* =  H(100)* + CO2(100)* 1.0x10
13 97000 -68000 63.1

87  CO(100)* + O(100)* =  (100)* + CO2(100)* 1.0x10
13 149000 57000 43.37

88 2 CO(100)* =  CO2(100)* + C(100)* 1.0x10
13 326000 41000 10.65

89  C(100)*  =  (100)* + Carbon(100)* 1.0x10
13 80000 0 0

90  CH3(211)* + (100)* =  (211)* + CH3(100)* 1.0x10
13 25000 188940 144.87

91  CH2(211)* + (100)* =  (211)* + CH2(100)* 1.0x10
13 25000 146440 144.87

92  CH(211)* + (100)* =  (211)* + CH(100)* 1.0x10
13 119000 119940 144.87

93  C(211)* + (100)* =  (211)* + C(100)* 1.0x10
13 196000 113440 144.87

94  H(211)* + (100)* =  (211)* + H(100)* 1.0x10
13 13000 1500 0

95  H2O(211)* + (100)* =  (211)* + H2O(100)* 1.0x10
13 300 0 0

96  OH(211)* + (100)* =  (211)* + OH(100)* 1.0x10
13 19000 2500 0

97  O(211)* + (100)* =  (211)* + O(100)* 1.0x10
13 61000 -13000 0

98  CO(211)* + (100)* =  (211)* + CO(100)* 1.0x10
13 3000 9000 0

99  CHO(211)* + (100)* =  (211)* + CHO(100)* 9.87x10
11 6333 53314 81.84

100  COH(211)* + (100)* =  (211)* + COH(100)* 1.0x10
13 25000 -39500 0

101  CO2(211)* + (100)* =  (211)* + CO2(100)* 1.0x10
13 0 0 0
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In sensitivity analysis in this study, I multiply the rate constant k of each 

elementary step (the pre-exponential factor A) by 1.1 and calculate the selectivity to each 

gas generation rate (CH4, CO, and H2O) i.e. the difference between the generated species 

concentrations in the case of A factor multiplied by 1.1 and 1 (original conditions) is 

calculated. In concrete, each sensitivity coefficient is obtained as follows.  

 

𝑆𝑖𝑗 =
(𝑁𝑖,𝑘𝑗×1.1 − 𝑁𝑖,𝑘𝑗) 𝑁𝑖,𝑘𝑗⁄

Δ𝑘𝑗 𝑘𝑗⁄
=
(𝑁𝑖,𝑘𝑗×1.1 − 𝑁𝑖,𝑘𝑗) 𝑁𝑖,𝑘𝑗⁄

0.1
 (3.2-11) 

 

where 𝑆𝑖𝑗 is the sensitivity coefficient of the ith species (CH4, CO, or H2O) in the jth 

reaction (Reaction 1-101), 𝑘𝑗 is the rate constant in the jth reaction, Δ𝑘𝑗 is (1.1𝑘𝑗 − 𝑘𝑗), 

𝑁𝑖,𝑘𝑗 is the concentration of the ith species in the case of 𝑘𝑗 (original conditions), and 

𝑁𝑖,𝑘𝑗×1.1 is the concentration of the ith species in the case of 𝑘𝑗 × 1.1. 
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3.3 Results and Discussion 

3.3.1 Sensitivity Analysis Results of Elementary Steps 

I have performed the sensitivity analysis over CO2 methanation reaction paths 

on Ni (211), (111) and (100) at the temperature range from 400 to 700 °C to identify 

RDSs in CO2 methanation on Ni surface. Note that I multiply the rate constant of each 

elementary step (the pre-exponential factor A) by 1.1 and calculate the selectivity to each 

gas generation rate in my sensitivity analysis. The results of sensitivity analysis of 

elementary steps in CO2 methanation to gas generation rates on all Ni surfaces at the 

temperature range from 400 to 700 °C are shown in Figure 3.3-1, 3.3-2, 3.3-3 and 3.3-4, 

respectively. The reaction sensitivity tendencies are same at the temperature range from 

400 to 700 °C and the total intensity of sensitivity decreases as increasing temperature 

conditions. This is because that the rate to reach the reaction equilibrium is fast at high 

temperature, so that the total intensity of sensitivity decreases at high temperature region. 

As a result of this sensitivity analysis, I have found that RDSs in CO2 methanation at 

temperature range from 400 to 700 °C are these three reactions as follows: CHO* 

dissociation (Reaction 50), CO2* dissociation (Reaction 55) and CH4 desorption 

(Reaction 41) on Ni (211). The results of sensitivity analysis of elementary steps in CO2 

methanation to gas generation rates on Ni (211) at the temperature range from 400 to 

700 °C are shown in Figure 3.3-5, 3.3-6, 3.3-7 and 3.3-8, respectively. 

 

CHO(211)∗ + (211)∗ → CH(211)∗ + O(211)∗ (3.3-1) 

 

CO2(211)
∗ + (211)∗ → CO(211)∗ + O(211)∗ (3.3-2) 

 

CH3(211)
∗ + H(211)∗ → CH4 + 2(211)

∗ (3.3-3) 

 

where a chemical species* and * means a chemical species adsorbed on a catalytic surface 

and a vacant site on a catalytic surface, respectively. Compared my sensitivity analysis 

results on each Ni surface, the sensitivity of elementary steps in CH4 generation rates is 

the biggest on Ni (211), and those on Ni (111) and (100) are small. This indicates CO 

hydrogenation (CH4 generation) depends on the surface reaction on Ni (211). The results 

of sensitivity analysis of elementary steps in CO2 methanation to gas generation rates on 

Ni (111) and (100) at the temperature 400 °C that the largest NEMCA effect is observed 

[1-3] are shown in Figure 3.3-9 and 3.3-10 respectively, for example. 
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Figure 3.3-1. The sensitivity of elementary steps in CO2 methanation to gas generation 

rates on all Ni surfaces at 673 K. 

 

 

Figure 3.3-2. The sensitivity of elementary steps in CO2 methanation to gas generation 

rates on all Ni surfaces at 773 K. 
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Figure 3.3-3. The sensitivity of elementary steps in CO2 methanation to gas generation 

rates on all Ni surfaces at 873 K. 

 

 

Figure 3.3-4. The sensitivity of elementary steps in CO2 methanation to gas generation 

rates on all Ni surfaces at 973 K. 
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Figure 3.3-5. The sensitivity of elementary steps in CO2 methanation to gas generation 

rates on Ni (211) at 673 K. 

 

 

Figure 3.3-6. The sensitivity of elementary steps in CO2 methanation to gas generation 

rates on Ni (211) at 773 K. 
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Figure 3.3-7. The sensitivity of elementary steps in CO2 methanation to gas generation 

rates on Ni (211) at 873 K. 

 

 

Figure 3.3-8. The sensitivity of elementary steps in CO2 methanation to gas generation 

rates on Ni (211) at 973 K. 
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Figure 3.3-9. The sensitivity of elementary steps in CO2 methanation to gas generation 

rates on Ni (111) 673 K. 

 

 

Figure 3.3-10. The sensitivity of elementary steps in CO2 methanation to gas generation 

rates on Ni (100) at 673 K. 

 

3.3.2 Flow Analysis Results of CO2 Methanation 

Also, flow analysis simulations about CO2 mathanation on Ni (211), (111) and 

(100) at the temperature range from 400 to 700 °C have conducted in order to identify 

those main reaction paths. Schematic diagrams of CO2 methanation on Ni (211) at the 
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temperature range from 400 to 700 °C are shown in Figure 3.3-11, 3.3-12, 3.3-13 and 3.3-

14, respectively. Also, CO2 adsorption ratio on each Ni surface at the temperature range 

from 400 to 700 °C is shown Table 3.3-1. Main reaction paths on Ni (211) at the 

temperature range from 400 to 700 °C are same although the generation rate ratio when 

the total inflow of CO2 is 1 are different. CH4 generation rate ratio decreases as increasing 

the temperature condition. This is because the increase amount of CO generation rate is 

larger than that of CH4 as increasing the temperature condition although CH4 and CO 

generation rates increase as increasing temperature. CO* (CO on the Ni surface) increases 

its degree of freedom by desorption to gas phase (degree of freedom is change from two-

dimensional to three-dimensional), so that the entropy term is influential in CO desorption. 

Accordingly, CO desorption is accelerated as increasing temperature (also, the reverse 

water gas shift reaction is an endothermic reaction that the reaction equilibrium leans to 

the product side at high temperature range). In rough based on Figure 3.3-11, 3.3-12, 3.3-

13 and 3.3-14, CO2 in gas phase adsorbs on Ni surface and one C-O bond in CO2* is 

dissociated. Then, CO* reacts with H* atom and generates CHO*. After that, the other 

C-O bond in CHO* is dissociated. Finally, CH* reacts H* atoms and generate CH4 (CH4 

desorbs into gas phase). Also, schematic diagrams of CO2 methanation on Ni (111) and 

(100) at the temperature range 400 °C that the largest NEMCA effect is observed [1-3] 

are shown in Figure 3.3-15 and 3.3-16 as an example, respectively. Note that the CH4 

generation path from CO* on Ni (111) is abbreviated because the generation rate amount 

ratio is smaller compared with CO and H2O on Ni (111). These results indicate that CO 

hydrogenation (CH4 generation) does not almost proceed on Ni (111) and (100) surfaces 

although main reaction paths on both surfaces resemble to that on Ni (211) surface (in at 

least 400°C). 

 

Table 3.3-1. CO2 adsorption ratio on each Ni surface at the temperature range from 673 

to 973 K. 

 

 

(111) (211) (100)

673 1.4 70.2 28.4

773 1.0 83.3 15.7

873 1.3 86.7 12.0

973 1.8 87.4 10.9

CO2 adsorption ratio [%]
Temperature [K]
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Figure 3.3-11. A schematic diagram of main reaction paths in CO2 methanation on Ni 

(211) at 673 K. 

 

 

Figure 3.3-12. A schematic diagram of main reaction paths in CO2 methanation on Ni 

(211) at 773 K. 
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Figure 3.3-13. A schematic diagram of main reaction paths in CO2 methanation on Ni 

(211) at 873 K. 

 

 

Figure 3.3-14. A schematic diagram of main reaction paths in CO2 methanation on Ni 

(211) at 973 K.  
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Figure 3.3-15. A schematic diagram of main reaction paths in CO2 methanation on Ni 

(111) at 673 K.  

 

  

Figure 3.3-16. A schematic diagram of main reaction paths in CO2 methanation on Ni 

(100) at 673 K. 

 

The sensitivity magnitude of elementary steps in CO2 methanation to gas 

generation rates on Ni (211) is the largest (CO2 methanation does not proceed mainly on 

Ni (111) and (100)). Also, the reaction path mechanism and the types of elementary steps 
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on Ni (111) and (100) that has a high sensitivity (at temperature 400 °C that the largest 

NEMCA effect is observed, in particular [1-3]) is the same as those on Ni (211) although 

the sensitivity magnitude of elementary steps in CO2 methanation to gas generation rates 

is smaller than on Ni (211). The purpose in this study is to investigate the direct change 

in a catalytic electron state with an electric field and the spillover effect of a lattice oxygen 

toward the catalyst surface, and these effects can be evaluated on any Ni facets. Therefore, 

I utilize Ni (111) surface for the calculation simplicity as a first step. Also, seven 

hydrocarbon species related above three RDSs (H, O, CH, CO, CH3, CO2 and CHO) and 

three RDSs themselves on Ni (211) (CHO* dissociation, CO2* dissociation and CH4 

desorption) are used for the examination of adsorption, reaction and activation energies 

on Ni (111) with DFT calculation and detailed kinetic simulation, respectively. Moreover, 

CHO* dissociation, CO2* dissociation and CH4 desorption are also utilized as RDSs that 

activation barrier parameters are changed in order to evaluate the direct change in a 

catalytic electron state with an electric field or spillover effects of a lattice oxygen toward 

the catalyst surface, in detailed kinetic simulation to evaluate overall CO2 methanation on 

Ni (111) and (100) for the calculation simplicity as a first step. 
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3.4 Conclusion 

In this chapter, the detailed kinetic simulation in CO2 methanation on Ni metal 

catalyst has been performed in order to identify detailed elementary step information in 

CO2 methanation and its dependence on Ni surface facets and the temperature. 

Firstly, the sensitivity analysis over elementary steps in CO2 methanation on Ni 

(211), (111) and (100) at the temperature range from 400 to 700 °C have been discussed 

to identify RDSs in CO2 methanation on Ni surface. At all temperature regions, each 

reaction sensitivity has the same tendency and the total intensity of reaction sensitivity 

decreases as increasing the temperature because of the relation of the fast rate to reach 

the reaction equilibrium at high temperature. Also, I have found that RDSs in CO2 

methanation are CHO* dissociation (Reaction 50), CO2* dissociation (Reaction 55) and 

CH4 desorption (Reaction 41) on Ni (211) surface at all temperature ranges from this 

sensitivity analysis. The sensitivity of elementary steps in CH4 generation rates on Ni 

(211) is larger than those on Ni (111) and (100) and these results have shown that CH4 

generation depends on surface reactions on Ni (211). 

After that, flow analysis simulations in CO2 methanation on Ni (211), (111) and 

(100) at the temperature range from 400 to 700 °C have discussed in order to estimate 

those main reaction paths. These results also have indicated that CH4 generation process 

proceeds on Ni (211) surface, while it does not almost proceed on Ni (111) and (100) 

surfaces. Main reaction paths on Ni (211) have the same mechanism at all temperature 

ranges but CO and CH4 generation rate amount ratios increase and decrease as increasing 

the temperature, respectively. This result has indicated that the increase amount of CO 

generation rate is larger than that of CH4 as increasing the temperature. As main reaction 

paths in CH4 formation on Ni (211), CO2 in gas phase adsorbs on Ni surface and one C-

O bond in CO2* is dissociated. Then, CO* reacts with H* atom and generates CHO*. 

After that, the other C-O bond in CHO* is dissociated. Finally, CH* reacts H* atoms and 

generate CH4. Also, I have found that main reaction paths on Ni (111) and (100) surface 

s have almost same mechanism on Ni (211) surface in at least 400°C (the CH4 generation 

rate amount ratio in the generation path from CO* is small on Ni (111)), and RDSs on Ni 

(211) can be also used on Ni (111) reaction path mechanism (CHO* dissociation, CO2* 

dissociation and CH4 desorption). 

In this study, my purpose is to investigate detailed NEMCA mechanism over CO2 

methanation with Ni metal catalyst in SOEC through studies of the direct change in a 

catalytic electron state with an electric field and the spillover effect of a lattice oxygen 

toward the catalyst surface with DFT calculation. RDSs over CO2 methanation obtained 

in this chapter (CHO* dissociation, CO2* dissociation and CH4 desorption) has been 
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utilized above studies on Ni (111) and (211) surfaces in chapter 4, 5, 6 and 7. Moreover, 

these RDSs have been also used on Ni (100) surface as elementary steps to reflect the 

activation barrier change in the detailed kinetic simulation in each study to evaluate the 

effect towards the overall reaction for simplicity. At first, I have performed DFT 

calculation with direct electric field impressions used thin film condenser model and 

discussed theoretically the direct change in a catalytic electron state with an electric field 

in next chapter 4. 
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Chapter 4 Direct Effects of Electric Field Impressions into 

Catalytic Activity 

4.1 Introduction 

 In this chapter, the effect of direct electric field impressions has been discussed 

theoretically with DFT calculation to evaluate the direct change in a catalytic electron 

state with an electric field. As a DFT calculation model for the calculation of direct 

electric field impressions, the thin film condenser model has been proposed and seven 

hydrocarbon species that relate to three RDSs in CO2 methanation proposed in chapter 3 

have been used as an adsorbed species on the Ni metal catalyst. In concrete, firstly, DFT 

computational conditions and the thin film condenser model for the calculation with direct 

electric field effect have been explained. Then, the result of adsorption energy change of 

hydrocarbon species related RDSs over CO2 methanation on Ni (111) facet with a direct 

electric field has been shown and compared with early studies to evaluate my calculation 

validity, and then the reason of the adsorption energy change with direct electric field has 

been discussed in terms of electron donations and polarization. After that, the result of the 

surface reaction energy change in three RDSs over CO2 methanation with direct electric 

field has been shown and the promotion or repression effect in three RDSs over CO2 

methanation with direct electric field has been discussed. Finally, the detailed kinetic 

simulation result at temperature range from 400 to 700 °C in CO2 methanation that is 

adapted to the reaction energy change with direct electric field has been shown and the 

promotion or restraint effect and temperature dependence in the overall CO2 methanation 

with direct electric field has been discussed. In the end of this chapter, I have made a brief 

summary in this chapter. In the end of this chapter, I have made a brief summary in this 

chapter. 
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4.2 Numerical Details 

4.2.1 DFT Computational Details 

In this work, catalytic activity improvements with direct electric field 

impressions are computationally investigated by the density functional theory (DFT) 

calculations [1,2]. Seven hydrocarbon species (H atom, O atom, CH, CO, CH3, CO2 and 

CHO) related to three RDSs are assumed as reaction intermediates in CO2 methanation 

(in addition, C atom, S atom and OH are also calculated to make sure the validity of my 

calculation by the comparison with early studies). These hydrocarbon species etc. are 

adsorbed on Ni (111) facet for simplicity as reaction intermediates in CO2 methanation. 

Ni metal is a famous metal catalyst used in SOEC. For repeated slab models [3], the three 

layers slab of Ni (111) that includes 3 × 3 unit cell is used to evaluate the surface 

reaction, and the width of a vacuum layer is set to 10 Å. Here, Ni lattice parameter is 

3.518 Å which is good agreement with the experimental value: 3.52 Å [4]. DFT 

calculations are implemented using cambridge sequential total energy package 

(CASTEP) [5] that are performed with a plane-wave basis set [3]. The Perdew-Burke-

Ernzerhof (PBE) exchange-correlation functional with the generalized gradient 

approximation (GGA) [6] is used with 4 × 4 × 1 and 1 × 1 × 1 (for all gas species) as 

Monk-horst-Pack k-points [7]. The cutoff energy of a plane wave is 450 eV and 630 eV 

(for the species containing O atom with direct electric field impressions). In addition, the 

OTFG-ultrasoft is used as the pseudopotentials [3] and the spin-polarization is considered 

in our calculations because Ni meatal is a ferromagnetic substance. The strength of a 

species adsorption is calculated using the adsorption energy defined as follows: 

 

𝐸𝑎𝑑𝑠 = 𝐸𝑀/𝑠𝑙𝑎𝑏 − (𝐸𝑀 + 𝐸𝑠𝑙𝑎𝑏) (4.2-1) 

 

where 𝐸𝑎𝑑𝑠 is the adsorption energy, 𝐸𝑀/𝑠𝑙𝑎𝑏 is the total energy of the surface metal 

slab with adsorbed species on the metal surface, 𝐸𝑀 is the total energy of free atoms or 

molecules and 𝐸𝑠𝑙𝑎𝑏 is the total energy of only the surface metal slab. For instance, the 

reaction energy associated with the dissociation of AB* + * →  A* + B* and the 

associative desorption of A* + B* → AB + 2* are defined as follows, respectively: 

 

𝐸𝑟𝑥𝑛,𝑑𝑖𝑠 = (𝐸𝐴/𝑠𝑙𝑎𝑏 + 𝐸𝐵/𝑠𝑙𝑎𝑏) − (𝐸𝐴𝐵/𝑠𝑙𝑎𝑏 + 𝐸𝑠𝑙𝑎𝑏) (4.2-2) 

 

𝐸𝑟𝑥𝑛,𝑎𝑠𝑠 = (𝐸𝐴𝐵 + 2𝐸𝑠𝑙𝑎𝑏) − (𝐸𝐴/𝑠𝑙𝑎𝑏 + 𝐸𝐵/𝑠𝑙𝑎𝑏) (4.2-3) 

 

where 𝐸𝑟𝑥𝑛 is the reaction energy. 𝐸𝐴/𝑠𝑙𝑎𝑏, 𝐸𝐵/𝑠𝑙𝑎𝑏 and 𝐸𝐴𝐵/𝑠𝑙𝑎𝑏 are the total energy 
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of the surface metal slab with adsorbed species A, B and AB on the metal surface 

respectively and 𝐸𝐴𝐵 is the total energy of the free molecule AB. 

 

4.2.2 Thin Film Condenser Model 

To evaluate the effect of direct electric field impressions, the thin film condenser 

model shown as Figure 4.2-1 is assumed. This model is that the slab model is sandwiched 

between two condenser boards connected to the outlet electrode. Electric field directions 

are considered two perpendicular directions to Ni surface and the electric field magnitude 

is set with 0, ± 0.25, or ± 0.5 V/ Å. Notice that positive and negative electric field values 

mean [0 0 1] (from Ni metal surface to the gas phase) and [0 0 -1] (from the gas phase to 

Ni metal surface) perpendicular directions, respectively. Adsorption sites of hydrocarbon 

species on Ni (111) surface are shown in Figure 4.2-2. The fcc and hcp sites are the hollow 

site on the 3rd and 2nd Ni atom layers, respectively. The top site is on Ni atom of the upper 

(1st) Ni atom layer. Adsorption sites of hydrocarbon species on Ni (111) are set to the 

most stable surface site of each hydrocarbon species by the reference of my group report 

and early studies in this calculation with a direct electric field (H atom: fcc [8-14], O 

atom: fcc [8, 10-116], CH: fcc [9,13], CO: hcp [12-14,17], CH3: fcc [9,13,14], CO2: top 

[12,13], CHO: hcp [14], C: hcp [9,12-14], OH: fcc [8,10,11,13,14], S: fcc [18,19]). Energy 

changes (the adsorption or reaction energy) with an electric field are defined as follows, 

respectively: 

 

𝛥𝐸𝐸𝐹 = 𝐸𝑤𝑖𝑡ℎ 𝐸𝐹 − 𝐸𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝐸𝐹 (4.2-4) 

 

where 𝛥𝐸𝐸𝐹  is the relative value based on the adsorption or reaction energy without an 

electric field, 𝐸𝑤𝑖𝑡ℎ 𝐸𝐹  is the adsorption or reaction energy with an electric field, 

𝐸𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝐸𝐹  is the adsorption or reaction energy without an electric field. DFT total 

energy differences in each adsorption site on Ni (111) (fcc, hcp, top) in each species are 

only the second decimal place order as eV unit i.e. it is considered that these difference 

have little effects to my calculation results. Accordingly, the most stable adsorption sites 

in each hydrocarbon species without direct electric field impressions are also used in the 

case of the calculation with direct electric field impressions for simplicity when the 

relative value based on the adsorption energy without direct electric field impressions is 

calculated. Cutoff energy, initial spin values for gas species calculation, and the 

adsorption site on Ni (111) in each species in this calculation with direct electric field are 

shown in Table 4.2-1. 
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Figure 4.2-1. A schematic diagram of the thin film condenser model  

with the direct electric field in [0 0 1] direction. 

 

 

Figure 4.2-2. Adsorption sites of hydrocarbon species on Ni (111) surface (white, blue 

and violet balls mean the 1st, 2nd and 3rd Ni layer atoms, respectively). 

 

Table 4.2-1. Cutoff energy, initial spin values for gas species calculation, and the most 

stable adsorption site on Ni (111) in each species in this calculation with direct electric 

field. 

 

DFT conditions

Species Cut off energy Initial spin (gas species) Adsorption site (Ni (111))

H 450eV 1 fcc

O 630eV 2 fcc

CH 450eV 1 fcc

CO 630eV 0 hcp

CH3 450eV 1 fcc

CO2 630eV 0 top

CHO 630eV 1 hcp

C 450eV 2 hcp

OH 630eV 1 fcc

S 630eV 2 fcc
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4.3 Results and Discussion 

4.3.1 DFT Calculation Results of Adsorption Energy 

At first, I calculated the adsorption energy of seven hydrocarbon species on Ni 

(111) facet related to RDSs over CO2 methanation with a direct electric field using the 

thin film condenser model. The adsorption energy change of each species with an electric 

field is shown in Table 4.3-1, 4.3-2 and Figure 4.3-1. These results show that direct effects 

of an electric field in the surface adsorption are different in each species. Note that 

negative values mean the adsorption stabilization of adsorbed species in this table. Figure 

4.3-1 shows that H atom, O atom and CO have a positive slope linear relation, CH and 

CH3 have a negative slope linear relation, and CO2 and CHO are a semi-harmonic style. 

Here, O atom, CH and CO are considered for example. O atom and CO are stabilized by 

the electric field in [0 0 -1] direction, while CH is stabilized by the electric filed in [0 0 

1] direction. Normally, electric charges are flowed from Ni metal surface to the adsorbed 

species by a back-donation in order to stabilize with the surface adsorption i.e. Ni metal 

atoms are charged positive. When external electric fields are impressed on Ni metal 

surface, Ni metal surface is polarized and the charges and the number of electrons of each 

Ni layer are changed as shown in Table 4.3-3 (Note that the number of electrons is 

calculated by integral calculus of each DOS distribution area below Fermi level). The 1st 

layer charge decreases (the 3rd layer charge increases) with the electric field in [0 0 1], 

while the 1st layer charge increases (the 3rd layer charge decreases) with the electric field 

in [0 0 -1]. This means that the inflow amount of the charge (the number of electrons) 

from Ni metal surface (the 1st layer) by back-donation increases with the electric field in 

[0 0 -1], while it decreases with the electric field in [0 0 1].  

In case of a monoatomic species (for example, O atom), O atom is charged 

negative and Ni atoms are charged positive by back-donation for the O adsorption in Ni 

metal surface, so that electric dipole moment between O atom and Ni atoms appears as 

shown in Figure 4.3-2. Therefore, when the electric field in [0 0 1] is impressed on Ni 

metal surface, adsorption stability decreases for the opposite electric dipole moment 

direction to the electric field in [0 0 1]. (It is also said that the inflow amount of the charges 

(the number of electrons) from Ni metal surface into adsorbed O atom by back-donation 

decreases with the electric field in [0 0 1] as shown in Table 4.3-4). Also, induced (atomic) 

polarization appears in O atom with external electric fields and adsorption stability 

increases with the electric field in [0 0 1] for the same induced electric dipole moment 

direction to the electric field in [0 0 1] as shown in Figure 4.3-2. However, it is considered 

that the effect of induced polarization is small. As a result, the bonding power between O 

atom and Ni metal surface decreases with the electric field in [0 0 1]. The direct electric 
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field effect of other monoatomic species can be also explained by the same mechanism. 

Although S atom is stabilized by the electric field in both directions, the magnitude of 

stabilization with the electric field in [0 0 -1] is larger than the case of the electric field in 

[0 0 1] according to above mechanism as well as other monoatomic species (The same 

tendency that S atom is stabilized by the electric field in both directions has been also 

reported by J.-H. Wang and M. Liu [1]). 

In case of a polyatomic species (for example, CH), CH is polarized for surface 

adsorption and has the electric dipole moment that has the direction from C atom to H 

atom. This means that adsorption stability increases with the electric field in [0 0 1] for 

the same electric dipole moment direction to the electric field in [0 0 1] as shown in Figure 

4.3-3. As a result, the bonding power between CH and Ni metal surface increases. 

Meanwhile, in case of a polyatomic species (for example, CO), CO is also polarized for 

surface adsorption and has the electric dipole moment that has the direction from O atom 

to C atom unlike the case of CH. This means that adsorption stability decreases with the 

electric field in [0 0 1] for the opposite electric dipole moment direction to the electric 

field in [0 0 1] as shown in Figure 4.3-3. As a result, the bonding power between CH and 

Ni metal surface decreases. Note that it is considered that the effect of electric dipole 

moment in adsorbed molecules is larger than the effect of electric dipole moment between 

directly adsorbed species and Ni atoms, because the charge difference between atoms in 

the molecule is larger than that between directly adsorbed atom and 3-fold Ni atoms 

(shown in Table 4.3-5) and the effect of electric dipole moment in adsorbed molecules 

can explain these polyatomic species stabilization tendency with external electric fields, 

although the effect of electric dipole moment between directly adsorbed species and Ni 

atoms should be also considered. Mulliken charge of 3-fold Ni atoms or top Ni atom in 

the case of each adsorbed species is shown in Table 4.3-5. In addition, it is considered 

that the effect of polarization by surface adsorption is larger than the effect of back-

donation with Ni metal surface polarization. Direct electric field effects of other 

polyatomic species can be also explained by the same mechanism. Although CO2 is 

stabilized by the electric field in both directions, the magnitude of stabilization with the 

electric field in [0 0 -1] is larger than the case of the electric field in [0 0 1] according to 

above mechanism as well as other polyatomic species. CO2 is adsorbed on Ni metal 

surface as not chemisorption but physisorption, so that I infer that CO2 semi-harmonic 

tendency is induced by the effect of CO2 physisorption. Similarly, although CHO is 

stabilized by the electric field in both directions, the magnitude of stabilization with the 

electric field in [0 0 1] is larger than the case of the electric field in [0 0 -1] according to 

above mechanism as well as other polyatomic species. CHO has polarization (electric 
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dipole moment) in both perpendicular and horizontal directions. I infer that CHO semi-

harmonic tendency is induced by the effect of polarization (electric dipole moment) in 

two directions. It is considered that the overall direction magnitude of electric dipole 

moment in CHO is larger in the same direction of the electric field in [0 0 1] for the charge 

magnitude difference between each atom in CHO (so that CHO is more stabilized with 

the electric field in [0 0 1]). Also, strong stabilizations effect with a direct electric field 

are shown in CO (and O atom) and CH3 by [0 0 -1] and [0 0 1] directions respectively. 

This is because the change amount of charges (the number of electrons) with external 

electric fields is large. Mulliken charge and the number of electrons of each Ni slab layer 

atom and each adsorbed species are shown in Table 4.3-3 and 4.3-4, respectively. 

 

Table 4.3-1. Effects on the adsorption energy with direct electric field impressions. 

 

 

Table 4.3-2. Effects on the adsorption energy change between with/without direct 

electric field impressions. 

 

 

 

Figure 4.3-1. Linear and semi-harmonic tendencies of the adsorption energy with an 

electric field. 

 

H O CH CO CH3 CO2 CHO C OH S 

0.5 -2.78 -5.12 -6.49 -1.75 -2.16 -0.05 -3.32 -6.63 -3.44 -5.18

0.25 -2.80 -5.16 -6.43 -1.81 -2.02 -0.03 -3.27 -6.65 -3.30 -5.16

0 -2.80 -5.19 -6.39 -1.89 -1.92 -0.03 -3.23 -6.68 -3.16 -5.15

-0.25 -2.81 -5.23 -6.37 -2.00 -1.83 -0.08 -3.22 -6.73 -3.04 -5.17

-0.5 -2.81 -5.26 -6.35 -2.14 -1.76 -0.19 -3.24 -6.75 -2.93 -5.21

External field [V/Å]
E ads, EF  [eV]

H O CH CO CH3 CO2 CHO C OH S 

0.5 0.02 0.07 -0.10 0.13 -0.24 -0.01 -0.10 0.05 -0.28 -0.03

0.25 0.00 0.04 -0.04 0.07 -0.11 0.01 -0.04 0.03 -0.14 -0.01

-0.25 -0.01 -0.04 0.02 -0.11 0.08 -0.05 0.00 -0.05 0.12 -0.02

-0.5 -0.01 -0.07 0.04 -0.25 0.15 -0.16 -0.02 -0.07 0.23 -0.06

External field [V/Å]
ΔE ads, EF  [eV]
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Table 4.3-3. Mulliken charge of one Ni atom (top) and the number of electrons (bottom) 

of Ni atoms on each slab layer. 

 

 

 

Table 4.3-4. Mulliken charge (top) and the number of electrons (bottom) of each 

adsorbed species on Ni surface. 

 

Mulliken charge [e]

Ni slab layer EF=0.5 EF=0.25 EF=0 EF=-0.25 EF=-0.5

1
st
 layer 0 -0.01 -0.02 -0.03 -0.04

2
nd

 layer 0.04 0.04 0.04 0.04 0.04

3
rd

 layer -0.05 -0.03 -0.02 -0.01 0

Ni slab layer EF=0.5 EF=0.25 EF=0 EF=-0.25 EF=-0.5

1
st
 layer 91.16 91.26 91.30 91.41 91.48

2
nd

 layer 89.96 89.96 89.96 89.96 89.96

3
rd

 layer 91.43 91.37 91.30 91.20 91.11

The number of electrons

Mulliken charge [e]

Species on slab Atom EF=0.5 EF=0.25 EF=0 EF=-0.25 EF=-0.5

H H -0.27 -0.27 -0.27 -0.27 -0.27

O O -0.56 -0.57 -0.58 -0.59 -0.61

CH H 0.25 0.22 0.19 0.17 0.14

C -0.72 -0.73 -0.73 -0.74 -0.74

CO C -0.08 -0.08 -0.09 -0.09 -0.09

O -0.25 -0.29 -0.34 -0.38 -0.42

CH3 H1 0.16 0.15 0.13 0.12 0.11

H2 0.16 0.14 0.13 0.12 0.1

H3 0.16 0.15 0.13 0.12 0.11

C -1.04 -1.03 -1.03 -1.03 -1.03

CO2 C 0.95 0.94 0.93 0.94 0.94

O1 -0.49 -0.49 -0.49 -0.49 -0.5

O2 -0.49 -0.49 -0.49 -0.49 -0.5

CHO H 0.25 0.22 0.19 0.17 0.14

C -0.28 -0.29 -0.3 -0.3 -0.31

O -0.37 -0.39 -0.41 -0.44 -0.46

C C -0.45 -0.46 -0.48 -0.49 -0.5

OH H 0.47 0.46 0.44 0.42 0.4

O -0.78 -0.78 -0.79 -0.78 -0.78

S S 0.02 -0.03 -0.07 -0.12 -0.17
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Table 4.3-5. Mulliken charge of 3-fold Ni atoms (average) or top Ni atom in the case of 

each adsorbed species. 

 

 

Species on slab EF=0.5 EF=0.25 EF=0 EF=-0.25 EF=-0.5

H 1.251 1.256 1.260 1.262 1.262

O 6.519 6.528 6.544 6.551 6.567

CH 5.439 5.471 5.502 5.535 5.566

CO 10.247 10.300 10.353 10.383 10.431

CH3 7.465 7.515 7.560 7.591 7.634

CO2 15.770 15.794 15.794 15.799 15.794

CHO 11.297 11.377 11.431 11.496 11.547

C 4.442 4.458 4.471 4.485 4.515

OH 7.248 7.284 7.300 7.314 7.339

S 5.947 5.997 6.045 6.096 6.139

The number of electrons

Mulliken charge of 3-fold or top Ni atoms [e]

Species on slab EF=0.5 EF=0.25 EF=0 EF=-0.25 EF=-0.5

H (fcc ) 0.07 0.06 0.05 0.03 0.02

O (fcc ) 0.18 0.17 0.16 0.15 0.15

CH (fcc ) 0.17 0.16 0.15 0.14 0.13

CO (hcp ) 0.11 0.10 0.09 0.09 0.08

CH3 (fcc ) 0.18 0.17 0.17 0.16 0.15

CO2 (top ) 0.00 -0.02 -0.04 -0.05 -0.07

CHO (hcp ) 0.13 0.13 0.13 0.13 0.12

C (hcp ) 0.13 0.12 0.11 0.09 0.08

OH (fcc ) 0.12 0.12 0.11 0.10 0.09

S (fcc ) -0.06 -0.07 -0.07 -0.08 -0.08



139 

 

 

Figure 4.3-2. A schematic diagram of the electric polarization, induced (atomic) 

electric dipole moment, and electric dipole moment in O atom with the electric field in 

[0 0 1] direction (p: induced (atomic) electric dipole moment, μ: electric dipole 

moment). 

 

 

Figure 4.3-3. Schematic diagrams of the electric polarization and electric dipole 

moment in CH and CO species with the electric field in [0 0 1] direction (μ: electric 

dipole moment). 

 

To make sure the validity of my calculation, I have compared my calculation 

with some early studies. J.-H. Wang and M. Liu have computed S atom on Ni (100) and 

Ni (111) facets with an external electric field using DFT. They have reported that the 

adsorption energy between S atom and Ni surface is stabilized by electric field in [0 0 ±1] 

both directions. ΔEads,EF of S atom with the electric field of -0.5 V/ Å is -0.19 eV [1]. In 
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my calculation, the adsorption energy of S atom is also stabilized by electric field in [0 0 

±1] both directions. ΔEads,EF of S atom with electric field of -0.5 V/ Å is a good agreement 

with their report although the calculated absolute value is different from theirs because 

the calculation condition is different. Therefore, the stabilization by electric field in [0 0 

±1] both directions is the characteristic tendency of S atom. J. Mukherjee and S. Linic 

also have computed H atom, O atom and OH on Ni (111) facet as a function on an electric 

field strength using DFT. They have reported that direct effects of an electric field in the 

surface adsorption are different between O atom and OH. The adsorption energy of O 

atom and OH are stabilized and destabilized by the electric field in [0 0 -1] direction, 

respectively. ΔEads,EF of O atom and OH with the electric field of -0.5 V/ Å are 

approximately -0.015 eV and 0.2 eV, respectively. They have also reported that there is 

little effect of the electric field on the adsorption energy of H atom [2]. In my result, O 

atom and OH are also stabilized and destabilized by the electric field in [0 0 -1] direction 

respectively as same as their report. ΔEads,EF of O atom and OH with the electric field of 

-0.5 V/ Å are good agreements with their report although the calculated absolute value is 

different from theirs because the calculation condition is different. Also, there is little 

effect of the electric field on the adsorption energy of H atom in my calculation too. In 

addition, F. Che et al. have calculated H atom, C atom, CH, CH2 and CH3 on Ni (111) 

surface in the presence of an external electric field that is the range from -1.0 to 1.0 V/ Å 

[3]. They have reported that ΔEads,EF of C atom and CH3 with the electric field of -0.5 V/ 

Å are approximately -0.011 eV and 0.105 eV, respectively. In my calculation, C atom and 

CH3 are also stabilized and destabilized by the electric field in [0 0 -1] direction 

respectively as same as their report. ΔEads,EF of C atom and CH3 with the electric field of 

-0.5 V/ Å are good agreements with their report although the calculated absolute value is 

different from theirs because the calculation condition is different. They also reported that 

the electric field effect towards H atom adsorption energy is very small as same as the 

report by J. Mukherjee and S. Linic [2] and my calculation. Therefore, these comparisons 

indicate my calculation results are reasonable. 

Adsorption energy dependence on external electric fields is described as follows, 

and the effective dipole moment and the effective polarizability values of adsorbed 

species on catalytic surfaces can be obtained by this equation [3-5]. 

 

𝐸𝑎𝑑𝑠,𝑤𝑖𝑡ℎ 𝐸𝐹 = 𝐸𝑎𝑑𝑠,𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝐸𝐹 − 𝒅 ∙ 𝑭 −
𝛼

2
𝐹2 (4.3-1) 
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where 𝐸𝑎𝑑𝑠,𝑤𝑖𝑡ℎ 𝐸𝐹  is the adsorption energy with external electric fields, 

𝐸𝑎𝑑𝑠,𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝐸𝐹 is the adsorption energy without external electric fields, d is an effective 

dipole moment, α is effective polarizability and F is an external electric field. The 

effective dipole moment and the effective polarizability values for adsorbed species on 

the Ni (111) surface obtained by the equation mentioned above and adsorption energy 

plots of each adsorbed species with external electric fields in this study and the early study 

reported by F. Che et al. [3] are shown in Table 4.3-6 (the comparisons of the adsorption 

energy plots of H atom, C atom, CH and CH3 with external electric fields between my 

calculation and the early report by F. Che et al. [3] are shown in Figure 4.3-4). Compared 

this calculation results with their results, my calculation results have a little difference 

from their reports. In the effective dipole moment values, positive and negative sign 

tendencies agree with their reports although the magnitude of each adsorbed species is a 

little larger than their reports. In the calculation reported by F. Che et al., 4 Ni metal layers 

with 11 Å vacuum layer is used as a slab model and external electric fields are impressed 

on Ni metal surface in the large range from -1.0 to 1.0 eV/Å. In addition, the Perdew-

Wang 91 (PW91) functional [6] is used as an exchange-correlation functional unlike my 

calculation. I think that this is why the magnitude of the effective dipole moment values 

has a little difference from their reports. While, in the effective polarizability values, the 

magnitude of each adsorbed species is also a little difference from their reports and 

positive and negative sign tendencies except H atom do not agree with their reports. I 

think that a little magnitude difference of the effective polarizability values is also caused 

by the difference of calculation conditions as well as the case of effective dipole moment 

values. The electric dipole moment induced by atomic polarization appears in the same 

direction of external electric fields, so that the energy of dipole moments becomes stable. 

Therefore, positive sign tendencies of each adsorbed species except H and O atoms in this 

calculation are reasonable in terms of the electric dipole moment induced by atomic 

polarization (induced polarization). I also think that negative sign tendencies of H and O 

atoms are within calculation error range because the magnitude of each value is small i.e. 

the induced polarization effect (the third term in the right side of (4.3-1)) is small. 
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Table 4.3-6. The effective dipole moment and the effective polarizability values for 

adsorbed species on the Ni (111) surface in this study and the early study [3]. 

 
 

 
Figure 4.3-4. The adsorption energy plots of H atom, C atom, CH and CH3 with external 

electric fields in this study (circle plots) and the early study (triangle plots) [3]. 

d  [eVÅV
-1

] α  [Å
2
V

-1
] d  [eVÅV

-1
] α  [Å

2
V

-1
]

H -0.034 -0.044 -0.010 -0.062

O -0.155 -0.031 ― ―

CH 0.139 0.191 0.076 -0.193

CO -0.380 0.438 ― ―

CH3 0.390 0.348 0.191 -0.148

CO2 -0.137 0.683 ― ―

CHO 0.081 0.432 ― ―

C -0.127 0.058 -0.066 -0.18

OH 0.516 0.188 ― ―

S -0.025 0.310 ― ―

In this study In the early study
Species on slab
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4.3.2 DFT Calculation Results of Reaction Energy 

Then, the surface reaction energy of each RDS over CO2 methanation with a 

direct electric field was studied. Table 4.3-7 and 4.3-8 show that the surface reaction 

energy change of each RDS with a direct electric field. It is important to mention here 

that the surface reaction energy decreases by the electric field from the gas phase to Ni 

metal surface: [0 0 -1] direction in all RDSs. As a reason why the surface reaction energy 

of all RDSs decreases in the electric field in [0 0 -1] direction, I considered the reason 

from a viewpoint of the adsorption energy change with a direct electric field. In CHO* 

and CO2* dissociations, those reasons are the stabilization of the bond between O* atom 

and CO* in each product side, and Ni metal surface produced newly with the electric field 

in [0 0 -1] direction, respectively. Also, in CH4 desorption, the reason is the 

destabilization of the bond between CH3* and Ni metal surface with the electric field in 

[0 0 -1] direction, which simplifies CH4 desorption to the gas phase. As a result, the 

equilibrium in all RDSs leans to the product side by the electric field in [0 0 -1] direction. 

It follows from these arguments that I think this result implies the promotion of overall 

CO2 methanation by the electric field in [0 0 -1] direction.  

Above tendency can be applied to other reactions. The Boudouard reaction (2CO 

= CO2 + C) and the cracking reaction that are famous as a major factor of the carbon 

deposition at high solid oxide fuel cell (SOFC) operating temperatures are considered for 

example [7-29]. The Boudouard reaction which has CO as a reactant may be restrained 

by the electric field in [0 0 -1] direction because the equilibrium in this reaction leans to 

the reactant side owing to the stabilization of CO adsorption. The cracking reaction 

generates CHx type species in the product side as proceeding the reaction. It is speculated 

that the adsorption of CHx type species is destabilized by the electric field in [0 0 -1] 

direction, so that the cracking reaction may be restrained by the electric field in [0 0 -1] 

direction because the equilibrium in this reaction leans to the reactant side. 

 

Table 4.3-7. Effects on the surface reaction energy with direct electric field impressions. 

 

 

 

 

CHO* + * → CH* + O* CO2* + * → CO* + O* CH3* + H* → CH4 + 2*

0.5 -0.33 -0.92 0.23

0.25 -0.27 -0.70 0.11

0 -0.31 -0.82 0.01

-0.25 -0.34 -1.02 -0.07

-0.5 -0.33 -1.08 -0.13

External field [V/Å]
E rxn, EF  [eV]
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Table 4.3-8. Effects on the surface reaction energy change between with/without direct 

electric field impressions. 

 

 

4.3.3 Kinetic Simulation Results under Direct Electric Field Impressions 

Moreover, the detailed kinetic simulation was performed at temperature range 

from 400 to 700 °C and overall CO and CH4 generation rates were calculated in order to 

reveal promotion and suppression effects in overall CO2 methanation by the direct electric 

field effect to RDSs. Here, we added DFT reaction energy results on Ni (111): 𝛥𝐸𝑟𝑥𝑛,𝐸𝐹 

to activation barriers in three RDSs on Ni (111), (211) and (100) in my kinetic simulation 

to evaluate the direct electric field effect to overall CO2 methanation. More detailed 

information of the parameter change is shown in Table 4.3-9, and overall CO and CH4 

generation rates under each direct electric field magnitude EF = 0, ± 0.25, or ± 0.5 V/ Å  

at each temperature are shown in Figure 4.3-5 and 4.3-7, respectively (each generation 

rate in logarithmic scale is also shown in Figure 4.3-6 and 4.3-8). Figure 4.3-5 shows that 

CO generation rate becomes large as increasing temperature. This because that CO* (CO 

on the Ni surface) increases its degree of freedom by desorption to gas phase (degree of 

freedom is change from two-dimensional to three-dimensional), so that the entropy term 

is influential in CO desorption in addition to the reverse water gas shift reaction is an 

endothermic reaction that the reaction equilibrium leans to the product side at high 

temperature. While, Figure 4.3-7 shows that CH4 generation rate becomes large as 

increasing temperature at temporary but CH4 generation rates at 600 and 700 °C have 

decrease tendencies compared with that at 500 °C. This is because the CO hydrogenation 

is an exothermic reaction that the reaction equilibrium leans to the reactant side at high 

temperature. Also, as shown Figure 4.3-5, 4.3-6, 4.3-7 and 4.3-8, CO and CH4 generation 

rates increase with the electric field in [0 0 -1] direction, while it decreases with the 

electric field in [0 0 1] direction in all temperature regions. In both CO and CH4 generation 

rates, each dependence to the direct electric field impressions becomes small as increasing 

the temperature. These results have good agreement with the experiment result by R. 

Atsumi et al. that NEMCA is more active as being the low temperature region [30]. I 

consider that NEMCA promotes not the reaction rate but the rate to reach the reaction 

equilibrium. In the reaction at high temperature, the reaction rate is fast and it is easy to 

CHO* + * → CH* + O* CO2* + * → CO* + O* CH3* + H* → CH4 + 2*

0.5 0.07 0.23 0.22

0.25 0.02 0.10 0.10

-0.25 -0.01 -0.10 -0.07

-0.5 0.00 -0.16 -0.14

ΔE rxn, EF  [eV]
External field [V/Å]
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reach the reaction equilibrium. While, in the reaction at low temperature, the reaction rate 

is slow and the reaction does not reach the equilibrium. Therefore, because NEMCA is 

more effective in low temperature region, dependence to the direct electric field 

impressions in each generation rate becomes small as increasing the temperature. Note 

that Enthalpy changes are not changed and only activation barriers in each RDSs are 

changed in this detailed kinetic simulation i.e. the rate to reach the reaction equilibrium 

is changed. In SOEC mode, the electric current flows from the oxygen electrode to the 

fuel electrode, which means the electron: 𝑒−  moves from the fuel electrode to the 

oxygen electrode conversely. It is important to mention here that the electric field is 

impressed from the electrolyte to Ni metal surface under this condition. Therefore, this 

result indicates that overall CO2 methanation is promoted in SOEC mode at all 

temperature regions. 

 

Table 4.3-9. Activation barrier parameters of RDSs under the electric field magnitude 

EF = 0, ± 0.25, or ± 0.5 V/ Å. 

 

 

 

Facet Reaction Reaction number EF = 0.5 EF = 0.25 EF = 0 EF = -0.25 EF = -0.5

CH3* + H* → CH4 + 2* 4 150324 138872 129000 122194 115626

CHO* + * → CH* + O* 15 125964 120826 118277 116217 116576

CO2* + * → CO* + O* 35 171035 158375 149000 139286 132608

CH3* + H* → CH4 + 2* 41 137675 126223 116351 109545 102976

CHO* + * → CH* + O* 50 130950 125812 123263 121203 121562

CO2* + * → CO* + O* 55 167916 155255 145880 136166 129489

CH3* + H* → CH4 + 2* 73 138324 126872 117000 110194 103626

CHO* + * → CH* + O* 79 202687 197549 195000 192940 193299

CO2* + * → CO* + O* 87 171035 158375 149000 139286 132608

(100)*

Ea [J/mol]

(111)*

(211)*



146 

 

 

Figure 4.3-5. Overall CO generation rates under the electric field magnitude EF = 0, ± 

0.25, or ± 0.5 V/ Å at the temperature range from 673 to 973 K.  

 

 

Figure 4.3-6. Overall CO generation rates in logarithmic scale under the electric field 

magnitude EF = 0, ± 0.25, or ± 0.5 V/ Å at the temperature range from 673 to 973 K.  
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Figure 4.3-7. Overall CH4 generation rates under the electric field magnitude EF = 0, ± 

0.25, or ± 0.5 V/ Å at the temperature range from 673 to 973 K.  

 

 

Figure 4.3-8. Overall CH4 generation rates in logarithmic scale under the electric field 

magnitude EF = 0, ± 0.25, or ± 0.5 V/ Å at the temperature range from 673 to 973 K. 

 

 

 

 

 



148 

 

4.4 Conclusion 

In this chapter, the effect of direct electric field impressions on flat sites with 

DFT calculation used the thin film condenser model has been discussed in order to 

estimate the direct change in a catalytic electron state with an electric field over CO2 

methanation on Ni catalyst in SOEC.  

At first, the adsorption energy change with direct electric field impressions of 

hydrocarbon species on Ni (111) associated with RDSs in CO2 methanation (CHO 

dissociation, CO2 dissociation and CH4 desorption) that is identified by the sensitivity 

analysis in chapter 3 have been calculated and discussed. The adsorption energy change 

of hydrocarbon species with direct electric field impressions has a different tendency. H, 

O and CO are stabilized by the electric field from the gas phase to Ni metal surface: [0 0 

-1] direction and have a slope linear relation. CH and CH3 are stabilized by the electric 

field from Ni metal surface to the gas phase: [0 0 1] direction on the contrary but have 

also a slope linear relation. CO2 and CHO are a semi-harmonic style and are stabilized in 

both electric field directions. In particular, stabilization effects in CO (and O atom) and 

CH3 with a direct electric field by [0 0 -1] and [0 0 1] directions respectively are large. 

These stabilization tendencies with direct electric field impressions can be interpreted by 

the relation between the external electric field and electric dipole moment. In concrete, 

the adsorption stabilization tendency in the case of monoatomic species is explained by 

the relation between the external electric field and electric dipole moment between the 

directly adsorbed atom and Ni surface atoms (it is also considered that the inflow amount 

change of the charges (the number of electrons) from Ni metal surface into adsorbed 

monoatomic species caused by polarization among Ni surface layers with external electric 

fields affects the adsorbed stabilization), while that in the case of polyatomic species is 

explained by the relation between the external electric field and electric dipole moment 

between atoms in the adsorbed molecule. Also, the difference of stabilization magnitude 

can be explained by the change amount magnitude of charge (electron) transference from 

Ni metal surface into the adsorbed species with external electric fields. 

After that, the surface reaction energy change with direct electric field 

impressions in each RDS in CO2 methanation has been calculated and discussed. Reaction 

energies in all RDSs decrease with electric field from the gas phase to Ni catalyst surface. 

It is considered that the stabilization of O*-Ni and CO*-Ni in the product side in CHO and 

CO2 dissociations respectively and the destabilization of CH3
*-Ni in the reactant in CH4 

desorption with electric field from the gas phase to Ni catalyst surface cause these 

tendencies. These results indicate that a direct electric field enhances the stability of 

adsorbed species on the catalyst surface and accelerates all RDSs. Also, I think these 
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results with direct electric field impressions has potential for the application to other 

reaction mechanisms in the chemical industry. 

In addition, the detailed kinetic simulation at temperature range from 400 to 

700 °C have been performed so as to reveal promotion and restraint effects in overall CO2 

methanation with direct electric field impressions. CO generation rate becomes large as 

increasing temperature and the increase tendency in CH4 generation rate as increasing 

temperature becomes smaller at 600 and 700 °C compared with that at 500 °C. These 

results is affected by the reaction equilibrium leans towards reactant or product side in 

high temperature (and the change of degree of freedom in CO desorption). Also, Overall 

CH4 and CO generation rates are accelerated with the electric field from the gas phase to 

Ni metal surface, while they are decelerated with the electric field from Ni metal surface 

to the gas phase, and I have found that overall CO2 methanation is accelerated in SOEC 

mode. Both generation rates dependence on the direct electric field impressions is gentler 

at the high temperature region and these results agree with the experiment result by R. 

Atsumi et al. that NEMCA is more effective as being the low temperature region. This is 

because NEMCA improves not the reaction rate but the rate to reach the reaction 

equilibrium. 

 The thin film condenser model used in this chapter to evaluate the direct change 

in a catalytic electron state with an electric field is assumed a capacitor model and is a 

little different from the present SOCs. Therefore, more detailed examination is required 

to discuss adaptability and quantitatively of my calculation results to the direct change in 

a catalytic electron state with an electric field in realistic SOCs catalytic surface. To 

discuss this point, I have constructed the electric battery model for DFT calculation that 

is close to the practical style i.e. electric charges can be inflow into the slab model. As a 

next step, I have performed DFT calculation with direct electric charge impressions used 

this electric battery model and discussed theoretically the direct change in a catalytic 

electron state with an electric field in more practical model in next chapter 5. 
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Chapter 5 Direct Effects of Electric Charge Impressions into 

Catalytic Activity 

5.1 Introduction 

 In chapter 4, the direct change in a catalytic electron state with an electric field 

has been discussed with the thin film condenser model considering direct electric field 

impressions. However, this calculation model has been assumed not an electric battery 

but a capacitor and is a little different from the present SOCs model. Therefore, more 

detailed examination is required to discuss adaptability and quantitativity of my results to 

the direct change in a catalytic electron state with an electric field in practical SOCs 

catalytic surface. Hence, in this chapter, the effect of direct electric charge impressions 

has been discussed theoretically with DFT calculation to evaluate the direct change in a 

catalytic electron state with an electric field under more practical SOCs conditions 

(internal electric fields). As a more practical DFT calculation model for the calculation of 

direct electric charge impressions, the electric battery model has been proposed with the 

effective screening medium (ESM) method because it is difficult to construct the surface 

slab model that is connected directly to the electrode via the electric cell for the charge 

neutrality with the conventional DFT calculation method. Seven hydrocarbon species that 

relate to three RDSs in CO2 methanation proposed in chapter 3 have been also used as an 

adsorbed species on the Ni metal catalyst as same as the calculation in chapter 4. In 

concrete, firstly, DFT computational conditions, the theory of the ESM method, and the 

battery model with the ESM method for the calculation with direct electric charge 

impressions have been explained. Then, the result of adsorption energy change of 

hydrocarbon species related RDSs over CO2 methanation on Ni (111) facet with direct 

electric charge impressions has been shown and then the reason of the adsorption energy 

change with direct electric charge impressions has been discussed in terms of electron 

donations and polarization. After that, the result of the surface reaction energy change in 

three RDSs over CO2 methanation with direct electric charge impressions has been shown 

and the promotion or repression effect in three RDSs over CO2 methanation with direct 

charge impressions has been discussed. Finally, the detailed kinetic simulation result at 

temperature range from 400 to 700 °C in CO2 methanation that is adapted to the reaction 

energy change with direct electric charge impressions has been shown and the promotion 

or restraint effect and temperature dependence in the overall CO2 methanation with direct 

charge impressions has been discussed. In the end of this chapter, I have made a brief 

summary in this chapter. 
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5.2 Numerical Details 

5.2.1 DFT Computational Details 

In this work, catalytic activity improvements with direct electric charge 

impressions (internal electric fields caused by the potential difference) are 

computationally investigated by the density functional theory (DFT) calculations [1,2]. 

Seven hydrocarbon species (H atom, O atom, CH, CO, CH3, CO2 and CHO) related to 

three RDSs are assumed as reaction intermediates in CO2 methanation. These 

hydrocarbon species are adsorbed on Ni (111) facet for simplicity as reaction 

intermediates in CO2 methanation. Ni metal is a famous metal catalyst used in SOEC. For 

repeated slab models [3], the three layers slab of Ni (111) that includes 3 × 3 unit cell 

is used to evaluate the surface reaction, and the width of a vacuum layer is set to 10 Å. 

Here, Ni lattice parameter is 3.527 Å which is good agreement with the experimental 

value: 3.52 Å [4]. DFT calculations are implemented using Quantum ESPRESSO [5,6] 

that are performed with a plane-wave basis set [3] and can utilize Effective screening 

medium (ESM) method [7,8]. The Perdew-Burke-Ernzerhof (PBE) exchange-correlation 

functional with the generalized gradient approximation (GGA) [9] is used with 4 × 4 ×

1 and 1 × 1 × 1 (for all gas species) as Monk-horst-Pack k-points [10]. The cutoff 

energy of a plane wave is 630 eV. Also, the ultrasoft is used as the pseudopotentials [3] 

and the spin-polarization is considered in our calculations because Ni meatal is a 

ferromagnetic substance. Furthermore, Plane and Local TF are utilized for pure Ni slab, 

O, CO (except -0.05e), CO2 (except 0.03e and 0.04e) and for a part of CO (-0.05e) and 

CO2 (0.03e and 0.04e) and the species containing an H atom as the charge density mixing 

method, respectively. The slab isolation method is set Effective screening medium (ESM) 

and the boundary condition is set Vacuum/Slab/Metal (VSM model). The strength of a 

species adsorption is calculated using the adsorption energy defined as (4.2-1). For 

instance, the reaction energy associated with the dissociation of AB* + * → A* + B* 

and the associative desorption of A* + B* → AB + 2* are defined as (4.2-2) and (4.2-3), 

respectively. 

 

5.2.2 Effective Screening Medium Method [7,8] 

 In the first-principles calculation, the relation between electric charges and 

electric field is described by Poisson equation that is solved by the iterative calculation 

or Fourier transform with three dimensional periodic boundary conditions (PBC). 

However, if electric field (electric voltage) is impressed to the system, the translational 

objectivity in impression direction is broken, so that the calculation integration with PBC 

declines significantly.  
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Some studies have been reported to resolve this problem [7,8,11-14]. In this 

study, Effective screening medium (ESM) method developed by M. Otani et al. is utilized, 

in particular [7,8]. In ESM method, for description of the surface and interface, a slab 

geometry is used that is periodic in the direction parallel to the surface but is not periodic 

in the perpendicular direction, sandwiched by semi-infinite media of relative permittivity 

which describes vacuum, conductor (metal) or solution called as ESM within a level of a 

macroscopic continuum model as shown in Figure 5.2-1. ESM method treats the medium 

part within a continuum characterized by relative permittivity and additional classical 

charge density. Poisson equation with help of the Green’s function technique is solved in 

the whole region in the isolated slab, and Kohan-Sham equation is solved in a cell of finite 

length in medium direction imposing the PBC (repeated slab). In more detail, ESM 

method assumes that the electrons are confined to the region 𝑧 ∈ [−𝑧0, 𝑧0] and that the 

wave functions are solved using the repeated slab of length 2𝑧0 as shown in Figure 5.2-

1, and the standard DFT-PW (plane-wave)-PP (pseudopotential) program are applicable. 

Modified Poisson equation used in ESM method is as follows. 

 

𝛁 ∙ [휀(𝒓)𝛁]𝑉(𝒓) = −4𝜋𝜌𝑡𝑜𝑡(𝒓) (5.2-1) 

 

where 휀(𝒓) is relative permittivity, 𝑉(𝒓) is electrostatic potential and 𝜌𝑡𝑜𝑡(𝒓) is the 

total charge density. When a region of infinite permittivity 휀(𝒓) = ∞ is introduced, the 

medium works as a perfect conductor (metal). When a region of 휀(𝒓) = 1 is introduced, 

the medium works as an ultrahigh vacuum (UHV). Also, When a region of finite 

permittivity is introduced, the medium works as a solution (for example, the solution is 

water when relative permittivity has the value of water molecules in the liquid phase, 

휀(𝒓) = 78.4). An important advantage of this scheme is that the potential can be obtained 

in reference to the value at infinity. The total charge density 𝜌𝑡𝑜𝑡(𝒓)consists not only of 

charges of the electrons and nuclei but also of external charges that are located 

additionally. As the external charges, classical charge density 𝜌𝑐(𝒓) can be introduced 

that is decided according to the solution theory such as the Poisson-Boltzman (PB) [15-

17] theory in which 𝜌𝑐(𝒓)  is determined statistically based on electrostatic potential 

𝑉(𝒓). In ESM method, Charge neutrality is satisfied automatically in the whole region by 

the introduction of classical charge density 𝜌𝑐(𝒓) as follows. 

 

∫ 𝜌𝑡𝑜𝑡(𝒓)𝑑𝒓
Ω

= 0 (5.2-2) 
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where Ω means the whole region. This means that charge neutrality is satisfied in the 

whole region if induced charges in ESM (for example, metal) are considered, so that 

charge neutrality in unit cell is not required for DFT calculations. Moreover, because 

Poisson equation in ESM method is solved beforehand with Green’s function, it do not 

required to be solved in the first-principles calculation progress. This means that ESM 

method can be introduced in conventional DFT program with only slight changes, so that 

the SCF calculation cost is almost same as the conventional system and the extra 

calculation cost can be ignored. 

 

 

Figure 5.2-1. A schematic diagram of a slab geometry sandwiched by semi-infinite 

media (𝑧0 and (𝑧1, respectively denote the cell boundary for repeated slab calculation 

and the interface between the vacuum and the medium). [7] 

 

 The Poisson equation re-written with Green’s function is as follows. 

 

𝛁 ∙ [휀(𝒓)𝛁]𝐺(𝒓, 𝒓′) = −4𝜋𝛿(𝒓 − 𝒓′) (5.2-3) 

 

Here, 𝐺(𝒓, 𝒓′)  is Green’s function. The total energy functional of ESM method with 

above Green’s function for the Poisson equation is as follows. 

 

𝐸[𝜌𝑒] = 𝐾[𝜌𝑒] + 𝐸𝑥𝑐[𝜌𝑒] +
1

2
∬𝑑𝒓𝑑𝒓′𝜌𝑒(𝒓)𝐺(𝒓, 𝒓

′) 𝜌𝑒(𝒓
′)

+∬𝑑𝒓𝑑𝒓′𝜌𝑒(𝒓)𝐺(𝒓, 𝒓
′) 𝜌𝐼(𝒓

′)

+
1

2
∬𝑑𝒓𝑑𝒓′𝜌𝐼(𝒓)𝐺(𝒓, 𝒓

′) 𝜌𝐼(𝒓
′) 

(5.2-4) 

 

where, 𝜌𝑒(𝒓) is the electron charge density, 𝜌𝐼(𝒓) is the nuclear charge density, K and 

𝐸𝑥𝑐  is the kinetic and exchange-correlation energy functional of the electrons, 

respectively. The third, fourth and fifth terms correspond to Hartree energy (EH), electron-
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ion interaction energy (Ee-i) and ion-ion interaction energy (Eion), respectively. The fourth 

term (the inter action between the electrons and nuclei) can be re-written as follows for 

the pseudopotential scheme. 

 

∬𝑑𝒓𝑑𝒓′𝜌𝑒(𝒓)𝐺(𝒓, 𝒓
′) 𝜌𝐼(𝒓

′)

= ∬𝑑𝒓𝑑𝒓′𝜌𝑒(𝒓)𝐺(𝒓, 𝒓
′) 𝜌𝑔(𝒓

′) + ∫𝑑𝒓𝜌𝑒(𝒓)𝑉𝑖𝑜𝑛
𝑠ℎ𝑜𝑟𝑡(𝒓)

+∑⟨𝜙𝛼|𝛥𝑉𝑝𝑠|𝜙𝛼⟩

𝛼

 

(5.2-5) 

 

where, 𝜌𝑔(𝒓)  is the effective nucleus charge localized near the nuclear position, 

𝑉𝑖𝑜𝑛
𝑠ℎ𝑜𝑟𝑡(𝒓) is the short-range local potential, 𝜙𝛼 is the Kohn-Sham orbital, and 𝛥𝑉𝑝𝑠 is 

the nonlocal part of the pseudopotential, which has a finite range from the nuclear position. 

In right side, the first, second and third terms correspond to the long-range local, short-

range local and nonlocal part, respectively. Also, the sum of the first and second terms is 

called as the local potential energy (Eloc). 

 Green’s function for the Poisson equation is given by the solution of the 

following equation with imposition of appropriate boundary conditions on above 

equations. 

 

𝑉(𝒓) = ∫𝑑𝒓′𝐺(𝒓, 𝒓′)𝜌𝑡𝑜𝑡(𝒓
′) (5.2-6) 

 

In ESM method, relative permittivity in boundary conditions in each system is assumed 

to depend only on z direction as shown Figure 5.2-1. From this assumption, the Poisson 

equation is re-written as follows with the Laue representation 

 

{𝜕𝑧[휀(𝑧)𝜕𝑧] − 휀(𝑧)𝑔∥
2}𝐺(𝒈∥, 𝑧, 𝑧

′) = −4𝜋𝛿(𝑧 − 𝑧′) (5.2-7) 

 

where 𝒈∥ is a wave vector parallel to the surface and 𝑔∥ expresses the absolute value 

of 𝒈∥. In ESM model, four calculation conditions can be assumed [(A) Vacuum (VSV 

model), (B) Metal/Vacuum/Metal (MSM model), (C) Vacuum/Metal (VSM model) and 

(D) Solvent/Vacuum/Solvent (SMS model)]. Green’s function in each case can be 

obtained according to this equation and four corresponding boundary conditions in each 

case as follows. 
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(A) Vacuum/Slab/Vacuum (VSV model) 

𝜕𝑧𝑉(𝒈∥, 𝑧)|𝑧=±∞ = 0,  휀(𝑧) = 1 (5.2-8) 

 

(B) Metal/Slab/Metal (MSM model) 

𝑉(𝒈∥, ±𝑧1) = 0,  휀(𝑧) = {
1 if |𝑧| ≤ 𝑧1

∞ if |𝑧| ≥ 𝑧1
 (5.2-9) 

 

(C) Vacuum/Slab/Metal (VSM model) 

{
𝑉(𝒈∥, 𝑧)|𝑧=𝑧1

= 0

𝜕𝑧𝑉(𝒈∥, 𝑧)|𝑧=−∞ = 0
,  휀(𝑧) = {

1 if |𝑧| ≤ 𝑧1

∞ if |𝑧| ≥ 𝑧1
 (5.2-10) 

 

(D) Solvent/Slab/Solvent (SSS model) 

𝜕𝑧𝑉(𝒈∥, 𝑧)|𝑧=±∞ = 0,  휀(𝑧) = {
1 if |𝑧| ≤ 𝑧1

휀𝑟 if |𝑧| ≥ 𝑧1
 (5.2-11) 

 

 The boundary condition (A) expresses a slab located in the vacuum and this is 

called as Vacuum/Slab/Vacuum (VSV) model, which is a specific case in ESM model that 

does not have screening. In VSV model, Green’s function is described as follows. 

 

𝐺(A)(𝒈∥, 𝑧, 𝑧
′) =

4𝜋

2𝑔∥
𝑒−𝑔∥|𝑧−𝑧

′| (5.2-12) 

 

This is equivalent to the Fourier component of the bare Coulomb as follows. 

 

𝐺𝑏(𝒓∥ − 𝒓∥
′, 𝑧, 𝑧′) =

1

√|𝒓∥ − 𝒓∥′|
2
+ (𝑧 − 𝑧′)2

 
(5.2-13) 

 

In VSV model, the charge neutrality must be imposed because otherwise either 

𝜕𝑧𝑉(0,−∞)  or 𝜕𝑧𝑉(0,+∞)  becomes nonzero. This problem is known for the one 

dimensional Poisson equation. 𝑉(0, 𝑧) increases or decreases linearly with z in this case 
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and it gives the electrostatic energy divergent. The calculation in VSV model becomes 

the same as the calculation with the repeated slab model when a sufficiently long supercell 

is used for the z direction. However, the calculation in VSV model always refers to the 

vacuum level although the calculation with the repeated slab model does not refer to the 

vacuum level. 

 The boundary condition (B) is called as Metal/Slab/Metal (MSM) model and this 

model can calculate the surface where a separated metal electrode applies a bias voltage. 

The thin film condenser model used in chapter 4 to evaluate the effect of direct electric 

field impressions is considered the almost same condition in this model, but the 

calculation with the thin film condenser model in chapter 4 does not utilize ESM method. 

The electrode region |𝑧| > 𝑧1  has infinite relative permittivity and have constant 

potential. This potential is taken to zero and is used as a reference energy. This model 

correspond to the STM experimental setup in which the STM tip is modeled by a metal 

capacitor. This model is appropriate when the distance between the tip and surface is 

sufficiently large (overlap in electronic wave function can be ignored). In MSM model, 

Green’s function is expressed as follows. 

 

𝐺(B)(𝒈∥, 𝑧, 𝑧
′) =

4𝜋

2𝑔∥
𝑒−𝑔∥|𝑧−𝑧

′| +
4𝜋

2𝑔∥

×
𝑒−2𝑔∥𝑧1 cosh[𝑔∥(𝑧 − 𝑧

′)] − cosh [𝑔∥(𝑧 + 𝑧
′)]

sinh (2𝑔∥𝑧1)
 

(5.2-14) 

 

Here, 𝑧 and 𝑧′ are in the region |𝑧| < 𝑧1. The first term is the bare Coulomb part. The 

second term can be re-written as follows and this term is interpreted as a mirror image 

part. 

 

4𝜋

2𝑔∥
∑{exp[−𝑔∥(𝑧 − 𝑧

′ + (4𝑚 + 4)𝑧1)]

∞

𝑚=0

+ exp[𝑔∥(𝑧 − 𝑧
′ − (4𝑚 + 4)𝑧1)]

− exp[−𝑔∥(𝑧 + 𝑧
′ + (4𝑚 + 2)𝑧1)]

− exp[𝑔∥(𝑧 + 𝑧
′ − (4𝑚 + 2)𝑧1)]} 

(5.2-15) 

 

The second term means Coulomb interaction with image charges that locate at the mirror 

image positions ( z = −𝑧′ ± (4𝑚 + 2)𝑧1  and z = 𝑧′ ± (4𝑚 + 4)𝑧1 ). In this way, 

Green’s function in MSM model consists of the bare Coulomb part and the mirror image 
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part. 

 The boundary condition (C) is called as Vacuum/Slab/Metal (VSM) model. In 

this model, the metal electrode is placed on only one side of the model. When the slab is 

constituted by atomic layers, atomic chains, or a tubular nanomaterial such as carbon 

nanotube expending x or y direction, this model corresponds to the back gate FET 

experimental setup in which the metallic continuum located separately at 𝑧 > 𝑧1 works 

as a back gate electrode. In VSM model, Green’s function is written as follows. 

 

𝐺(C)(𝒈∥, 𝑧, 𝑧
′) =

4𝜋

2𝑔∥
𝑒−𝑔∥|𝑧−𝑧

′| −
4𝜋

2𝑔∥
𝑒−𝑔∥(2𝑧1−𝑧−𝑧

′) (5.2-16) 

 

Here, 𝑧 and 𝑧′ are smaller than 𝑧1. This model also consists of the bare Coulomb part 

(the first term) and the mirror image part (the second term). However, this model is 

different from MSM model and has only one image charge at the mirror image position 

(z = −𝑧′ + 2𝑧1). 

 The boundary condition (D) is called as Solvent/Slab/Solvent (SSS) model. In 

this model, the surface is in contact with the solution. The relative permittivity is set to 

that of the solution in both regions 𝑧 < −𝑧1 and 𝑧 > 𝑧1 (for example, it is 78.4 in the 

case of water). The principle of this model is the same as the polarized continuum model 

(PCM) [18] and its modifications [19]. In SSS model, Green’s function is described as 

follows. 

 

𝐺(D)(𝒈∥, 𝑧, 𝑧
′)

=
4𝜋

2𝑔∥
𝑒−𝑔∥|𝑧−𝑧

′| +
4𝜋

2𝑔∥

×
𝑒−2𝑔∥𝑧1(휀𝑟 − 1)

2 cosh[𝑔∥(𝑧 − 𝑧
′)] − (휀𝑟

2 − 1)cosh [𝑔∥(𝑧 + 𝑧
′)]

2휀𝑟cosh (2𝑔∥𝑧1) + (1 + 휀𝑟2)sinh (2𝑔∥𝑧1)
 

(5.2-17) 

 

Here, 𝑧 and 𝑧′ are within the region [−𝑧1, 𝑧1]. The second term can be re-written as 

follows and this is the image charge part. 
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4𝜋

2𝑔∥
∑ [(

휀𝑟 − 1

휀𝑟 + 1
)
2𝑚+2

{exp[−𝑔∥(𝑧 − 𝑧
′ + (4𝑚 + 4)𝑧1)]

∞

𝑚=0

+ exp[𝑔∥(𝑧 − 𝑧
′ − (4𝑚 + 4)𝑧1)]}

− (
휀𝑟 − 1

휀𝑟 + 1
)
2𝑚+1

{exp[−𝑔∥(𝑧 + 𝑧
′ + (4𝑚 + 2)𝑧1)]

+ exp[𝑔∥(𝑧 + 𝑧
′ − (4𝑚 + 2)𝑧1)]}] 

(5.2-18) 

 

Image charges locate at the mirror image positions (z = −𝑧′ ± (4𝑚 + 2)𝑧1  and z =

𝑧′ ± (4𝑚 + 4)𝑧1) as well as MSM model, but the interaction decreases exponentially as 

the distance from the image charge increases. Green’s function in SSS model consists also 

of the bare Coulomb term (the first term) and the image charge term (the second term). 

This model must be imposed the charge neutrality as same as VSV model, but electrolyte 

ions such as H+ or SO4
2- exist in the solution and can change the spatial distributions in 

order to screen electrostatic potential. Therefore, the whole system is kept neutral even 

when the surface is charged up. Also, a continuum model is used to incorporate the 

screening effect macroscopically and modified PB (MPB) theories is utilized as a 

continuum model in SSS model [20], so that the charged surface in the solution can be 

calculated in SSS model. 

 The zero value of the electrostatic potential becomes the base relative to energy 

level 휀𝛼 and chemical potential of electrons 𝜇 is obtained. The electron density in the 

grand canonical ensemble [21] is calculated as follows. 

 

𝜌𝑒(𝒓) = ∑ |𝜙𝛼(𝒓)|
2

𝛼≤𝜇

𝛼

 (5.2-19) 

 

This equation is calculated on the energy level basis of Kohn-Sham equation calculated 

from the following equation. 

 

[−
1

2
∇2 + 𝑉(𝒓) + 𝑉𝑋𝐶(𝒓; 𝜌𝑒)] 𝜙𝛼(𝒓) = 휀𝛼𝜙𝛼(𝒓) (5.2-20) 

 

where, 𝑉𝑋𝐶(𝒓; 𝜌𝑒) is the exchange-correlation potential. In this way, the total number of 

electrons 𝑁𝑒 is not given advance and it is calculated through self-consistent calculations. 
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The grand potential is obtained as a function of chemical potential of electrons 𝜇 and the 

discussion of thermodynamic stability of a surface phase [22]. This way is called as the 

constant−𝜇 mode. Meanwhile, several parallel calculations can be performed for given 

𝑁𝑒 values. In this way, the grand potential is obtained through interpolation. This way is 

called as the constant−𝑁𝑒  mode. The constant−𝜇  mode is usually less stable and 

requires more iterations to accomplish self-consistency. 

Several studies about the improvement and application of ESM method have 

been reported. For example, the smooth ESM method has been reported as the 

improvement of the original ESM method as shown in Figure 5.2-2. The smooth ESM is 

improved upon the description of the screening medium by imposing a smooth transition 

of the dielectric permittivity between the vacuum region and the ESM in order to remove 

the overlap constraint on the electric charge density in the original ESM method. In the 

smooth ESM method, the relative permittivity includes the exponential function type part 

and Green’s function style is changed [23]. Also, the application of the ESM method to 

Molecular dynamics (MD) simulation has been reported [24]. Furthermore, the ESM 

method have been utilized widely in the calculation of solution model, the calculation 

with charged surfaces and interfaces and more [25-29]. 

 

 

Figure 5.2-2. Schematic diagrams of (a) the original ESM and (b) the smooth ESM. 

Here, the ESM is assumed as a metal (the relative permittivity is infinite 휀 = ∞). [23] 

 

5.2.3 Electric Battery Model 

In order to evaluate the direct change in a catalytic electron state with an electric 

field in practical conditions (internal electric fields caused by the potential difference), 

the battery model that is connected directly to an outlet electrode via an electric cell and 

the slab is accepted electric charge directly shown as Figure 5.2-3 (b) is considered. In 

this study, ESM method is utilized to construct the electric battery model for DFT 

calculations and to remove the charge neutrality in DFT calculation regulations. The ESM 

model for the electric battery model shown as Figure 5.2-3 (d) is assumed to evaluate the 

effect of direct electric charge impressions. Here, capacitor models assumed in chapter 4 
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are also shown in Figure 5.2-3 (a) and (b) for the comparison of each case. The ESM 

model for the electric battery model is that the slab model is sandwiched between two 

semi-infinite media of relative permittivity 휀(𝒓) = 1 and ∞. Here, 휀(𝒓) = 1 means 

the vacuum media and 휀(𝒓) = ∞ means the metal media. It is assumed that the slab is 

connected directly to the metal via the electric cell. In short, The ESM model for the 

electric battery model is Vacuum/Slab/Metal (VSM) model in ESM method. The electric 

charge injection magnitude (the charge state) is −0.05e ≤ 0 ≤ 0.05e. Notice that the 

negative and positive charge states mean electric charge deficit and excess on the slab, 

respectively. It is assumed that (internal) electric field direction is the perpendicular 

direction from the Ni slab surface to the gas phase in the negative electric charge state 

because charge states in the slab side and the metal side are the deficit and the excess, 

respectively. While, (internal) electric field direction is the perpendicular direction from 

the gas phase to the Ni slab surface in the positive electric charge state because charge 

states in the slab side and the metal side are the excess and the deficit, respectively. Also, 

adsorption sites of hydrocarbon species on Ni (111) are set to the most stable surface site 

of each hydrocarbon species by the reference of my group report and early studies in this 

calculation with a direct electric charge (H atom: fcc [30-36], O atom: fcc [30, 32-38], 

CH: fcc [31,35], CO: hcp [34-36,39], CH3: fcc [31,35,36], CO2: top [34,35], CHO: hcp 

[36]). Adsorption sites of hydrocarbon species on Ni (111) surface are shown in Figure 

4.2-2. Energy changes (the adsorption or reaction energy) with an electric charge are 

defined as follows, respectively: 

 

𝛥𝐸𝐸𝐶 = 𝐸𝑤𝑖𝑡ℎ 𝐸𝐶 − 𝐸𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝐸𝐶 (5.2-21) 

 

where 𝛥𝐸𝐸𝐶  is the relative value based on the adsorption or reaction energy without an 

electric charge, 𝐸𝑤𝑖𝑡ℎ 𝐸𝐶 is the adsorption or reaction energy with an electric charge, 

𝐸𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝐸𝐶 is the adsorption or reaction energy without an electric charge. DFT total 

energy differences in each adsorption site on Ni (111) (fcc, hcp, top) in each species are 

only the second decimal place order as eV unit i.e. it is considered that these difference 

have little effects to my calculation results. Accordingly, the most stable adsorption sites 

in each hydrocarbon species without direct electric charge impressions are also used in 

the case of the calculation with direct electric charge impressions for simplicity when the 

relative value based on the adsorption energy without direct electric charge impressions 

is calculated. Also, Cutoff energy, magnetization values for gas species calculation, and 

the adsorption site on Ni (111) in each species in this calculation with direct electric 

charge are shown in Table 5.2-1. 
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Figure 5.2-3. Schematic diagrams of (a) a capacitor and (b) an electric battery 

(nanostructure between the electrodes and metal connected with the counter electrode 

are calculation targets), and schematic diagrams of ESM models for (c) the capacitor 

and (d) the electric battery (bold square show the unit cell). [8] 

 

Table 5.2-1. Cutoff energy, initial spin values for gas species calculation, and the most 

stable adsorption site on Ni (111) in each species in this calculation with direct electric 

charge. 

 

 

 

 

 

 

 

 

 

 

 

 

 

DFT conditions

Species Kinetic energy cut off energy Charge density cut off energy Magnetization (gas species) Charge density mixing method Adsorption site (Ni (111))

H 630eV 6308eV 0.1 Local TF fcc

O 630eV 6308eV 0.2 Plane fcc

CH 630eV 6308eV 0.1 Local TF fcc

CO 630eV 6308eV 0 Plane and Local TF (only -0.05e) hcp

CH3 630eV 6308eV 0.1 Local TF fcc

CO2 630eV 6308eV 0 Plane and Local TF (only 0.03e and 0.04e) top

CHO 630eV 6308eV 0.1 Local TF hcp
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5.3 Results and Discussion 

5.3.1 DFT Calculation Results of Adsorption Energy 

At first, I calculated the adsorption energy of seven hydrocarbon species on Ni 

(111) facet related to RDSs over CO2 methanation with a direct electric charge using the 

electric battery model with the ESM method. The adsorption energy change of each 

species with electric charge impressions is shown in Table 5.3-1, 5.3-2 and Figure 5.3-1. 

These results show that direct effects of an electric field in the surface adsorption by the 

electric charge impressions are different in each species. Note that negative values mean 

the adsorption stabilization of adsorbed species in this table. Negative charge states means 

the charge deficit in the slab and the electric field that has the perpendicular direction 

from the gas phase to Ni metal surface is assumed. While, Positive charge states means 

the charge excess in the slab and the electric field that has the perpendicular direction 

from Ni metal surface to the gas phase is assumed. H atom, O atom and CO are stabilized 

on the surface with the charge deficit. This means these species are stabilized with the 

electric field that has the perpendicular direction from the gas phase to Ni metal surface. 

While, CH, CH3, are stabilized on the surface with the charge excess. This means these 

species are stabilized with the electric field that has the perpendicular direction from Ni 

metal surface to the gas phase. Also, H atom, O atom, CH, CO and CH3 have the linear 

relation to the charge state, and CO2 and CHO have a semi-harmonic style. These result 

tendencies almost agree with the result tendencies in direct electric fields impressions 

with the thin condenser model (in chapter 4). CO2 shows a semi-harmonic tendency 

affected by the destabilization in CO2 physisorption as same as the result tendency in 

direct electric fields impressions (CO2 is stabilized in both charge states), but the 

stabilization tendency of CHO is a little difference from the result tendency in direct 

electric field impressions although a semi-harmonic style is the same as the result in direct 

electric fields impressions (it also looks that CHO has the stabilization tendency in the 

charge excess state). I infer that this difference is affected by perpendicular and horizontal 

polarization directions in CHO. This difference can be ignored because this difference 

does not affect the reaction energy change tendency shown as next chapter 5.4.2. The 

stabilization tendencies with direct electric charge impressions can be also explained by 

the relation between the electric field and electric dipole moment as well as the case with 

direct electric field impressions (in chapter 4), although a little complex behavior is shown 

in adsorption energy change amount, charge change amount etc. because electric battery 

model assumes internal electric fields caused by the potential difference with direct 

charge impressions unlike external electric field impressions in thin film condenser model 

(in chapter 4). Also, strong stabilizations effect with direct electric charge impressions 
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are also shown in CO (O atom) and CH3 by the charge deficit state and the charge excess 

state, respectively. This tendency is also interpreted by the change amount magnitude of 

charge (electron) transference from Ni metal surface into the adsorbed species with 

electric fields as well as the result with direct electric field impressions (in chapter 4). 

 

Table 5.3-1. Effects on the adsorption energy with direct electric charge impressions. 

 

 

Table 5.3-2. Effects on the adsorption energy change between with/without direct 

electric charge impressions. 

 

 

H O CH CO CH3 CO2 CHO 

0.05 -1.60 -2.734 -5.324 -6.201 -1.760 -1.781 -0.035 -3.081

0.04 -1.30 -2.735 -5.328 -6.197 -1.766 -1.773 -0.034 -3.080

0.03 -0.95 -2.735 -5.331 -6.195 -1.772 -1.766 -0.033 -3.078

0.02 -0.65 -2.736 -5.335 -6.192 -1.779 -1.758 -0.032 -3.077

0.015 -0.50 -2.736 -5.337 -6.191 -1.782 -1.754 -0.032 -3.077

0.01 -0.30 -2.736 -5.339 -6.190 -1.785 -1.751 -0.032 -3.076

0.005 -0.16 -2.736 -5.340 -6.188 -1.789 -1.747 -0.032 -3.080

0 0 -2.736 -5.343 -6.187 -1.791 -1.743 -0.031 -3.079

-0.005 0.16 -2.736 -5.344 -6.186 -1.795 -1.741 -0.031 -3.080

-0.01 0.30 -2.737 -5.346 -6.185 -1.799 -1.738 -0.031 -3.074

-0.015 0.48 -2.737 -5.348 -6.184 -1.802 -1.734 -0.031 -3.073

-0.02 0.65 -2.737 -5.350 -6.183 -1.806 -1.731 -0.031 -3.073

-0.03 0.95 -2.738 -5.353 -6.180 -1.813 -1.724 -0.032 -3.073

-0.04 1.30 -2.738 -5.357 -6.178 -1.820 -1.718 -0.032 -3.073

-0.05 1.60 -2.739 -5.360 -6.176 -1.827 -1.711 -0.033 -3.073

E ads, EC  [eV]
Charge state [e] Bias voltage [V]

H O CH CO CH3 CO2 CHO 

0.05 -1.60 0.002 0.019 -0.014 0.031 -0.037 -0.004 -0.001

0.04 -1.30 0.001 0.015 -0.011 0.025 -0.030 -0.003 0.000

0.03 -0.95 0.001 0.012 -0.008 0.019 -0.023 -0.002 0.001

0.02 -0.65 0.000 0.008 -0.005 0.012 -0.015 -0.001 0.002

0.015 -0.50 0.000 0.006 -0.004 0.009 -0.011 -0.001 0.003

0.01 -0.30 0.000 0.004 -0.003 0.006 -0.008 -0.001 0.003

0.005 -0.16 -0.001 0.003 -0.002 0.003 -0.004 -0.001 -0.001

-0.005 0.16 -0.001 -0.001 0.001 -0.004 0.002 0.000 0.000

-0.01 0.30 -0.001 -0.003 0.002 -0.008 0.006 0.000 0.006

-0.015 0.48 -0.001 -0.005 0.003 -0.011 0.010 0.000 0.006

-0.02 0.65 -0.001 -0.007 0.004 -0.014 0.013 0.000 0.006

-0.03 0.95 -0.002 -0.010 0.006 -0.022 0.019 -0.001 0.007

-0.04 1.30 -0.002 -0.014 0.009 -0.029 0.026 -0.001 0.006

-0.05 1.60 -0.003 -0.017 0.011 -0.036 0.032 -0.002 0.006

ΔE ads, EC  [eV]
Charge state [e] Bias voltage [V]



166 

 

 

Figure 5.3-1. Linear and semi-harmonic tendencies of the adsorption energy with direct 

electric charge impressions. 

 

5.3.2 DFT Calculation Results of Reaction Energy 

Then, the surface reaction energy of each RDS over CO2 methanation with a 

direct electric charge impressions was studied using the electric battery model with the 

ESM method. Table 5.3-3 and 5.3-4 show that the surface reaction energy change of each 

RDS with direct electric charge impressions. It is important to mention here that the 

surface reaction energy decreases in the charge deficit state i.e. by the electric field from 

the gas phase to Ni metal surface in all RDSs and this result agrees with my result of the 

surface reaction energy with direct electric field impressions (in chapter 4). As a reason 

why the surface reaction energy of all RDSs decreases in the charge deficit state, I 

considered the reason from a viewpoint of the adsorption energy change with direct 

electric charge impressions as well as with direct electric field impressions (in chapter 4). 

In CHO* and CO2* dissociations, those reasons are the stabilization of the bond between 

O* atom and CO* in each product side, and Ni metal surface produced newly with the 

charge deficit state, respectively. Also, in CH4 desorption, the reason is the destabilization 

of the bond between CH3* and Ni metal surface with the charge deficit state, which 

simplifies CH4 desorption to the gas phase. As a result, the equilibrium in all RDSs leans 

to the product side with the charge deficit state. It follows from these arguments that I 

think this result implies the promotion of overall CO2 methanation with the charge deficit 

state i.e. by the electric field from the gas phase to Ni metal surface in more practical 

model with the ESM method. Also, these results support more potential for the application 

to other reaction mechanisms in practical systems (for example, the carbon deposition in 

SOFC [1-23] etc.). 
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Table 5.3-3. Effects on the surface reaction energy with direct electric charge 

impressions. 

 

 

Table 5.3-4. Effects on the surface reaction energy change between with/without direct 

electric charge impressions. 

 

 

5.3.3 Kinetic Simulation Results under Direct Electric Charge 

Impressions 

Furthermore, the detailed kinetic simulation was performed at temperature range 

from 400 to 700 °C and overall CO and CH4 generation rates were calculated in order to 

reveal promotion and suppression effects in overall CO2 methanation by the direct electric 

field effect (with direct electric charge impressions) towards RDSs in more practical 

model. Here, we added DFT reaction energy results on Ni (111): 𝛥𝐸𝑟𝑥𝑛,𝐸𝐶 to activation 

barriers in three RDSs on Ni (111), (211) and (100) in my kinetic simulation to evaluate 

the direct electric charge impressions effect to overall CO2 methanation. More detailed 

information of the parameter change is shown in Table 5.3-5, and overall CO and CH4 

CHO* + * → CH* + O* CO2* + * → CO* + O* CH3* + H* → CH4 + 2*

0.05 -1.60 -0.197 -0.535 -0.154

0.04 -1.30 -0.198 -0.546 -0.161

0.03 -0.95 -0.201 -0.557 -0.168

0.02 -0.65 -0.203 -0.567 -0.175

0.015 -0.50 -0.204 -0.573 -0.179

0.01 -0.30 -0.205 -0.578 -0.181

0.005 -0.16 -0.202 -0.584 -0.185

0 0 -0.203 -0.589 -0.190

-0.005 0.16 -0.203 -0.594 -0.192

-0.01 0.30 -0.210 -0.599 -0.194

-0.015 0.48 -0.211 -0.605 -0.199

-0.02 0.65 -0.212 -0.610 -0.201

-0.03 0.95 -0.214 -0.621 -0.207

-0.04 1.30 -0.215 -0.631 -0.213

-0.05 1.60 -0.216 -0.641 -0.219

Charge state [e] Bias voltage [V]
E rxn, EC  [eV]

CHO* + * → CH* + O* CO2* + * → CO* + O* CH3* + H* → CH4 + 2*

0.05 -1.60 0.006 0.054 0.036

0.04 -1.30 0.005 0.043 0.028

0.03 -0.95 0.002 0.033 0.022

0.02 -0.65 0.000 0.022 0.015

0.015 -0.50 -0.001 0.016 0.011

0.01 -0.30 -0.002 0.011 0.009

0.005 -0.16 0.002 0.006 0.005

-0.005 0.16 0.000 -0.005 -0.002

-0.01 0.30 -0.007 -0.010 -0.005

-0.015 0.48 -0.008 -0.016 -0.009

-0.02 0.65 -0.009 -0.021 -0.011

-0.03 0.95 -0.010 -0.031 -0.017

-0.04 1.30 -0.012 -0.042 -0.023

-0.05 1.60 -0.013 -0.052 -0.029

Bias voltage [V]
ΔE rxn, EC  [eV]

Charge state [e]
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generation rates under each charge state EC = 0, ± 0.015, ± 0.03 or ± 0.05 e at each 

temperature are shown in Figure 5.3-2 and 5.3-4, respectively (each generation rate in 

logarithmic scale is also shown in Figure 5.3-3 and 5.3-5). Figure 5.3-2 shows that CO 

generation rate becomes large as increasing temperature. This because that CO* (CO on 

the Ni surface) increases its degree of freedom by desorption to gas phase (degree of 

freedom is change from two-dimensional to three-dimensional), so that the entropy term 

is influential in CO desorption in addition to the reverse water gas shift reaction is an 

endothermic reaction that the reaction equilibrium leans to the product side at high 

temperature. While, Figure 5.3-4 shows that CH4 generation rate becomes large as 

increasing temperature at temporary but CH4 generation rate at 700 °C has decrease 

tendencies compared with that at 500 and 600 °C. This is because the CO hydrogenation 

is an exothermic reaction that the reaction equilibrium leans to the reactant side at high 

temperature. Also, as shown Figure 5.3-2, 5.3-3, 5.3-4 and 5.3-5, CO and CH4 generation 

rates increase with the charge deficit state i.e. the electric field from the gas phase to Ni 

metal surface, while they decrease with the charge excess state i.e. the electric field from 

Ni metal surface to the gas phase in all temperature regions. In both CO and CH4 

generation rates, the change amount ratios with direct electric charge impressions are 

gentler at the high temperature region. These results have good agreement with the 

experiment result by R. Atsumi et al. that NEMCA is more effective as being the low 

temperature region [24] as same as the simulation result with direct electric field in 

chapter 4. I consider that NEMCA promotes not the reaction rate but the rate to reach the 

reaction equilibrium. In the reaction at high temperature, the reaction rate is fast and it is 

easy to reach the reaction equilibrium. While, in the reaction at low temperature, the 

reaction rate is slow and the reaction does not reach the equilibrium. Therefore, because 

NEMCA is more effective in low temperature region, dependence to the direct electric 

charge impressions in each generation rate becomes small as increasing the temperature. 

Note that Enthalpy changes are not changed and only activation barriers in each RDSs 

are changed in this detailed kinetic simulation i.e. the rate to reach the reaction 

equilibrium is changed. In SOEC mode, the electric current flows from the oxygen 

electrode to the fuel electrode, which means the electron: 𝑒−  moves from the fuel 

electrode to the oxygen electrode conversely. It is important to mention here that the 

electric field is impressed from the electrolyte to Ni metal surface under this condition. 

Therefore, this result indicates that overall CO2 methanation is promoted in SOEC mode 

in the electric battery model at all temperature regions. 
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Table 5.3-5. Activation barrier parameters of RDSs under the charge state EC = 0, ± 

0.015, ± 0.03 or ± 0.05 e. 

 

 

 

Figure 5.3-2. Overall CO generation rates under the charge state EC = 0, ± 0.015, ± 0.03 

or ± 0.05 e at the temperature range from 673 to 973 K.  

 

Facet Reaction Reaction number 0.05e 0.03e 0.015e 0e -0.015e -0.03e -0.05e

CH3* + H* → CH4 + 2* 4 132451 131153 130075 129000 128162 127325 126189

CHO* + * → CH* + O* 15 118902 118476 118165 118277 117530 117278 117025

CO2* + * → CO* + O* 35 154231 152143 150559 149000 147499 145988 144014

CH3* + H* → CH4 + 2* 41 119801 118504 117426 116351 115513 114676 113539

CHO* + * → CH* + O* 50 123888 123462 123151 123263 122516 122264 122011

CO2* + * → CO* + O* 55 151111 149023 147439 145880 144379 142869 140894

CH3* + H* → CH4 + 2* 73 120451 119153 118075 117000 116162 115325 114189

CHO* + * → CH* + O* 79 195625 195199 194888 195000 194253 194001 193748

CO2* + * → CO* + O* 87 154231 152143 150559 149000 147499 145988 144014

Ea [J/mol]

(111)*

(211)*

(100)*
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Figure 5.3-3. Overall CO generation rates in logarithmic scale under the charge state EC 

= 0, ± 0.015, ± 0.03 or ± 0.05 e at the temperature range from 673 to 973 K.  

 

 

Figure 5.3-4. Overall CH4 generation rates under the charge state EC = 0, ± 0.015, ± 

0.03 or ± 0.05 e at the temperature range from 673 to 973 K.  
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Figure 5.3-5. Overall CH4 generation rates in logarithmic scale under the charge state 

EC = 0, ± 0.015, ± 0.03 or ± 0.05 e at the temperature range from 673 to 973 K.  
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5.4 Conclusion 

In this chapter, the effect of direct electric charge impressions on flat sites with 

DFT calculation used the electric battery model with the ESM method has been discussed 

in order to evaluate the direct change in a catalytic electron state with an electric field 

over CO2 methanation on Ni catalyst in SOEC under more practical setup. 

At first, the adsorption energy change with direct electric charge impressions of 

hydrocarbon species on Ni (111) associated with RDSs in CO2 methanation (CHO 

dissociation, CO2 dissociation and CH4 desorption) that is identified by the sensitivity 

analysis in chapter 3 have been calculated and discussed. The adsorption energy change 

of hydrocarbon species with direct electric charge impressions has a different tendency. 

H, O and CO are stabilized with the charge deficit state i.e. these species are stabilized 

with the (internal) electric field that has the perpendicular direction from the gas phase to 

Ni metal surface, and the adsorption energy of those species have a linear relation to the 

charge state. While, CH and CH3 are stabilized the charge excess state i.e. these species 

are stabilized with the (internal) electric field that has the perpendicular direction from Ni 

metal surface to the gas phase, and the adsorption energy of those species have also a 

linear relation to the charge state. CO2 shows a semi-harmonic style that is affected by 

the physisorption and agrees with the result with direct electric field impressions, but 

CHO has a little different tendency from the result with direct electric field although CHO 

also shows a semi-harmonic style. I infer that this difference is affected by perpendicular 

and horizontal polarization directions in CHO. These stabilization tendencies with direct 

electric charge impressions can be interpreted by the relation between the electric field 

and electric dipole moment as well as the case of the calculation results with direct electric 

field impressions, although a little complex behavior is shown because electric battery 

model assumes internal electric fields caused by the potential difference with direct 

charge impressions unlike external electric field impressions in thin film condenser model 

in chapter 4. Also, stabilization effects in CO (and O atom) and CH3 with the charge 

deficit state and the charge excess state respectively are large in particular. The difference 

of stabilization magnitude can be explained by the change amount magnitude of charge 

(electron) transference from Ni metal surface into the adsorbed species with electric fields 

as well as the result with direct electric field impressions. 

After that, the surface reaction energy change with direct electric charge 

impressions in each RDS in CO2 methanation has been calculated and discussed. Reaction 

energies in all RDSs decrease in the charge deficit state i.e. by the electric field from the 

gas phase to Ni metal surface. As mentioned in chapter 4, It is considered that the 

stabilization of O*-Ni and CO*-Ni in the product side in CHO and CO2 dissociations 
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respectively and the destabilization of CH3
*-Ni in the reactant in CH4 desorption in the 

charge deficit state cause these tendencies. I found that a direct electric field enhances the 

stability of adsorbed species on the catalyst surface and accelerates all RDSs in practical 

electric battery model too. 

In addition, the detailed kinetic simulation at temperature range from 400 to 

700 °C have been performed to reveal promotion and restraint effects in overall CO2 

methanation with direct electric charge impressions. CO generation rate is larger as 

increasing temperature and the increase tendency in CH4 generation rate as increasing 

temperature becomes smaller at 700 °C compared with that at 500 and 600 °C. These 

results is affected by the reaction equilibrium leans towards reactant or product side in 

high temperature (and the change of degree of freedom in CO desorption). Also, Overall 

CH4 and CO generation rates are accelerated with the charge deficit state, while they are 

decelerated with the charge excess state, and I have also found that overall CO2 

methanation is accelerated in SOEC mode. Both generation rates dependence to the direct 

electric charge impressions is gentler at the high temperature region and these results 

agree with the experiment result by R. Atsumi et al. that NEMCA is more effective as 

being the low temperature region. This is because NEMCA improves not the reaction rate 

but the rate to reach the reaction equilibrium. These results have also good agreement 

with my calculation with the direct electric field impressions in chapter 4. 

In chapter 4 and 5, I have studied theoretically the direct change in a catalytic 

electron state with an electric field that has been discussed as one of the possible main 

NEMCA mechanisms in the case of CO2 methanation on Ni catalyst in SOEC with the 

first-principles calculation. These calculation results show that the overall CO2 

methanation is accelerated in SOEC mode and potential of the application to the other 

catalytic reaction mechanisms in the chemical industry. However, spillover effects of a 

lattice oxygen toward the catalyst surface have been also discussed as one of the possible 

main NEMCA mechanisms. Therefore, the theoretical research of spillover effects of a 

lattice oxygen toward the catalyst surface is required. In order to identify the main 

NEMCA mechanism, it is essential to compare the spillover effect of a lattice oxygen 

toward the catalyst surface with the direct change in a catalytic electron state with an 

electric field. So as to discuss this point, I have constructed the co-adsorbed oxygen atoms 

surface model on flat sites that is Ni (111) surface slab model with the different number 

of oxygen atoms for DFT calculation. As a next step, I have performed DFT calculation 

with co-adsorbed oxygen atoms used this co-adsorbed oxygen atoms surface model on 

flat sites, discussed theoretically spillover effects of a lattice oxygen toward the catalyst 

surface, and compared those results with the results of the direct change in a catalytic 
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electron state with an electric field in next chapter 6. 
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Chapter 6 Effects of Co-Adsorbed Oxygen Atoms into 

Catalytic Activity 

6.1 Introduction 

 In this chapter, the effect of oxygen co-adsorption has been discussed 

theoretically with DFT calculation to evaluate spillover effects of a lattice oxygen toward 

the catalyst surface. The co-adsorption oxygen atoms surface model has been proposed 

as a DFT calculation model for the calculation of oxygen co-adsorption, and seven 

hydrocarbon species that relate to three RDSs in CO2 methanation have been used as an 

adsorbed species on the Ni metal catalyst as well as the study of the direct change in a 

catalytic electron state with an electric field. In more details, firstly, DFT computational 

conditions and the co-adsorption oxygen atoms surface model for the calculation with 

oxygen co-adsorption effect have been explained. Then, the result of adsorption energy 

change of hydrocarbon species related RDSs over CO2 methanation on Ni (111) facet 

with co-adsorbed oxygen atoms has been shown and compared with early studies to 

evaluate my calculation validity, and then the reason of the adsorption energy change with 

co-adsorbed oxygen atoms has been discussed in terms of steric effects. After that, the 

result of the surface reaction energy change in three RDSs over CO2 methanation with 

oxygen co-adsorption has been showed. Also, the result of activation energy change in 

three RDSs over CO2 methanation with oxygen co-adsorption obtained from TS search 

has been evaluated to examine minutely because of the different tendency of reaction 

energy change in each RDS. Furthermore, the detailed kinetic simulation result at 

temperature range from 400 to 700 °C in CO2 methanation that is adapted to the activation 

energy change with oxygen co-adsorption has been shown and the promotion or restraint 

effect and temperature dependence in the overall CO2 methanation with oxygen co-

adsorption has been discussed. Finally, the comparison spillover effects of a lattice 

oxygen toward the catalyst surface with the direct change in a catalytic electron state with 

an electric field has been discussed to reveal the main NEMCA mechanism factor. In the 

end of this chapter, I have made a brief summary in this chapter. 
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6.2 Numerical Details 

6.2.1 DFT Computational Details 

In this work, catalytic activity improvements with oxygen co-adsorption are 

computationally investigated by the density functional theory (DFT) calculations [1,2]. 

Seven hydrocarbon species (H atom, O atom, CH, CO, CH3, CO2 and CHO) related to 

three RDSs are assumed as reaction intermediates in CO2 methanation. These 

hydrocarbon species are adsorbed on Ni (111) facet for simplicity as reaction 

intermediates in CO2 methanation. Ni metal is a famous metal catalyst used in SOEC. For 

repeated slab models [3], the three layers slab of Ni (111) that includes 3 × 3 unit cell 

is used to evaluate the surface reaction (note that 3 × 2 and 2 × 2 unit cells in case of 

the co-adsorption oxygen atoms surface models θ = 1/6 and 1/4, respectively), and the 

width of a vacuum layer is set to 10 Å. Here, Ni lattice parameter is 3.518 Å which is 

good agreement with the experimental value: 3.52 Å [4]. DFT calculations are 

implemented using cambridge sequential total energy package (CASTEP) [5] that are 

performed with a plane-wave basis set [3]. The Perdew-Burke-Ernzerhof (PBE) 

exchange-correlation functional with the generalized gradient approximation (GGA) [6] 

is used with 4 × 4 × 1 and 1 × 1 × 1 (for all gas species) as Monk-horst-Pack k-points 

[7]. Note that Monk-horst-Pack k-points are used with 4 × 6 × 1 and 6 × 6 × 1 in case 

of co-adsorption oxygen atoms surface models θ = 1/6 and 1/4 respectively in order to 

align the width of the reciprocal lattice space. The cutoff energy of a plane wave is 630 

eV. In addition, the OTFG-ultrasoft is used as the pseudopotentials [3] and the spin-

polarization is considered in our calculations because Ni meatal is a ferromagnetic 

substance. In transition state (TS) searches, the linear synchronous transit (LST) / the 

quadratic synchronous transit (QST) method is utilized [8,9]. The strength of a species 

adsorption is calculated using the adsorption energy defined as (4.2-1). For instance, the 

reaction energy associated with the dissociation of AB* + * →  A* + B* and the 

associative desorption of A* + B* → AB + 2* are defined as (4.2-2) and (4.2-3), 

respectively. Also, the activation energy is also defined as follows, respectively: 

 

𝐸𝑎𝑐𝑡 = 𝐸𝑇𝑆 − 𝐸𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠 (6.2-1) 

 

where 𝐸𝑎𝑐𝑡  is the activation energy, 𝐸𝑇𝑆  is the total energy of transition states and 

𝐸𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠 is the sum of the total energy of reactants. 
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6.2.2 Co-Adsorption Oxygen Atoms Surface Model on Ni (111) Facet 

To evaluate the effect of co-adsorbed oxygen atoms, the co-adsorption oxygen 

atoms surface model that is Ni (111) surface slab model with the different number of 

oxygen atoms is assumed shown as Figure 6.2-1. The oxygen atoms coverage is set θ = 

0, 1/9, 1/6, 2/9, 1/4, 3/9 or 6/9. Adsorption sites of hydrocarbon species on Ni (111) 

surface are shown in Figure 4.2-2. The fcc and hcp sites are the hollow site onto the 3rd 

and 2nd Ni atom layers, respectively. Co-adsorbed oxygen atoms are set all fcc site on Ni 

(111) facet because the most stable surface site of oxygen atom is fcc site. Also, 

adsorption sites of hydrocarbon species on Ni (111) are set fcc sites. The most stable 

surface site of some hydrocarbon species on pure Ni (111) surface is not fcc site. However, 

if co-adsorbed oxygen atoms are set fcc site on Ni surface, all hydrocarbon species are 

the most stable on fcc site on Ni (111) for a steric barrier effect caused by the existence 

of co-adsorbed oxygen atoms on fcc site. Here, notice that hydrocarbon species is set hcp 

site only in case of θ = 1/4 for restriction of slab model structure: 2 × 2 unit cells and 

only CH3 moves from fcc to hcp sites after the geometry optimization in case of θ = 1/6. 

Energy changes (the adsorption or reaction energy) with co-adsorbed oxygen atoms are 

defined as follows, respectively: 

 

𝛥𝐸𝑐𝑜−𝑎𝑑 𝑂 = 𝐸𝑤𝑖𝑡ℎ 𝑐𝑜−𝑎𝑑 𝑂 − 𝐸𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑐𝑜−𝑎𝑑 𝑂 (6.2-2) 

 

where 𝛥𝐸𝑐𝑜−𝑎𝑑 𝑂 is the relative value based on the adsorption, reaction or activation 

energy without co-adsorbed oxygen atoms, 𝐸𝑤𝑖𝑡ℎ 𝑐𝑜−𝑎𝑑 𝑂 is the adsorption, reaction or 

activation energy with co-adsorbed oxygen atoms, 𝐸𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑐𝑜−𝑎𝑑 𝑂 is the adsorption, 

reaction or activation energy without co-adsorbed oxygen atoms. DFT total energy 

differences in each adsorption site on Ni (111) (fcc, hcp, top) in each species are only the 

second decimal place order as eV unit i.e. it is considered that these difference have little 

effects to my calculation results. Accordingly, fcc (θ = 0, 1/9, 1/6 excluded CH3, 2/9, 3/9 

or 6/9) and hcp (θ = 1/4 and CH3 with θ = 1/6) sites are also used in the calculation of 

each species with the clean surface for simplicity when the relative value based on the 

adsorption energy without co-adsorbed oxygen atoms is calculated. Cutoff energy, initial 

spin values for gas species calculation, and the adsorption site on Ni (111) in each species 

in this calculation with co-adsorbed oxygen atoms are shown in Table 6.2-1. 

 



181 

 

 

Figure 6.2-1. A schematic diagram of the co-adsorption oxygen atoms surface model.  

 

Table 6.2-1. Cutoff energy, initial spin values for gas species calculation, and the most 

stable adsorption site on Ni (111) in each species in this calculation with co-adsorbed 

oxygen atoms. 

 

 

 

 

 

 

 

 

 

 

DFT conditions

Species Cut off energy Initial spin (gas species) Adsorption site (Ni (111))

H 630eV 1 fcc  (θ=0, 1/9, 1/6, 2/9 and 3/9), hcp  (θ=1/4)

O 630eV 2 fcc  (θ=0, 1/9, 1/6, 2/9 and 3/9), hcp  (θ=1/4)

CH 630eV 1 fcc  (θ=0, 1/9, 1/6, 2/9 and 3/9), hcp  (θ=1/4)

CO 630eV 0 fcc  (θ=0, 1/9, 1/6, 2/9 and 3/9), hcp  (θ=1/4)

CH3 630eV 1 fcc  (θ=0, 1/9, 2/9 and 3/9), hcp  (θ=1/6 and 1/4)

CO2 630eV 0 fcc  (θ=0, 1/9, 1/6, 2/9 and 3/9), hcp  (θ=1/4)

CHO 630eV 1 fcc  (θ=0, 1/9, 1/6, 2/9 and 3/9), hcp  (θ=1/4)
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6.3 Results and Discussion 

6.3.1 DFT Calculation Results of Adsorption Energy 

Let us evaluate the effect of a co-adsorbed oxygen anion into catalytic activity, 

taking into account co-adsorbed oxygen atoms surface model. At first, I calculated the 

adsorption energy of hydrocarbon species on Ni (111) related to RDSs over CO2 

methanation with co-adsorbed oxygen atoms. Table 6.3-1 and 6.3-2 show the adsorption 

energy change of each species with co-adsorbed oxygen atoms. These tables show that 

the adsorption energy of all adsorbed species increase as increasing the co-adsorbed 

oxygen atoms coverage, and it indicates all hydrocarbon species are less stable for a steric 

barrier effect with the existence of co-adsorbed oxygen atoms. However, the dependence 

between the adsorption energy change and the oxygen atoms coverage is not a linear 

relation, and it means the destabilization under θ = 1/6 and 1/4 are larger than θ = 2/9. 

Oxygen coverage dependence in the adsorption energy of O atom and CO is shown in 

Figure 6.3-1 for example. Under the existence of co-adsorbed oxygen atoms on fcc site, 

adsorbed hydrocarbon species adsorb only confined fcc or hcp sites as shown in Figure 

6.2-1. Accordingly, the distance between co-adsorbed oxygen atoms and adsorbed 

hydrocarbon species under θ = 1/6 and 1/4 are closer than θ = 2/9, so that a steric barrier 

effect is larger. This indicates that the destabilization in the species adsorption with co-

adsorbed oxygen atoms depends on not the oxygen atoms coverage but the distance 

between co-adsorbed oxygen atoms and adsorbed hydrocarbon species for a steric barrier 

effect.  

Here, I have compared my calculation with the early report so as to make sure 

the validity of my calculation with co-adsorbed oxygen atoms as well as the case of the 

direct electric field calculation. S. Liu et al. have performed the calculation about H atom, 

O atom, OH and H2O on Ni (111) as a function of the co-adsorbed oxygen atoms coverage 

using DFT. They have reported that the binding energy between H atom, O atom and Ni 

surface decrease as increasing co-adsorbed oxygen atom coverage. The relative value 

based on the binding energy without co-adsorbed oxygen atoms of H and O atoms with θ 

= 2/9 are 0.08 eV and 0.21 eV, respectively [1]. In my calculation, the adsorption energy 

between H atom, O atom and Ni surface decrease as increasing co-adsorbed oxygen atom 

coverage same as their report. 𝛥𝐸𝑎𝑑𝑠,𝑐𝑜−𝑎𝑑 𝑂 of H atom with θ = 2/9 is a good agreement 

with their report. Although 𝛥𝐸𝑎𝑑𝑠,𝑐𝑜−𝑎𝑑 𝑂 of O atom in θ = 2/9 is a little different from 

their result, this difference is assumed the calculation error because the adsorption energy 

of O atom is large (-5.12 eV). Hence, this comparison indicates my DFT calculation result 

is reasonable too. 
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Table 6.3-1. Effects on the adsorption energy of co-adsorbed oxygen atoms (θ = 0 is 

3 × 3 unit cell). 

 

 

Table 6.3-2. Effects on the adsorption energy change between with/without co-adsorbed 

oxygen atoms. 

 

 

 

Figure 6.2-1. Oxygen coverage dependence on the adsorption energy of O atom and 

CO. 

H O CH CO CH3 CO2 CHO 

θ=0 -2.79 -5.12 -6.37 -1.85 -1.89 -0.04 -3.21

θ=1/9 -2.78 -5.12 -6.35 -1.87 -1.94 -0.09 -3.23

θ=1/6 -2.76 -5.17 -6.33 -1.82 -1.94 -0.03 -3.16

θ=2/9 -2.74 -5.05 -6.31 -1.80 -1.92 -0.07 -3.26

θ=1/4 -2.79 -5.18 -6.40 -1.86 -1.87 -0.06 -3.27

θ=3/9 -2.56 -4.27 -5.62 -1.20 -1.04 -0.07 -2.42

θ=6/9 -2.16 -2.93 -4.68 -0.27 -0.86 -0.02 -2.14

O co-adsorption coverage: θ
E ads, co-ad O  [eV]

H O CH CO CH3 CO2 CHO 

θ=1/9 0.01 0.00 0.02 -0.01 -0.05 -0.05 -0.03

θ=1/6 0.07 0.35 0.22 0.13 -0.13 -0.04 0.14

θ=2/9 0.05 0.07 0.06 0.05 -0.02 -0.03 -0.05

θ=1/4 0.17 0.88 0.53 0.44 0.44 -0.01 0.78

θ=3/9 0.23 0.86 0.75 0.65 0.85 -0.02 0.79

θ=6/9 0.63 2.19 1.68 1.58 1.04 0.03 1.07

O co-adsorption coverage: θ
ΔE ads,co-ad O  [eV]
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6.3.2 DFT Calculation Results of Reaction Energy 

Then, the surface reaction energy of each RDS over CO2 methanation with co-

adsorbed oxygen atoms was studied. Table 6.3-3 and 6.3-4 show the surface reaction 

energy change of each RDS with co-adsorbed oxygen atoms. This table shows that the 

different tendency in the surface reaction energy in each RDS over CO2 methanation. The 

surface reaction energy in CHO and CO2 dissociations increase, while the surface reaction 

energy in CH4 desorption decreases as increasing co-adsorbed oxygen atom coverage. 

These tendencies are caused by the destabilization in the adsorption energy with the 

increase of the co-adsorbed oxygen atom coverage. Under θ = 1/9 and 2/9, the interaction 

between adsorbed species and Ni metal surface is decreased by the existence of co-

adsorbed oxygen atoms. While, a steric barrier effect with the existence of co-adsorbed 

oxygen atoms is large under θ = 3/9 and 6/9. In more detail, in CHO and CO2 dissociations, 

the number of species on the reaction surface increases from one to two species and O* 

atom is generated in the product side as proceeding those reactions. In CH4 desorption, 

the number of species on the reaction surface decreases from two to zero species as 

proceeding that reaction. As a result, the equilibrium in CHO and CO2 dissociations leans 

to the reactant side, while the equilibrium in CH4 desorption leans to the product side. 

 

Table 6.3-3. Effects on the surface reaction energy of co-adsorbed oxygen atoms (θ = 0 

is 3 × 3 unit cell). 

 

 

Table 6.3-4. Effects on the surface reaction energy change between with/without co-

adsorbed oxygen atoms. 

 

 

CHO* + * → CH* + O* CO2* + * → CO* + O* CH3* + H* → CH4 + 2*

θ=0 -0.37 -0.72 -0.03

θ=1/9 -0.32 -0.69 0.01

θ=1/6 -0.01 -0.28 -0.08

θ=2/9 -0.19 -0.57 -0.06

θ=1/4 0.24 0.55 -0.97

θ=3/9 0.44 0.81 -1.11

θ=6/9 2.43 3.02 -1.70

O co-adsorption coverage: θ
E rxn, co-ad O  [eV]

CHO* + * → CH* + O* CO2* + * → CO* + O* CH3* + H* → CH4 + 2*

θ=1/9 0.05 0.03 0.04

θ=1/6 0.43 0.52 0.03

θ=2/9 0.18 0.15 -0.03

θ=1/4 0.61 1.30 -0.90

θ=3/9 0.81 1.53 -1.08

θ=6/9 2.81 3.75 -1.67

O co-adsorption coverage: θ
ΔE rxn, co-ad O  [eV]
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6.3.3 DFT Calculation Results of Activation Energy 

After that, I calculated the activation energy of each RDS over CO2 methanation 

with co-adsorbed oxygen atoms with TS search to examine minutely because the surface 

reaction energy in each RDS has the different tendency shown as Table 6.3-3 and 6.3-4. 

Table 6.3-5 and 6.3-6 show the activation energy of each RDS under θ = 0, 1/9 and 2/9. 

This result indicates that the activation energy in RDSs with co-adsorbed oxygen atoms 

has the same tendency as the surface reaction energy. In concreate, activation barriers of 

CHO and CO2 dissociations increase and the activation barrier of CH4 desorption 

decreases as increasing the co-adsorbed oxygen atoms coverage. 

 

Table 6.3-5. Effects on the activation energy of co-adsorbed oxygen atoms (θ = 0 is 3 ×

3 unit cell). 

 

 

Table 6.3-6. Effects on the activation energy change between with/without co-adsorbed 

oxygen atoms. 

 

 

6.3.4 Kinetic Simulation Results under Co-Adsorbed Oxygen Atoms on 

Flat Sites 

Furthermore, the detailed kinetic simulation was performed at temperature range 

from 400 to 700 °C and overall CO and CH4 generation rates were calculated in order to 

identify promotion and restraint effects in overall CO2 methanation by the co-adsorbed 

oxygen atoms effect to RDSs. Here, I added DFT activation energy results on Ni (111): 

𝛥𝐸𝑎𝑐𝑡,𝑐𝑜−𝑎𝑑 𝑂 to activation barriers in three RDSs on Ni (111), (211) and (100) in my 

kinetic simulation to evaluate spillover effects of a lattice oxygen to overall CO2 

methanation. More detailed information of the parameter change is shown in Table 6.3-

7, and overall CO and CH4 generation rates under oxygen atoms coverage θ = 0, 1/9 and 

2/9 in each temperature are shown in Figure 6.3-2 and 6.3-4, respectively (each generation 

rate in logarithmic scale is also shown in Figure 6.3-3 and 6.3-4). Figure 6.3-2 shows that 

CHO* + * → CH* + O* CO2* + * → CO* + O* CH3* + H* → CH4 + 2*

θ=0 1.09 0.63 1.02

θ=1/9 1.29 0.80 0.51

θ=2/9 1.53 0.80 0.34

O co-adsorption coverage: θ
E act, co-ad O  [eV]

CHO* + * → CH* + O* CO2* + * → CO* + O* CH3* + H* → CH4 + 2*

θ=1/9 0.20 0.17 -0.51

θ=2/9 0.44 0.17 -0.68

O co-adsorption coverage: θ
ΔE act, co-ad O  [eV]
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CO generation rate becomes large as increasing temperature. This is because that CO* 

(CO on the Ni surface) increases its degree of freedom by desorption to gas phase (degree 

of freedom is change from two-dimensional to three-dimensional), so that the entropy 

term is influential in CO desorption in addition to the reverse water gas shift reaction is 

an endothermic reaction that the reaction equilibrium leans to the product side at high 

temperature. While, Figure 6.3-4 shows that CH4 generation rate becomes large as 

increasing temperature at temporary but CH4 generation rate at 700 °C has decrease 

tendencies compared with that at 500 and 600 °C. This is because the CO hydrogenation 

is an exothermic reaction that the reaction equilibrium leans to the reactant side at high 

temperature. Also, as shown in Figure 6.3-2, 6.3-3, 6.3-4 and 6.3-5, CO and CH4 

generation rates decrease as increasing oxygen atom coverage in all temperature regions. 

In both CO and CH4 generation rates, each dependence on oxygen atom coverage 

becomes gentler at the high temperature region. These results have good agreement with 

the experiment result by R. Atsumi et al. that NEMCA is more active as being the low 

temperature region [2] as same as the simulation result with direct electric field and 

charge impressions in chapter 4 and 5. I consider that NEMCA promotes not the reaction 

rate but the rate to reach the reaction equilibrium. In the reaction at high temperature, the 

reaction rate is fast and it is easy to reach the reaction equilibrium. While, in the reaction 

at low temperature, the reaction rate is slow and the reaction does not reach the 

equilibrium. Therefore, because NEMCA is more effective in low temperature region, 

dependence to the oxygen atoms coverage in each generation rate becomes small as 

increasing the temperature. Note that Enthalpy changes are not changed and only 

activation barriers in each RDSs are changed in this detailed kinetic simulation i.e. the 

rate to reach the reaction equilibrium is changed. In SOEC mode, the oxygen anion is 

flowed from the fuel electrode to the oxygen electrode via the electrolyte, so that oxygen 

atom coverage on Ni metal surface decreases. As a result, this result reveals that overall 

CO2 methanation is accelerated in SOEC mode at all temperature regions. 
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Table 6.3-7. Activation barrier parameters of RDSs under oxygen atom coverage θ = 0, 

1/9 and 2/9. 

 

 

 

Figure 6.3-2. Overall CO generation rates under oxygen atom coverage θ = 0, 1/9 and 

2/9 at the temperature range from 673 to 973 K.  

 

Facet Reaction Reaction number θ = 0 θ = 1/9 θ = 2/9

CH3* + H* → CH4 + 2* 4 129000 79811 63772

CHO* + * → CH* + O* 15 118277 137375 160567

CO2* + * → CO* + O* 35 149000 165077 165552

CH3* + H* → CH4 + 2* 41 116351 67162 51122

CHO* + * → CH* + O* 50 123263 142361 165554

CO2* + * → CO* + O* 55 145880 161957 162432

CH3* + H* → CH4 + 2* 73 117000 67811 51772

CHO* + * → CH* + O* 79 195000 214098 237290

CO2* + * → CO* + O* 87 149000 165077 165552

Ea [J/mol]

(111)*

(211)*

(100)*
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Figure 6.3-3. Overall CO generation rates in logarithmic scale under oxygen atom 

coverage θ = 0, 1/9 and 2/9 at the temperature range from 673 to 973 K.  

 

 

Figure 6.3-4. Overall CH4 generation rates under oxygen atom coverage θ = 0, 1/9 and 

2/9 at the temperature range from 673 to 973 K.  
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Figure 6.3-5. Overall CH4 generation rates in logarithmic scale under oxygen atom 

coverage θ = 0, 1/9 and 2/9 at the temperature range from 673 to 973 K.  

 

6.3.5 Effect Comparisons of Oxygen Co-Adsorption with Direct Electric 

Field 

DFT calculation results with a direct electric field impression and co-adsorbed 

oxygen atoms in this study are under a little extreme condition, because my research 

purpose is to propose the tendency outline of the kinetic energy change with a direct 

electric field or co-adsorbed oxygen atoms. The electric potential strength between anode 

and cathode regions in practical SOEC and SOFC is approximately the range from 0.5 to 

1.0 V and the effective thickness of the electrode is approximately 1 μm [3], which 

assumes that practical electric potential difference is from 0.5 to 1.0 V/μm. In this study, 

my DFT calculations with direct electric field impressions (in chapter 4) and direct 

electric charge impressions (in chapter 5) are performed under the electric field strength 

of ± 0.5 V/ Å and ± 0.05 V/ Å (the charge state ± 0.015e) respectively, for example. 

Therefore, if my result has a linear relation to the practical calculation, I only have to 

multiply my calculation values by approximately 10-4 or 10-3 in order to compare my DFT 

calculations with the practical condition. Meanwhile, co-adsorbed oxygen atom coverage 

with the working voltage of 0.5 V is approximately θ = 0.01 in the practical condition by 

estimated using my simulation. My DFT calculation with co-adsorbed oxygen atoms in 

this study is performed under co-adsorbed oxygen atom coverage of θ = 1/9, for example. 

Therefore, if my result has linear relations to practical calculation, I only have to multiply 

my calculation values by approximately 10-1 in order to compare my DFT calculation 
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with the practical condition as same as the direct electric field calculation. With these 

information in mind, compared roughly my reaction energy results under the strength of 

a direct electric field is ± 0.5 V/ Å (with the thin film condenser model, in chapter 4) or ± 

0.05 V/ Å (with the electric battery model, in chapter 5) with under co-adsorbed oxygen 

atom coverage is θ = 1/9 for example, spillover effects of a lattice oxygen toward the 

catalyst surface may be larger than the direct change in the catalytic electron state with 

an electric field in NEMCA over CO2 methanation. 
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6.4 Conclusion 

In this chapter, the effect of oxygen co-adsorption on flat sites with DFT 

calculation used the co-adsorbed oxygen atoms surface model has been discussed so as 

to evaluate spillover effects of a lattice oxygen toward the catalyst surface over CO2 

methanation on Ni catalyst in SOEC. 

At first, the adsorption energy change with co-adsorbed oxygen atoms of 

hydrocarbon species on Ni (111) associated with RDSs in CO2 methanation (CHO 

dissociation, CO2 dissociation and CH4 desorption) that is identified by the sensitivity 

analysis in chapter 3 have been calculated and discussed. The adsorption energy change 

of all hydrocarbon species with co-adsorbed oxygen atoms has the same tendency. All 

hydrocarbon species are destabilized as increasing co-adsorbed oxygen atom coverage. 

These destabilization tendencies with co-adsorbed oxygen atoms can be interpreted by 

steric barrier effects with the existence of co-adsorbed oxygen atoms. However, the 

destabilization tendency is not a linear to co-adsorbed oxygen atom coverage because the 

distance between adsorbed species under θ = 1/6 and 1/4 is closer than under θ= 2/9 on 

account of an adsorptive site restriction. As a result, I have found that the destabilization 

in the species adsorption with co-adsorbed oxygen atoms depends on not oxygen atom 

coverage but the distance between co-adsorbed oxygen atoms and adsorbed hydrocarbon 

species for a steric barrier effect.  

Then, the surface reaction and activation energy changes with co-adsorbed 

oxygen atoms in each RDS in CO2 methanation have been calculated and discussed. 

Reaction and activation energies in CHO and CO2 dissociations increase, while those in 

CH4 desorption decrease as increasing oxygen coverage. These tendencies are derived 

from the steric effect of the increase or decrease of the number of adsorbed species as 

proceeding each RDS and the steric effect of O*-Ni in product sides in CHO and CO2 

dissociations, in particular. 

After that, the detailed kinetic simulation at temperature range from 400 to 

700 °C have been performed in order to reveal promotion and restraint effects in overall 

CO2 methanation with co-adsorbed oxygen atoms. CO generation rate becomes larger as 

increasing temperature and the increase tendency in CH4 generation rate as increasing 

temperature becomes smaller at 700 °C compared with that at 500 and 600 °C. These 

results is affected by the reaction equilibrium leans towards reactant or product side in 

high temperature (and the change of degree of freedom in CO desorption). Also, Overall 

CH4 and CO generation rates are decelerated as increasing oxygen coverage, and I have 

found that overall CO2 methanation is accelerated in SOEC mode. Both generation rates 

dependence on oxygen coverage becomes gentler at the high temperature region and these 
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results agree with the experiment result by R. Atsumi et al. that NEMCA is more effective 

as being the low temperature region. This is because NEMCA improves not the reaction 

rate but the rate to reach the reaction equilibrium. These results have also good agreement 

with my calculations to evaluate the direct change in the catalytic electron state with an 

electric field in chapter 4 and 5. 

Moreover, I have compared roughly the effect of co-adsorbed oxygen atoms with 

the effects of direct electric field impressions and direct electric charge impressions in 

chapter 4 and 5 although it is difficult to identify an interrelation between the magnitude 

of electric field and co-adsorbed oxygen atom coverage, so that I have found that the 

spillover effect of a lattice oxygen toward the catalyst surface may be larger than the direct 

change in the catalytic electron state with an electric field. 

Unfortunately, my calculation result with co-adsorbed oxygen atoms is not still 

enough to explain NEMCA mechanism in CO2 methanation with the practical SOEC 

system. Co-adsorbed oxygen atom coverage on step sites may be large owing to the large 

adsorption energy on that, and the effect of co-adsorbed oxygen atoms on step sites may 

be more local because a steric effect is large for the short distance between adsorbed 

atoms. Therefore, DFT calculation with co-adsorbed oxygen atoms on step sites is 

required to obtain more active effects that can explain NEMCA mechanism in CO2 

methanation with the practical SOEC system. In order to discuss this point, I have 

constructed the co-adsorbed oxygen atoms surface model on step sites that is Ni (211) 

surface slab model with the different number of oxygen atoms for DFT calculation. As a 

next step, I have performed DFT calculation with co-adsorbed oxygen atoms used this 

co-adsorbed oxygen atoms surface model on step sites and discussed theoretically 

spillover effects of a lattice oxygen toward the catalyst surface on step sites in next chapter 

7. 
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Chapter 7 Spillover Effects of Lattice Oxygen Atoms on Step 

Sites 

7.1 Introduction 

 In the discussion on flat sites from chapter 4 to chapter 6, it has been found that 

spillover effects of a lattice oxygen toward the catalyst surface may be larger than the 

direct change in the catalytic electron state with an electric field in NEMCA over CO2 

methanation. However, the amount in spillover effects of a lattice oxygen toward the 

catalyst surface on flat sites has been not enough yet to explain NEMCA mechanism in 

CO2 methanation with SOEC. On step sites, it is inferred that co-adsorbed oxygen atom 

coverages may be large because the adsorption energy is large on step sites. For instance, 

it has been reported that the adsorbates involving O atom adsorbs more strongly on Ni 

step sites than Ni flat sites [1] even in the case of the DFT calculation with external 

electric filed [2]. Also, it is assumed that the effect of co-adsorbed oxygen atoms on step 

sites may be more local because steric effects are large for the short distance between 

adsorbed species on step sites. Therefore, the calculation about spillover effects of a 

lattice oxygen toward the catalyst surface on step sites has been focused on. In this chapter, 

the effect of oxygen co-adsorption on step sites has been discussed theoretically with DFT 

calculation to evaluate spillover effects of a lattice oxygen toward the catalyst surface on 

step sites. The co-adsorption oxygen atoms surface model on step sites assuming Ni (211) 

facet has been proposed as a DFT calculation model for the calculation of oxygen co-

adsorption on step sites, and seven hydrocarbon species that relate to three RDSs in CO2 

methanation have been also used as an adsorbed species on the Ni metal catalyst as well 

as the study of spillover effects of a lattice oxygen toward the catalyst surface on flat sites 

(in chapter 6). In concrete, firstly, DFT computational conditions and the co-adsorption 

oxygen atoms surface model on step sites for the calculation with oxygen co-adsorption 

effect on step sites have been explained. Then, the result of adsorption energy change of 

hydrocarbon species related RDSs over CO2 methanation on Ni (211) facet with co-

adsorbed oxygen atoms has been shown. And then the reason of the adsorption energy 

change with co-adsorbed oxygen atoms has been also discussed in terms of steric effects 

as same as the calculation result on Ni (111) with co-adsorbed oxygen atoms (in chapter 

6). After that, the result of the surface reaction energy change in three RDSs over CO2 

methanation on Ni (211) with oxygen co-adsorption has been showed. Furthermore, the 

detailed kinetic simulation result at the temperature range from 400 to 700 °C in CO2 

methanation that is adapted to the reaction energy change on Ni (211) with oxygen co-
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adsorption has been shown and the promotion or restraint effect and temperature 

dependence in the overall CO2 methanation with oxygen co-adsorption has been 

discussed. Finally, the comparison spillover effects of a lattice oxygen toward the catalyst 

surface on step sites with that on flat sites has been discussed to reveal the main NEMCA 

mechanism factor i.e. to explain NEMCA mechanism in CO2 methanation with SOEC. In 

the end of this chapter, I have made a brief summary in this chapter. 
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7.2 Numerical Details 

7.2.1 DFT Computational Details 

In this work, catalytic activity improvements with oxygen co-adsorption on step 

sites are computationally investigated by the density functional theory (DFT) calculations 

[1,2]. Seven hydrocarbon species (H atom, O atom, CH, CO, CH3, CO2 and CHO) related 

to three RDSs are assumed as reaction intermediates in CO2 methanation. These 

hydrocarbon species are adsorbed on Ni (211) facet as a step site as reaction intermediates 

in CO2 methanation. Ni metal is a famous metal catalyst used in SOEC. For repeated slab 

models [3], the three layers slab of Ni (211) that includes 1 × 2, 1 × 3, and 1 × 4 unit 

cells for θ = 1/6, θ = 0, 1/9 and 2/9, and θ = 1/12 respectively is used to evaluate the 

surface reaction, and the width of a vacuum layer is set to 10 Å. Here, Ni lattice parameter 

is 3.518 Å which is good agreement with the experimental value: 3.52 Å [4]. DFT 

calculations are implemented using cambridge sequential total energy package 

(CASTEP) [5] that are performed with a plane-wave basis set [3]. The Perdew-Burke-

Ernzerhof (PBE) exchange-correlation functional with the generalized gradient 

approximation (GGA) [6] is used Monk-horst-Pack k-points [7]. Monk-horst-Pack k-

points are used with 4 × 6 × 1 , 4 × 4 × 1 , and 4 × 3 × 1  in case of co-adsorption 

oxygen atoms surface models θ = 1/6, θ = 0, 1/9 and 2/9, and θ = 1/12 respectively. Also, 

Monk-horst-Pack k-points are used with 1 × 1 × 1 for all gas species calculations. The 

cutoff energy of a plane wave is 630 eV. In addition, the OTFG-ultrasoft is used as the 

pseudopotentials [3] and the spin-polarization is considered in our calculations because 

Ni meatal is a ferromagnetic substance. The strength of a species adsorption is calculated 

using the adsorption energy defined as (4.2-1). For instance, the reaction energy 

associated with the dissociation of AB* + * → A* + B* and the associative desorption 

of A* + B* → AB + 2* are defined as (4.2-2) and (4.2-3), respectively. 

 

7.2.2 Co-Adsorption Oxygen Atoms Surface Model on Step Sites 

To evaluate the effect of co-adsorbed oxygen atoms on step sites, the co-

adsorption oxygen atoms surface model on step sites that is Ni (211) surface slab model 

with the different number of oxygen atoms is assumed shown as Figure 7.2-1. The oxygen 

atoms coverage is set θ = 0, 1/9, or 2/9. The Ni (211) surface structure and adsorption 

sites of hydrocarbon species on Ni (211) surface are shown in Figure 7.2-2. There are 

fourteen types of adsorption sites on Ni (211) facet as follows (the sign of each adsorption 

site is referred to the report by F. Che et al. [8]). In the case of hollow sites (h) on Ni (211) 

facet, SUhf and SUhh mean hollow sites between the step-edge and upper-terrace, ULhf 

and ULhh mean hollow sites between the upper-terrace and lower-terrace, and S4 means 
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a four-fold hollow site between the step-edge and lower-terrace. Also, in the case of top 

sites (t) on Ni (211) facet, St means a top site on the step-edge, Ut means a step site on 

the upper-terrace, and Lt means a top site on the lower-terrace. In addition, in the case of 

bridge sites (b) on Ni (211) facet, Sb means a bridge site between only the step-edge, Ub 

means a bride site between only the upper-terrace, Lb means a bridge site between only 

the lower-terrace, SUb means a bridge site between the step-edge and upper-terrace, SLb 

means a bridge site between the step-edge and lower-terrace, and ULb means a bridge 

site between the upper-terrace and lower-terrace. Co-adsorbed oxygen atom are set SUhh 

on Ni (211) facet because the most stable surface site of oxygen atom is SUhh site 

compared with results of the geometry optimization in fourteen types of adsorption sites 

on Ni (211) facet. Also, in the case of θ = 2/9, two co-adsorbed oxygen atom adsorption 

site cases are considered. One is the case that two co-adsorbed oxygen atoms are set SUhh 

sites on Ni (211) facet (θ = 2/9a), the other is the case that two co-adsorbed oxygen atoms 

are set SUhh and S4 sites on Ni (211) facet (θ = 2/9b) to evaluate the peculiarity of S4 

sites. Hydrocarbon species on clean Ni (211) surface are set the most stable sites reported 

by early studies (H atom: SUhh [8-13], O atom: SUhh [9-11,13], CH: S4 [8,10-14], CO: 

Sb [9,10,13,15,16], CH3: Sb [8,12,14], CO2: Lb [17], CHO: S4 [10,11]). In each 

hydrocarbon species with θ = 1/9, the most stable sites obtained by the geometry 

optimization in SUhh, S4 that are hollow sites contacted directly to the step-edge and the 

most stable site in each hydrocarbon species on the clean Ni (211) surface are used as 

adsorption sites. In each hydrocarbon species with θ = 2/9, adsorption sites selected by 

the same way in the case of with θ = 1/9 are used as adsorption sites when two co-adsorbed 

species are set SUhh sites (θ = 2/9a), while the most stable sites obtained by the geometry 

optimization in SUhh, SUhf and the most stable site in each hydrocarbon species on the 

clean Ni (211) surface are used as adsorption sites when two co-adsorbed species are set 

SUhh and S4 sites (θ = 2/9b). Note that O atom (not co-adsorbed oxygen atoms) with θ = 

1/12, 1/9 and 1/6 are set the most stable sites obtained by the geometry optimization in 

fourteen sites. Adsorption sites of hydrocarbon species with each co-adsorbed oxygen 

coverage are shown in Table 7.2-1, and cutoff energy and initial spin values for gas 

species calculation are shown in Table 7.2-2. Energy changes (the adsorption or reaction 

energy) with co-adsorbed oxygen atoms on step sites are defined as follows, respectively: 

 

𝛥𝐸𝑐𝑜−𝑎𝑑 𝑂,𝑠𝑡𝑒𝑝 = 𝐸𝑤𝑖𝑡ℎ 𝑐𝑜−𝑎𝑑 𝑂,𝑠𝑡𝑒𝑝 − 𝐸𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑐𝑜−𝑎𝑑 𝑂,𝑠𝑡𝑒𝑝 (7.2-1) 

 

where 𝛥𝐸𝑐𝑜−𝑎𝑑 𝑂,𝑠𝑡𝑒𝑝 is the relative value based on the adsorption or reaction energy 

without co-adsorbed oxygen atoms on step sites, 𝐸𝑤𝑖𝑡ℎ 𝑐𝑜−𝑎𝑑 𝑂,𝑠𝑡𝑒𝑝 is the adsorption or 
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reaction energy with co-adsorbed oxygen atoms on step sites, 𝐸𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑐𝑜−𝑎𝑑 𝑂,𝑠𝑡𝑒𝑝 is 

the adsorption or reaction energy without co-adsorbed oxygen atoms on step sites. When 

the relative value based on the adsorption energy without co-adsorbed oxygen atoms is 

calculated, DFT total energy in the most stable site is used in both clean surface and 

surface with co-adsorbed oxygen. 

 

 

Figure 7.2-1. A schematic diagram of the co-adsorption oxygen atoms surface model on 

step sites (a: co-adsorbed oxygen atoms are set to two SUhh sites, b: co-adsorbed 

oxygen atoms are set to SUhh and S4 sites). 

 

 

Figure 7.2-2. Schematic diagrams of the Ni (211) surface structure in top and side views 

and adsorption sites of hydrocarbon species on Ni (211) surface (white, blue and violet 

balls mean the lower-terrace, the step-edge and the upper-terrace, respectively). The 

revision of the figure in [8] 
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Table 7.2-1. The most stable adsorption site on Ni (211) in each hydrocarbon species in 

this calculation with each co-adsorbed oxygen coverage (θ = 0 is 𝟑 × 𝟑 unit cell, CO2 

and CHO in the case of θ = 2/9b move to SUb and Ub by the geometry optimization 

respectively). 

 

 

Table 7.2-2. Cutoff energy and initial spin values for gas species calculation in each 

hydrocarbon species in this calculation with co-adsorbed oxygen on step sites. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Species θ=0 θ=1/12 θ=1/9 θ=1/6 θ=2/9
a

θ=2/9
b

H SUhh SUhh S4 SUhf

O SUhh SUhh SUhf S4 S4 SUhf

CH S4 S4 S4 SUhf

CO Sb Sb Sb SUhf

CH3 Sb Sb Sb SUhf

CO2 Lb Lb SUhh SUhf→SUhh(Ut)

CHO Lb Lb Lb SUhf→Ub

Species Cutoff energy Initial spin (gas species)

H 630eV 1

O 630eV 2

CH 630eV 1

CO 630eV 0

CH3 630eV 1

CO2 630eV 0

CHO 630eV 1
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7.3 Results and Discussion 

7.3.1 DFT Calculation Results of Adsorption Energy 

Let us evaluate the effect of a co-adsorbed oxygen anion into catalytic activity 

on step sites, taking into account co-adsorbed oxygen atoms surface model on step sites. 

Firstly, I calculated the adsorption energy of hydrocarbon species on Ni (211) related to 

RDSs over CO2 methanation with co-adsorbed oxygen atoms. Table 7.3-1 and 7.3-2 show 

the adsorption energy change of each species with co-adsorbed oxygen atoms on step 

sites. Note that two models were assumed in the case of θ = 2/9, one is the model that co-

adsorbed oxygen atoms are set to two SUhh sites (θ = 2/9a) and the other is the model that 

co-adsorbed oxygen atoms are set to SUhh and S4 sites (θ = 2/9b) to evaluate steric effect 

dependence on the adsorption site. As shown in Table 7.3-1, adsorption energies of all 

hydrocarbon species in the case of θ = 0 on Ni (211) are more stable than those on Ni 

(111) (shown in Table 6.3-1). These tables also show that the adsorption energy of all 

adsorbed hydrocarbon species on step sites increase as increasing co-adsorbed oxygen 

atom coverage (it is considered that the tendency of CO2 includes calculation errors I 

think that the physisorption style in CO2 molecule with van der Waals force as adsorption 

process on the surface), and it indicates all hydrocarbon species are less stable for a steric 

barrier effect with the existence of co-adsorbed oxygen atoms as well as the result on flat 

sites. Also, compared with the result of the calculation with co-adsorbed oxygen on flat 

sites, the adsorption energy change with co-adsorbed oxygen atoms on step sites is larger 

than that on flat sites. This is because that the distance between co-adsorbed oxygen atoms 

and adsorbed hydrocarbon species on Ni (211) is closer than that on Ni (111), so that 

steric barrier effects become large more. Moreover, compared between the cases of θ = 

2/9a and θ = 2/9b, adsorption energy in almost hydrocarbon species in the case of θ = 2/9b 

is more stable than that in the case of θ = 2/9a, and adsorption energy change magnitude 

of almost species in the case of θ = 2/9a is larger than that in the case of θ = 2/9b 

(adsorption energy change magnitude from the case of θ = 1/9 of each species in the case 

of θ = 2/9b is small). This result indicates that S4 site is a specific adsorption site and this 

site is not affected steric barrier effects with co-adsorbed oxygen atoms very well (co-

adsorbed oxygen atoms on S4 site do not give steric effects to other adsorbed species very 

well). As a result, adsorption energy change magnitude in the case of θ = 2/9b is close to 

steric effects of one co-adsorbed oxygen atom (θ = 1/9).  

Table 7.3-3 shows that adsorption energy changes of O atom between 

with/without co-adsorbed oxygen atoms on flat and step sites involving θ = 1/12, 1/6 and 

1/4. The adsorption energy change difference between θ = 1/6 and 2/9 on Ni (211) is 

small although the destabilization under θ = 1/6 are larger than θ = 2/9 on Ni (111), 
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because the distance between co-adsorbed oxygen atoms and adsorbed hydrocarbon 

species is not difference in both cases (θ = 1/6 and 2/9) unlike the case of Ni (111). This 

table also shows that the adsorption energy change ratio becomes larger in high oxygen 

coverage in the case of Ni (111), while the adsorption energy change ratio becomes larger 

even in low oxygen coverage in the case of Ni (211). This predicts that the destabilization 

rate in the range of oxygen coverage less than θ = 1/9 (for example, approximately θ = 

0.01 in the practical SOEC condition) on step sites is larger than that on flat sites. 

 

Table 7.3-1. Effects on the adsorption energy of co-adsorbed oxygen atoms on step sites 

(θ = 0 is 1 × 3 unit cell).  

 

 

Table 7.3-2. Effects on the adsorption energy change between with/without co-adsorbed 

oxygen atoms on step sites (a: co-adsorbed oxygen atoms are set to two SUhh sites, b: 

co-adsorbed oxygen atoms are set to SUhh and S4 sites).  

 

 

Table 7.3-3. Effects on the adsorption energy change of O atom between with/without 

co-adsorbed oxygen atoms on step and flat sites (a: co-adsorbed oxygen atoms are set to 

two SUhh sites, b: co-adsorbed oxygen atoms are set to SUhh and S4 sites). 

 
 

H O CH CO CH3 CO2 CHO 

θ=0 -2.80 -5.42 -6.66 -1.97 -2.23 -0.21 -3.51

θ=1/9 -2.70 -5.11 -6.71 -1.88 -2.08 -0.05 -3.31

θ=2/9
a -2.73 -5.00 -6.77 -1.71 -1.79 -0.07 -3.01

θ=2/9
b -2.82 -5.15 -6.49 -1.85 -1.95 -0.06 -3.15

O co-adsorption coverage: θ
E ads, co-ad O, step  [eV]

H O CH CO CH3 CO2 CHO 

θ=1/9 0.10 0.31 -0.06 0.09 0.15 0.15 0.20

θ=2/9
a 0.07 0.42 -0.11 0.27 0.43 0.14 0.50

θ=2/9
b -0.02 0.27 0.17 0.12 0.28 0.15 0.36

O co-adsorption coverage: θ
ΔE ads, co-ad O, step  [eV]

(111) (211)

θ=1/12 -0.03

θ=1/9 0.00 0.31

θ=1/6 0.35 0.46

θ=2/9 0.07 a: 0.42, b: 0.27

θ=1/4 0.88

θ=3/9 0.86

ΔE ads, co-ad O, step  [eV]
O co-adsorption coverage: θ
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Figure 7.3-1. The oxygen coverage dependence in the adsorption energy of O atom on 

step sites (a: co-adsorbed oxygen atoms are set to two SUhh sites, b: co-adsorbed 

oxygen atoms are set to SUhh and S4 sites). 

 

 The adsorption energy of CH becomes more stable as increasing oxygen 

coverage (except θ = 2/9b) and the most stable adsorption site of CH is S4 site under all 

oxygen coverage (except θ = 2/9b) unlike the others. DOS calculations related to CH 

adsorption have been performed in order to investigate these CH (S4 sites) peculiarity. 

Table 7.3-4 shows Mulliken charge and the number of electrons of C, H and co-adsorbed 

oxygen atoms in CH adsorption on S4 or SUhh sites. Note that the number of electrons 

in each species is calculated by integral calculus of each DOS distribution area below 

Fermi level. Figure 7.3-2 shows DOS (d-orbital) of pure Ni atoms under θ = 0 (3-fold and 

4-fold Ni atoms related S4 and SUhh sites respectively) and DOS (p-orbital) of C atom 

in CH gas species. Here, in order to match the position of horizontal axis (energy [eV]) 

in DOS profiles of Ni atoms (3-fold and 4-fold Ni atoms related S4 and SUhh sites) with 

that of CH gas species, the work function difference between CH gas species and Ni 

atoms (work function of CH and Ni atoms are 5.732 and 4.444 eV respectively) (i.e. Fermi 

level difference between CH gas species and Ni atoms) is added to the position of energy 

in DOS profiles of Ni atoms. Furthermore, although the DOS profile of C atom in CH gas 

species shows two the results in two spin cases (α and β ) for spin polarized, the DOS 

profile in α spin case is used in this study because each DOS peak magnitude and position 

in both spin cases has little difference. Also, Figure 7.3-3 shows DOS (p-orbital) of C 
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atom in CH on Ni surface under θ = 0 (on S4 or SUhh sites). As shown in Figure 7.3-2, 

the position of DOS peak (p-orbital) of C atom in CH gas species exists near the positions 

of DOS peaks (d-orbital) of 3-fold and 4-fold Ni atoms. This means that Ni d-band is 

likely to interact with CH bonding orbital. DOS peak of 4-fold Ni atoms is larger than 

that of 3-fold Ni atoms, so that the bonding orbital peak near Fermi level of C atom in 

CH on S4 sites shifts to more stable regions (to the left side) that that on SUhh sites as 

shown in Figure 7.3-3. As a result, CH on S4 sites is more stable than on SUhh sites. 

Mulliken charge of C atom on S4 sites is charged more negatively than that on SUhh sites 

and the number of electrons of C atom on S4 sites is larger than that on SUhh sites shown 

in Table 7.3-4. These results have good agreement with above DOS results and the 

adsorption energy results. 

 

Table 7.3-4. Mulliken charge and the number of electrons of C, H, and co-adsorbed 

oxygen atoms in CH adsorption on S4 or SUhh sites under oxygen atom coverage θ = 0, 

1/9, 2/9a and 2/9b. 

 

 

 

 

θ=0 θ=1/9 θ=2/9
a

θ=2/9
b θ=0 θ=1/9 θ=2/9

a
θ=2/9

b

H 0.15 0.15 0.15 0.15

C -0.77 -0.78 -0.79 -0.77 3.30 3.31 3.32 3.29

O (SUhh 1) -0.59 -0.57 -0.58 4.69 4.66 4.68

O (SUhh 2) -0.57 4.66

O (S4) -0.57 4.67

H 0.18 0.18 0.19 0.18

C -0.75 -0.73 -0.67 -0.72 3.22 3.19 3.13 3.19

O (SUhh 1) -0.57 -0.54 -0.57 4.67 4.63 4.67

O (SUhh 2) -0.54 4.63

O (S4) -0.61 4.71

CH (SUhh)

Species

CH (S4)

Mulliken charge [e] The number of electrons
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Figure 7.3-2. DOS (d-orbital) of pure Ni atoms under oxygen atom coverage θ = 0 (3-

fold and 4-fold Ni atoms related S4 and SUhh sites respectively) and DOS (p-orbital) of 

C atom (in CH gas species). Fermi level means that of CH gas species and the d-band 

center of 3-fold and 4-fold Ni atoms are 0.108 and 0.089 eV, respectively. 

 

 

Figure 7.3-3. DOS (p-orbital) of C atom (in CH) on Ni surface under oxygen atom 

coverage θ = 0 (on S4 or SUhh sites). 

 

 Then, DOS calculations related to CH adsorption on SUhh and S4 sites with co-

adsorbed oxygen atoms have been performed so as to investigate the difference of 
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dependence on oxygen coverage between SUhh and S4 sites. Table 7.3-5 shows the 

adsorption energy of CH on SUhh and S4 sites under θ = 0, 1/9 and 2/9a and Table 7.3-6 

also shows the number of electrons of pure Ni atoms (3-fold and 4-fold Ni atoms) under 

θ = 0, 1/9 and 2/9a. Also, Figure 7.3-4 and 7.3-5 show DOS (d-orbital) of pure 3-fold Ni 

atoms and DOS (p-orbital) of C atom in CH on SUhh Ni surface sites under θ = 0, 1/9 

and 2/9a respectively, and Figure 7.3-6 and 7.3-7 show DOS (d-orbital) of pure 4-fold Ni 

atoms and DOS (p-orbital) of C atom in CH on S4 Ni surface sites under θ = 0, 1/9 and 

2/9a respectively. Table 7.3-5 shows that adsorption energy dependence on oxygen 

coverage is different between SUhh and S4 sites. CH on SUhh sites becomes unstable as 

increasing oxygen coverage, while CH on S4 sites becomes stable as increasing oxygen 

coverage. This means S4 sites have peculiarity. As shown in Figure 7.3-4 and Table 7.3-

6, DOS peak and the number of electrons of 3-fold Ni atoms decreases as increasing 

oxygen coverage. This indicates that the amount of inflow electrons to co-adsorbed 

oxygen atoms increases, so that the amount of inflow electrons to CH decreases. This 

result has good agreement with the result of Figure 7.3-5 i.e. the bonding orbital peak 

near Fermi level decreases as increasing oxygen coverage (the number of electrons 

decreases as increasing oxygen coverage as shown in Table 7.3-4). Accordingly, the 

adsorption energy of CH on SUhh becomes unstable as increasing oxygen coverage. 

Meanwhile, as shown in Figure 7.3-6 and Table 7.3-6, DOS peak and the number of 

electrons of 4-fold Ni atoms also decreases as increasing oxygen coverage. However, 

Figure 7.3-7 shows that new bonding orbital appears between existing bonding orbital 

peaks with co-adsorbed oxygen atoms and this new peak increases as increasing oxygen 

coverage (the number of electrons increases as increasing oxygen coverage as shown in 

Table 7.3-4). Therefore, the adsorption energy of CH on S4 becomes stable as increasing 

oxygen coverage. Figure 7.3-8 shows the comparison between DOS (p-orbital) of co-

adsorbed oxygen atoms on SUhh Ni surface sites and DOS (p-orbital) of C atom in CH 

on S4 Ni surface sites under θ = 0, 1/9 and 2/9a. DOS peak positions of co-adsorbed 

oxygen atoms agree with DOS peak positions appeared newly. It is considered that DOS 

peak appeared newly on S4 sites is affected by co-adsorbed oxygen atoms on SUhh sites. 
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Table 7.3-5. The adsorption energy of CH on SUhh and S4 sites under oxygen atom 

coverage θ = 0, 1/9 and 2/9a. 

 

 

Table 7.3-6. The number of electrons of pure Ni atoms (3-fold and 4-fold Ni atoms) 

under oxygen atom coverage θ = 0, 1/9 and 2/9a. 

 

 

 

Figure 7.3-4. DOS (d-orbital) of pure 3-fold Ni atoms under oxygen atom coverage θ = 

0, 1/9 and 2/9a. 

 

E ads  (CH)

Coverage SUhh S4

θ=0 -6.41 -6.66

θ=1/9 -6.19 -6.71

θ=2/9
a -5.63 -6.77

Pure Ni electrons

Coverage 3-fold 4-fold

θ=0 26.04 34.69

θ=1/9 25.93 34.59

θ=2/9
a 25.85 34.50



207 

 

 

Figure 7.3-5. DOS (p-orbital) of C atom in CH on SUhh Ni surface sites under oxygen 

atom coverage θ = 0, 1/9 and 2/9a. 

 

 

Figure 7.3-6. DOS (d-orbital) of pure 4-fold Ni atoms under oxygen atom coverage θ = 

0, 1/9 and 2/9a. 
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Figure 7.3-7. DOS (p-orbital) of C atom in CH on S4 Ni surface sites under oxygen 

atom coverage θ = 0, 1/9 and 2/9a. 

 

 

Figure 7.3-8. The comparison between DOS (p-orbital) of co-adsorbed oxygen atoms on 

SUhh Ni surface sites and DOS (p-orbital) of C atom in CH on S4 Ni surface sites under 

oxygen atom coverage θ = 0, 1/9 and 2/9a. 
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7.3.2 DFT Calculation Results of Reaction Energy 

Then, the surface reaction energy of each RDS over CO2 methanation with co-

adsorbed oxygen atoms on step sites was studied. Table 7.3-7 and 7.3-8 show the surface 

reaction energy change of each RDS with co-adsorbed oxygen atoms on Ni (211) surface. 

Note that θ = 2/9b is used in this calculation of the surface reaction energy change on Ni 

(211) i.e. the case that two co-adsorbed oxygen atoms set to SUhh and S4 sites because 

DFT total energy (adsorption energy) in almost adsorbed hydrocarbon species is more 

stable. These tables show that the different tendency in the surface reaction energy in each 

RDS over CO2 methanation on step sites as well as the result on flat sites and the tendency 

of the surface reaction energy change on step sites agrees with that on flat sites. The 

surface reaction energy in CHO and CO2 dissociations increase, while the surface reaction 

energy in CH4 desorption decreases as increasing co-adsorbed oxygen atom coverage. 

These tendencies can be explained basically by the destabilization in the adsorption 

energy with the increase of the co-adsorbed oxygen atoms coverage as well as the case of 

Ni (111) i.e. the reaction equilibrium lean to reactant or product side for the change of the 

number of surface species and O* atom generated newly in the product side as proceeding 

those reactions. In CHO and CO2 dissociations, the number of species on the reaction 

surface increases from one to two species and O* atom is generated in the product side 

as proceeding those reactions. In CH4 desorption, the number of species on the reaction 

surface decreases from two to zero species as proceeding that reaction. As a result, the 

equilibrium in CHO and CO2 dissociations leans to the reactant side, while the 

equilibrium in CH4 desorption leans to the product side. 

 

Table 7.3-7. Effects on the surface reaction energy of co-adsorbed oxygen atoms on step 

sites (θ = 0 is 1 × 3 unit cell).  

 

 

Table 7.3-8. Effects on the surface reaction energy change between with/without co-

adsorbed oxygen atoms on step sites (a: co-adsorbed oxygen atoms are set to two SUhh 

sites, b: co-adsorbed oxygen atoms are set to SUhh and S4 sites).  

 

CHO* + * → CH* + O* CO2* + * → CO* + O* CH3* + H* → CH4 + 2*

θ=0 -0.66 -0.98 0.32

θ=1/9 -0.62 -0.73 0.07

θ=2/9
b -0.58 -0.73 0.06

O co-adsorption coverage: θ
E rxn, co-ad O, step  [eV]

CHO* + * → CH* + O* CO2* + * → CO* + O* CH3* + H* → CH4 + 2*

θ=1/9 0.05 0.25 -0.25

θ=2/9
b 0.08 0.25 -0.26

O co-adsorption coverage: θ
ΔE rxn, co-ad O, step  [eV]
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7.3.3 Kinetic Simulation Results under Co-Adsorbed Oxygen Atoms on 

Step Sites 

Furthermore, the detailed kinetic simulation was performed at temperature range 

from 400 to 700 °C and overall CO and CH4 generation rates were calculated in order to 

identify promotion and restraint effects in overall CO2 methanation by the co-adsorbed 

oxygen atoms effect to RDSs on step sites. Here, I added DFT reaction energy results on 

Ni (211): 𝛥𝐸𝑟𝑥𝑛,𝑐𝑜−𝑎𝑑 𝑂,𝑠𝑡𝑒𝑝 (the result in the case of θ = 2/9b is utilized) to activation 

barriers in three RDSs on Ni (111), (211) and (100) in my kinetic simulation to evaluate 

spillover effects of a lattice oxygen to overall CO2 methanation. More detailed 

information of the parameter change is shown in Table 7.3-9 and overall CO and CH4 

generation rates under oxygen atom coverage θ = 0, 1/9 and 2/9b in each temperature are 

shown in Figure 7.3-9 and 7.3-11, respectively (each generation rate in logarithmic scale 

is also shown in Figure 7.3-10 and 7.3-12). Figure 7.3-9 shows that CO generation rate 

becomes large as increasing temperature. This is because that CO* (CO on the Ni surface) 

increases its degree of freedom by desorption to gas phase (degree of freedom is change 

from two-dimensional to three-dimensional), so that the entropy term is influential in CO 

desorption in addition to the reverse water gas shift reaction is an endothermic reaction 

that the reaction equilibrium leans to the product side at high temperature. While, Figure 

7.3-11 shows that CH4 generation rate becomes large as increasing temperature at 

temporary but CH4 generation rate at 700 °C has decrease tendencies compared with that 

at 500 and 600 °C. This is because the CO hydrogenation is an exothermic reaction that 

the reaction equilibrium leans to the reactant side at high temperature. Also, CO and CH4 

generation rates decrease as increasing oxygen atom coverage in all temperature regions 

as shown in Figure 7.3-9, 7.3-10, 7.3-11 and 7.3-12 as well as the calculation result in the 

case of Ni (111). In addition, each dependence on oxygen atom coverage becomes gentler 

at the high temperature region in both CO and CH4 generation rates. These results agree 

with the experiment result by R. Atsumi et al. that NEMCA is more active as being the 

low temperature region [1] as well as the simulation results in other calculation conditions 

involving with co-adsorbed oxygen atoms on Ni (111) (in chapter 4, 5 and 6). As 

mentioned in other chapters, these results indicate that NEMCA promotes not the reaction 

rate but the rate to reach the reaction equilibrium. In the reaction at high temperature, the 

reaction rate is fast and it is easy to reach the reaction equilibrium. While, in the reaction 

at low temperature, the reaction rate is slow and the reaction does not reach the 

equilibrium. Therefore, dependence to the oxygen atoms coverage in each generation rate 

becomes small as increasing the temperature because NEMCA is more effective in low 

temperature region. Note that Enthalpy changes are not changed and only activation 
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barriers in each RDSs are changed in this detailed kinetic simulation i.e. the rate to reach 

the reaction equilibrium is changed. In SOEC mode, the oxygen anion is flowed from the 

fuel electrode to the oxygen electrode via the electrolyte, so that oxygen atom coverage 

on Ni metal surface decreases. As a result, this result reveals that overall CO2 methanation 

is accelerated in SOEC mode at all temperature regions even in terms of the condition 

with co-adsorbed oxygen atoms on step sites. 

 

Table 7.3-9. Activation barrier parameters of RDSs under oxygen atom coverage θ = 0, 

1/9 and 2/9b on step sites (b: co-adsorbed oxygen atoms are set to SUhh and S4 sites). 

 

 

 

Figure 7.3-9. Overall CO generation rates under oxygen atom coverage θ = 0, 1/9 and 

2/9b at the temperature range from 673 to 973 K (b: co-adsorbed oxygen atoms are set 

to SUhh and S4 sites).  

Facet Reaction Reaction number θ = 0 θ = 1/9 θ = 2/9
b

CH3* + H* → CH4 + 2* 4 129000 105122 104085

CHO* + * → CH* + O* 15 118277 123035 126050

CO2* + * → CO* + O* 35 149000 172850 172796

CH3* + H* → CH4 + 2* 41 116351 92473 91435

CHO* + * → CH* + O* 50 123263 128021 131036

CO2* + * → CO* + O* 55 145880 169730 169677

CH3* + H* → CH4 + 2* 73 117000 93122 92085

CHO* + * → CH* + O* 79 195000 199758 202773

CO2* + * → CO* + O* 87 149000 172850 172796

(111)*

(211)*

(100)*

Ea (J/mol)
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Figure 7.3-10. Overall CO generation rates in logarithmic scale under oxygen atom 

coverage θ = 0, 1/9 and 2/9b at the temperature range from 673 to 973 K (b: co-adsorbed 

oxygen atoms are set to SUhh and S4 sites). 

 

 

Figure 7.3-11. Overall CH4 generation rates under oxygen atom coverage θ = 0, 1/9 and 

2/9b at the temperature range from 673 to 973 K (b: co-adsorbed oxygen atoms are set 

to SUhh and S4 sites). 
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Figure 7.3-12. Overall CH4 generation rates in logarithmic scale under oxygen atom 

coverage θ = 0, 1/9 and 2/9b at the temperature range from 673 to 973 K (b: co-adsorbed 

oxygen atoms are set to SUhh and S4 sites). 
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7.4 Conclusion 

 In this chapter, the effect of oxygen co-adsorption on step sites with DFT 

calculation used the co-adsorbed oxygen atoms surface model on step sites has been 

discussed in order to evaluate spillover effects of a lattice oxygen toward the catalyst 

surface on step sites over CO2 methanation on Ni catalyst in SOEC. 

Firstly, the adsorption energy change with co-adsorbed oxygen atoms of 

hydrocarbon species on Ni (211) associated with RDSs in CO2 methanation (CHO 

dissociation, CO2 dissociation and CH4 desorption) that is identified by the sensitivity 

analysis in chapter 3 have been calculated and discussed. The adsorption energy change 

of all hydrocarbon species with co-adsorbed oxygen atoms on step sites has the same 

tendency. Almost hydrocarbon species are destabilized as increasing co-adsorbed oxygen 

atom coverage. These destabilization tendencies with co-adsorbed oxygen atoms can be 

interpreted by steric barrier effects with the existence of co-adsorbed oxygen atoms. 

Compared between adsorption energy change dependence on oxygen coverage on Ni 

(111) and (211), the increase rates of destabilization effects become lager from the high 

and low coverage sides, respectively i.e. I have found that the destabilization effect in 

adsorbed hydrocarbon species with oxygen coverage less than θ = 1/9 like the practical 

SOEC condition is lager on Ni (211) than Ni (111). Also, I have tried to calculate two 

arrangement conditions of co-adsorbed oxygen atoms in the case of θ = 2/9 on Ni (211) 

surface (θ = 2/9a: co-adsorbed oxygen atoms are set to two SUhh sites, θ = 2/9b: co-

adsorbed oxygen atoms are set to SUhh and S4 sites) and have compared the adsorption 

energy tendency in both cases. Adsorption energy of almost adsorbed species in the case 

of θ = 2/9b is more stable than in the case of θ = 2/9a (adsorption energy change magnitude 

of almost species in the case of θ = 2/9a is larger than that in the case of θ = 2/9b), and I 

have found that S4 site has peculiarity that co-adsorbed oxygen atoms on S4 site do not 

give steric effects to other adsorbed species very well. 

Then, the surface reaction change on Ni (211) with co-adsorbed oxygen atoms 

in each RDS in CO2 methanation have been calculated and discussed. The surface 

reaction energy in CHO and CO2 dissociations increase, while in CH4 desorption 

decreases as increasing oxygen coverage. These tendencies are derived from the steric 

effect of the increase or decrease of the number of adsorbed species as proceeding each 

RDS and the steric effect of O*-Ni in product sides. 

Furthermore, the detailed kinetic simulation at temperature range from 400 to 

700 °C have been performed in order to reveal promotion and restraint effects in overall 

CO2 methanation with co-adsorbed oxygen atoms on Ni (211). CO generation rate 

becomes larger as increasing temperature and the increase tendency in CH4 generation 
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rate as increasing temperature becomes smaller at 700 °C compared with that at 500 and 

600 °C. These results is affected by the reaction equilibrium leans towards reactant or 

product side in high temperature (and the change of degree of freedom in CO desorption). 

Also, Overall CH4 and CO generation rates are decelerated as increasing oxygen coverage, 

and I have found that overall CO2 methanation is accelerated in SOEC mode as well as 

the case on flat sites. Both generation rates dependence on oxygen coverage becomes 

gentler at the high temperature region and these results agree with the experiment result 

by R. Atsumi et al. that NEMCA is more effective as being the low temperature region. 

This means that NEMCA improves not the reaction rate but the rate to reach the reaction 

equilibrium. These results have good agree with my calculations to other calculation 

conditions in chapter 4, 5 and 6. 

Compared between my calculations with co-adsorbed oxygen atoms on flat and 

step sites, the overall CO2 methanation promotion effect with co-adsorbed oxygen atoms 

on step sites is not much different from that on flat sites unfortunately, although it has 

been observed that adsorption destabilization in almost hydrocarbon species is larger than 

that on flat sites. From these calculation results with co-adsorbed oxygen atoms on step 

sites, I have found that thermodynamically dependence on oxygen coverage shows a 

complex behavior for the difference effect magnitude in each adsorption sites i.e. the 

peculiarity in S4 site and the change of the most stable adsorption sites in high oxygen 

coverage. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



216 

 

7.5 References 

Chapter 7.1 

1. M. Zhou and B. Liu, Ind. Eng. Chem. Res., 56, 5813 (2017). 

2. F. Che, A. J. Hensley, S. Ha and J. S. McEwen, Catal. Sci. Technol., 4, 4020 (2014). 

 

Chapter 7.2 

1. P. Hohenberg and W. Kohn, Phys. Rev., 136, B864 (1964). 

2. W. Kohn and L. J. Sham, Phys. Rev., 140, A1133 (1965). 

3. R. M. Martin, Electronic Structure, Cambridge University Press, Cambridge, (2004). 

4. D.R. Lide, CRC Handbook of Chemistry and Physics, CRC press, New York, (1996). 

5. S. J. Clark, M. D. Segall, C. J. Pickard, P. J. Hasnip, M. I. J. Probert, K. Refson and M. C. 

Payne, Z. Kristallogr. , 220, 567 (2005). 

6. J. P. Perdew, K. Burke and M. Ernzerhof, Phys. Rev. Lett., 77, 3865 (1996). 

7. H. J. Monkhorst and J. D. Pack, Phys. Rev. B: Solid State, 13, 5188 (1976). 

8. F. Che, A. J. Hensley, S. Ha and J. S. McEwen, Catal. Sci. Technol., 4, 4020 (2014). 

9. M. Zhou and B. Liu, Ind. Eng. Chem. Res., 56, 5813 (2017). 

10. K. Yang, M. Zhang and Y. Yu, Phys. Chem. Chem. Phys., 17, 29616 (2015). 

11. R. C. Catapan, A. A. M. Oliveria, Y. Chen and D. G. Vlachos, J. Phys. Chem. C, 116, 20281 

(2012). 

12. Y. Zhao, S. Li and Y. Sun, Chin. J. Catal. (Cuihua Xuebao), 34, 911 (2013). 

13. Z.-B. Ding and M. Maestri, Ind. Eng. Chem. Res., 58, 9864 (2019). 

14. Y. Huang, J. Du, C. Ling, T. Zhou and S. Wang, Catal. Sci. Technol., 3, 1343 (2013). 

15. A. D. Karmazyn, V. Fiorin, S. J. Jenkins and D. A. King, Surf. Sci., 538, 171 (2003). 

16. H. Orita, N. Itoh and Y. Inada, Surf. Sci., 571, 161 (2004). 

17. D.-B. Cao, Y.-W. Li, J. Wang and H. Jiao, Surf. Sci., 603, 2991 (2009). 

 

Chapter 7.3 

1. R. Atsumi, T. Ishiyama, H. Kishimoto, D.B. Katherine, K. Yamaji, T. Yamaguchi and Y. 

Fujishiro, J. Fuel Cell Tech., 16, 76 (2016). written in Japanese 

 

 

 

 

 

 

 



217 

 

Chapter 8 Conclusion 

8.1 Summary 

In this dissertation, I have studied and discussed theoretically topics that has been 

discussed before as a possible factor in the detailed NEMCA mechanism with 

computational methods for the purpose of the improvement of catalytic technologies that 

is utilized in most energy conversion systems. In more details, I have evaluated the 

activation behavior in CO2 methanation on Ni metal catalyst in SOEC with an external 

electric field or oxygen co-adsorption using the first-principles calculations and kinetic 

simulations.  

In chapter 3, the sensitivity analysis and flow analysis simulations in CO2 

methanation on Ni (211), (111) and (100) at the temperature range from 400 to 700 °C 

have been performed to identify detailed elementary steps behavior in CO2 methanation 

and their dependence on surface facets and temperature conditions. It has been found that 

RDSs in CO2 methanation is CHO* dissociation, CO2* dissociation and CH4 desorption 

on Ni (211) surface at all temperature ranges and that CH4 generation process depends on 

surface reactions on Ni (211) surface. 

In chapter 4, the effect of direct electric field impressions on Ni (111) used the 

thin film condenser model has been calculated in order to discuss the direct change in a 

catalytic electron state with an electric field. I have found that a direct electric field 

enhances the stability of adsorbed species on the catalyst surface for the relation between 

the external electric field and electric dipole moment and the change amount magnitude 

of charge (electron) transference from Ni metal surface into the adsorbed species with 

external electric fields, and that overall CO2 methanation accelerates in SOEC mode with 

the detailed kinetic simulation. 

In chapter 5, the effect of direct electric charge impressions on Ni (111) used the 

electric battery model with ESM method has been calculated to confirm the direct change 

in a catalytic electron state with an electric field in more practical SOEC systems (internal 

electric fields). Phenomena with the direct change in a catalytic electron state with an 

electric field have been also confirmed in more realistic SOEC setup with the direct 

electric charge impressions. 

In chapter 6, the effect of oxygen co-adsorption on Ni (111) used the co-adsorbed 

oxygen atoms surface model on flat sites has been calculated to discuss the spillover effect 

of a lattice oxygen toward the catalyst surface. I have found that all intermediates adsorb 

on the surface less strongly for steric barrier effects and that overall CO2 methanation 

accelerates in SOEC mode using the detailed kinetic simulation. Also, I have found that 
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the spillover effect of a lattice oxygen toward the catalyst surface may be larger than the 

direct change in the catalytic electron state with an electric field compared with effects to 

the kinetic energy of direct electric field impressions and co-adsorbed oxygen atoms. 

In chapter 7, the effect of oxygen co-adsorption on Ni (211) used the co-adsorbed 

oxygen atoms surface model on step sites has been calculated to evaluate the spillover 

effect of a lattice oxygen toward the catalyst surface on step sites. I have found that all 

intermediates on step sites also adsorb on the surface less strongly for steric barrier effects 

and that overall CO2 methanation accelerates in SOEC mode in the case of step sites using 

the detailed kinetic simulation as well as the result on flat sites. Also, I have found that 

steric barrier effect magnitude differs at adsorption sites on step sites (peculiarity of S4 

site). 

I have evaluated the activation theory on the entire catalytic surface that has been 

discussed until now throughout this whole study i.e. the spillover effect of a lattice oxygen 

toward the catalyst surface and the direct change in the catalytic electron state with an 

electric field in terms of the entire catalytic surface behavior. In conclusion, I have found 

that this predictive activation theory on the entire catalyst surface can not interpret the 

activation order for NEMCA effect and I suggest that new predictive activation theory 

from a different perspective is required and should be studied theoretically in order to 

explain the practical NEMCA activation order. 

I believe that my research in this dissertation for the theoretical mechanism of 

NENCA will connect to develop more energetically-effective catalysis technology and 

help to overcome serious energy issues. These findings also hopefully direct the attention 

in the catalytic reaction research community to the probability of NEMCA to catalytic 

technologies. 
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8.2 Perspective 

In this study, I have found that detailed NEMCA mechanism can not be 

interpreted by the conventional activation theory on the entire catalytic surface that has 

been discussed until now i.e. our result with above theory on the entire catalytic surface 

is not still enough to explain NEMCA mechanism in CO2 methanation with the practical 

SOEC system. In order to reveal this issue, the examination of the multiplier effect 

between the spillover effect of a lattice oxygen toward the catalyst surface and the direct 

change in the catalytic electron state with an electric field will be planned with the 

calculation model that has co-adsorbed oxygen atoms with external electric fields. 

Also, I am wondering that main factor of NEMCA effect is induced by the 

peculiar activation mechanism on not the entire catalytic surface but the triple phase 

boundary (TPB) among catalyst, air and electrolyte (or catalytic support), because the 

important phenomenon such as degradation reactions, charge transfer reactions etc. 

occurs at near TPB and surface diffusion of chemical species near TPB has much relation 

to catalyst and electric cell performance. For instance, it has been reported that current-

voltage characteristics (I-V curve) in fuel cells depend largely on diffusion coefficients of 

adsorbed species near TPB as shown in Figure 8.2-1 [1,2]. Therefore, DFT calculation 

and kinetic simulation with TPB calculation model (for example, involving the yttria-

stabilized zirconia (YSZ) that is famous as one of the major electrolyte materials in SOCs) 

are being also planned to be performed to obtain more active effects that can explain 

NEMCA mechanism in CO2 methanation with the practical SOEC system as a next step.  

Moreover, the method to evaluate the interrelation between the magnitude of an 

electric field and co-adsorbed oxygen atom coverage will be improved in order to discuss 

adaptability and quantitativity of calculation results to catalytic improvements with an 

electric field in practical SOEC and SOFC conditions more closely.  

I believe that execution of research plans as mentioned above has prospects for 

this research field progress and connect to the clarification of detailed NEMCA 

mechanism. 



220 

 

 

Figure 8.2-1. The overpotential as a function of the faradaic current density with three 

different pre-exponential diffusion coefficients of the oxygen ion on the YSZ surface 

[1]. 
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Appendix 

Ⅰ Detailed Kinetic Simulator Program Code 

 The simulator program code used in detailed kinetic simulations in this study is 

shown as follows. This simulator program code has been constructed with the revision of 

Mr. Nishibayashi’s program code in Kyusyu University [1]. Note that a part of this 

program code (comment texts, directory and file names, and output texts) is written in 

Japanese. 

 

function Kinetic_Model_Test %#ok<FNDEF> 

tic 

% READ ME!!!!!!!! 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

%このように『%』が最初に来る行はコメント

文です 

%このプログラムで変更する部分は下の入力

部分一覧内にすべて入っています。 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%入力部

分一

覧%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

%temparature 

  

T_matrix=[400,500,600,700]; %シミュレー

タ温度[℃] 

  

%感度解析する反応式番号 

perturb_index = []; %41,50,55 

  

  

%パラメータ変更部分 

all_dEre1=[]; %CHO* + * → CH* + O* の

変更リスト ここは空行列にしておく(触れ

るな！) 

all_dEre2=[]; %CO2* + * → CO* + O* の

変更リスト ここは空行列にしておく(触れ

るな！) 

all_dEre3=[]; %CH3* + H* → CH4 + 2* の

変更リスト ここは空行列にしておく(触れ

るな！) 

  

%(111)* 

%(-15) CHO* + * → CH* + O*  dEre1; 

%(-35) CO2* + * → CO* + O*  dEre2; 

%(-4)  CH3* + H* → CH4 + 2* dEre3; 

  

%(211)* 

%(-50) CHO* + * → CH* + O*  dEre1; 

%(-55) CO2* + * → CO* + O*  dEre2; 

%(-41) CH3* + H* → CH4 + 2* dEre3; 

  

%(100)* 

%(-82) CHO* + * → CH* + O*  dEre1; 

%(-87) CO2* + * → CO* + O*  dEre2; 

%(-73) CH3* + H* → CH4 + 2* dEre3; 

  

%反応向きが上記と逆の場合符号を逆転させ

る 

  

%%%%%%%%%書き方%%%%%%%% 

% %0  

% dEre1=0; %必須 CHO* + * → CH* + O* 

の変化量(数値)を入力 
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% dEre2=0; %必須 CO2* + * → CO* + O* 

の変化量(数値)を入力 

% dEre3=0; %必須 CH3* + H* → CH4 + 2* 

の変化量(数値)を入力 

% name{1}='0'; %必須 %名前 番号は変更し

ておく(name{x}のx部分はデータ順に合わせ

る) 

%ex)0,0.2,0.3,0.5の4つのデータを取る場

合、0.3は３番目なのでx=3となる。 

  

% all_dEre1=[all_dEre1,dEre1]; %必須 

% all_dEre2=[all_dEre2,dEre2]; %必須 

% all_dEre3=[all_dEre3,dEre3]; %必須 

%%%%%%%%%%%%%%%%%%%%%%書き方 

  

% non extra conditions 

% unit:J/mol 

% please change the name number 

  

% 0_(natural_condition) 

dEre1=0; 

dEre2=0; 

dEre3=0; 

name{1}='0'; 

  

all_dEre1=[all_dEre1,dEre1]; 

all_dEre2=[all_dEre2,dEre2]; 

all_dEre3=[all_dEre3,dEre3]; 

  

% Electric_field_impressions_(eV/Å) 

  

% 0.5 

dEre1=7686.90; 

dEre2=22035.20; 

dEre3=-21324.38; 

name{2}='1'; 

  

all_dEre1=[all_dEre1,dEre1]; 

all_dEre2=[all_dEre2,dEre2]; 

all_dEre3=[all_dEre3,dEre3]; 

  

% 0.25 

dEre1=2549.21; 

dEre2=9374.72; 

dEre3=-9871.82; 

name{3}='2'; 

  

all_dEre1=[all_dEre1,dEre1]; 

all_dEre2=[all_dEre2,dEre2]; 

all_dEre3=[all_dEre3,dEre3]; 

  

% -0.25 

dEre1=-2060.38; 

dEre2=-9713.93; 

dEre3=-6805.76; 

name{4}='-0.25'; 

  

all_dEre1=[all_dEre1,dEre1]; 

all_dEre2=[all_dEre2,dEre2]; 

all_dEre3=[all_dEre3,dEre3]; 

  

% -0.50 

dEre1=-1700.96; 

dEre2=-16391.53; 

dEre3=-13374.49; 

name{5}='-0.5'; 

  

all_dEre1=[all_dEre1,dEre1]; 

all_dEre2=[all_dEre2,dEre2]; 

all_dEre3=[all_dEre3,dEre3]; 

  

% Oxygen_co_adsorption_on_(111)_(θ) 
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% 1/9 

dEre1=-49189.04296; 

dEre2=19097.644; 

dEre3=16077.04771; 

name{6}='1/9'; 

  

all_dEre1=[all_dEre1,dEre1]; 

all_dEre2=[all_dEre2,dEre2]; 

all_dEre3=[all_dEre3,dEre3]; 

  

% 2/9 

dEre1=-65228.49727; 

dEre2=42290.45589; 

dEre3=16551.63091; 

name{7}='2/9'; 

  

all_dEre1=[all_dEre1,dEre1]; 

all_dEre2=[all_dEre2,dEre2]; 

all_dEre3=[all_dEre3,dEre3]; 

  

% Oxygen_co_adsorption_on_(211)_(θ) 

  

% 1/9 

dEre1=4757.99; 

dEre2=23849.54; 

dEre3=-23877.95; 

name{8}='1/9'; 

  

all_dEre1=[all_dEre1,dEre1]; 

all_dEre2=[all_dEre2,dEre2]; 

all_dEre3=[all_dEre3,dEre3]; 

  

% 2/9_a 

% dEre1=-18174.17; 

% dEre2=52953.36; 

% dEre3=-49080.47; 

% name{3}='2/9'; 

%  

% all_dEre1=[all_dEre1,dEre1]; 

% all_dEre2=[all_dEre2,dEre2]; 

% all_dEre3=[all_dEre3,dEre3]; 

  

% 2/9_b 

dEre1=7772.57; 

dEre2=23796.25; 

dEre3=-24915.39; 

name{9}='2/9'; 

  

all_dEre1=[all_dEre1,dEre1]; 

all_dEre2=[all_dEre2,dEre2]; 

all_dEre3=[all_dEre3,dEre3]; 

  

% Electric_charge_impressions_(e) 

  

% -0.05 

dEre1=-1252.234927; 

dEre2=-4986.411072; 

dEre3=-2811.417511; 

name{10}='-0.05'; 

  

all_dEre1=[all_dEre1,dEre1]; 

all_dEre2=[all_dEre2,dEre2]; 

all_dEre3=[all_dEre3,dEre3]; 

  

% 0.05 

dEre1=625.129046; 

dEre2=5231.021063; 

dEre3=3450.647428; 

name{11}='0.05'; 

  

all_dEre1=[all_dEre1,dEre1]; 
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all_dEre2=[all_dEre2,dEre2]; 

all_dEre3=[all_dEre3,dEre3]; 

  

% -0.015 

dEre1=-746.9037707; 

dEre2=-1501.412202; 

dEre3=-838.2397697; 

name{12}='-0.015'; 

  

all_dEre1=[all_dEre1,dEre1]; 

all_dEre2=[all_dEre2,dEre2]; 

all_dEre3=[all_dEre3,dEre3]; 

  

% 0.015 

dEre1=-112.3175288; 

dEre2=1558.746554; 

dEre3=1075.140486; 

name{13}='0.015'; 

  

all_dEre1=[all_dEre1,dEre1]; 

all_dEre2=[all_dEre2,dEre2]; 

all_dEre3=[all_dEre3,dEre3]; 

  

% -0.03 

dEre1=-999.4654608; 

dEre2=-3011.530429; 

dEre3=-1674.732007; 

name{14}='-0.03'; 

  

all_dEre1=[all_dEre1,dEre1]; 

all_dEre2=[all_dEre2,dEre2]; 

all_dEre3=[all_dEre3,dEre3]; 

  

% 0.03 

dEre1=199.3643691; 

dEre2=3142.739378; 

dEre3=2152.883896; 

name{15}='0.03'; 

  

all_dEre1=[all_dEre1,dEre1]; 

all_dEre2=[all_dEre2,dEre2]; 

all_dEre3=[all_dEre3,dEre3]; 

  

  

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%入力部分一覧 

  

%Specify the number of Components and 

the number of Reversible Reactions 

num_comps = 58; 

num_rxns = 101; 

  

%Component indexing - ALL GAS PHASE 

SPECIES MUST BE LISTED FIRST 

%gas 

species{1}  =   ' CH4 '; 

species{2}  =   ' H2O '; 

species{3}  =   ' H2 '; 

species{4}  =   ' CO '; 

species{5}  =   ' CH2O '; 

species{6}  =   ' CH3OH '; 

species{7}  =   ' CO2 '; 

%(111)* 

species{8}  =   ' CH3(111)* '; 

species{9}  =   ' CH2(111)* '; 

species{10} =   ' CH(111)* '; 

species{11} =   ' C(111)* '; 

species{12} =   ' H(111)* '; 

species{13} =   ' H2O(111)* '; 

species{14} =   ' OH(111)* '; 

species{15} =   ' O(111)* '; 
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species{16} =   ' CO(111)* '; 

species{17} =   ' CHO(111)* '; 

species{18} =   ' COH(111)* '; 

species{19} =   ' CH2O(111)* '; 

species{20} =   ' CHOH(111)* '; 

species{21} =   ' CH3O(111)* '; 

species{22} =   ' CH3OH(111)* '; 

species{23} =   ' CH2OH(111)* '; 

species{24} =   ' COOH(111)* '; 

species{25} =   ' CO2(111)* '; 

species{26} =   ' (111)* '; 

species{27} =   ' N2 '; 

species{28} =   ' Carbon(111)* '; 

%(211)* 

species{29} =   ' H(211)* '; 

species{30} =   ' (211)* '; 

species{31} =   ' H2O(211)* '; 

species{32} =   ' CO(211)* '; 

species{33} =   ' CH3(211)* '; 

species{34} =   ' CO2(211)* '; 

species{35} =   ' CH2(211)* '; 

species{36} =   ' CH(211)* '; 

species{37} =   ' C(211)* '; 

species{38} =   ' OH(211)* '; 

species{39} =   ' O(211)* '; 

species{40} =   ' COH(211)* '; 

species{41} =   ' CHO(211)* '; 

species{42} =   ' COOH(211)* '; 

species{43} =   ' Carbon(211)* '; 

%%(100)* 

species{44} =   ' (100)* '; 

species{45} =   ' H(100)* '; 

species{46} =   ' H2O(100)* '; 

species{47} =   ' CO(100)* '; 

species{48} =   ' CH3(100)* '; 

species{49} =   ' CO2(100)* '; 

species{50} =   ' CH2(100)* '; 

species{51} =   ' CH(100)* '; 

species{52} =   ' C(100)* '; 

species{53} =   ' OH(100)* '; 

species{54} =   ' O(100)* '; 

species{55} =   ' COH(100)* '; 

species{56} =   ' CHO(100)* '; 

species{57} =   ' COOH(100)* '; 

species{58} =   ' Carbon(100)* '; 

not_reaction=27; 

vacant_site_index111 = 26; 

vacant_site_index211 = 30; 

vacant_site_index100 = 44; 

input_species=7; 

  

%Enter the stoichiometric matrix...write 

all adsorption/desorption 

%reactions with gas phase species as a 

reactant 

  

N = zeros([num_rxns,num_comps]); 

%%%%%%(111)*%%%%%% 

%Reaction 1 

N(1,3) = -1; N(1,26) = -2; N(1,12) = 2; 

%Reaction 2 

N(2,2) = -1; N(2,26) = -1; N(2,13) = 1; 

%Reaction 3 

N(3,4) = -1; N(3,26) = -1; N(3,16) = 1; 

%Reaction 4 

N(4,1) = -1; N(4,26) = -2; N(4,8) = 1; 

N(4,12) = 1; 

%Reaction 5 

N(5,5) = -1; N(5,26) = -1; N(5,19) = 1; 

%Reaction 6 

N(6,6) = -1; N(6,26) = -1; N(6,22) = 1; 

%Reaction 7 
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N(7,7) = -1; N(7,26) = -1; N(7,25) = 1; 

%Reaction 8 

N(8,8) = -1; N(8,26) = -1; N(8,9) = 1; 

N(8,12) = 1; 

%Reaction 9 

N(9,9) = -1; N(9,26) = -1; N(9,10) = 1; 

N(9,12) = 1; 

%Reaction 10 

N(10,10) = -1; N(10,26) = -1; N(10,11) = 

1; N(10,12) = 1; 

%Reaction 11 

N(11,13) = -1; N(11,26) = -1; N(11,14) = 

1; N(11,12) = 1; 

%Reaction 12 

N(12,14) = -1; N(12,26) = -1; N(12,15) = 

1; N(12,12) = 1; 

%Reaction 13 

N(13,11) = -1; N(13,15) = -1; N(13,16) = 

1; N(13,26) = 1; 

%Reaction 14 

N(14,11) = -1; N(14,14) = -1; N(14,18) = 

1; N(14,26) = 1; 

%Reaction 15 

N(15,10) = -1; N(15,15) = -1; N(15,17) = 

1; N(15,26) = 1; 

%Reaction 16 

N(16,10) = -1; N(16,14) = -1; N(16,20) = 

1; N(16,26) = 1; 

%Reaction 17 

N(17,17) = -1; N(17,26) = -1; N(17,16) = 

1; N(17,12) = 1; 

%Reaction 18 

N(18,18) = -1; N(18,26) = -1; N(18,16) = 

1; N(18,12) = 1; 

%Reaction 19 

N(19,20) = -1; N(19,26) = -1; N(19,17) = 

1; N(19,12) = 1; 

%Reaction 20 

N(20,20) = -1; N(20,26) = -1; N(20,18) = 

1; N(20,12) = 1; 

%Reaction 21 

N(21,9) = -1; N(21,15) = -1; N(21,19) = 

1; N(21,26) = 1; 

%Reaction 22 

N(22,19) = -1; N(22,26) = -1; N(22,17) = 

1; N(22,12) = 1; 

%Reaction 23 

N(23,19) = -1; N(23,20) = 1; 

%Reaction 24 

N(24,9) = -1; N(24,14) = -1; N(24,23) = 

1; N(24,26) = 1; 

%Reaction 25 

N(25,23) = -1; N(25,26) = -1; N(25,20) = 

1; N(25,12) = 1; 

%Reaction 26 

N(26,23) = -1; N(26,26) = -1; N(26,19) = 

1; N(26,12) = 1; 

%Reaction 27 

N(27,23) = -1; N(27,21) = 1; 

%Reaction 28 

N(28,23) = -1; N(28,12) = -1; N(28,22) = 

1; N(28,26) = 1; 

%Reaction 29 

N(29,8) = -1; N(29,15) = -1; N(29,21) = 

1; N(29,26) = 1; 

%Reaction 30 

N(30,21) = -1; N(30,26) = -1; N(30,19) = 

1; N(30,12) = 1; 

%Reaction 31 

N(31,8) = -1; N(31,14) = -1; N(31,22) = 

1; N(31,26) = 1; 

%Reaction 32 
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N(32,22) = -1; N(32,26) = -1; N(32,21) = 

1; N(32,12) = 1; 

%Reaction 33 

N(33,16) = -1; N(33,14) = -1; N(33,24) = 

1; N(33,26) = 1; 

%Reaction 34 

N(34,24) = -1; N(34,26) = -1; N(34,25) = 

1; N(34,12) = 1; 

%Reaction 35 

N(35,16) = -1; N(35,15) = -1; N(35,25) = 

1; N(35,26) = 1; 

%Reaction 36 

N(36,16) = -2; N(36,11) = 1; N(36,25) = 

1; 

%Reaction 37 

N(37,11) =-1; N(37,28) = 1; N(37,26) = 

1; 

  

%%%%%%(211)*%%%%%% 

%Reaction 38 

N(38,3) = -1; N(38,30) = -2; N(38,29)=2; 

%Reaction 39 

N(39,2) = -1; N(39,30) = -1; N(39,31)=1; 

%Reaction 40 

N(40,4) = -1; N(40,30) = -1; N(40,32)=1; 

%Reaction 41 

N(41,1) = -1; N(41,30) = -2; N(41,33)=1; 

N(41,29)=1; 

%Reaction 42 

N(42,7) = -1; N(42,30) = -1; N(42,34)=1; 

%Reaction 43 

N(43,33) = -1; N(43,30) = -1; 

N(43,35)=1; N(43,29)=1; 

%Reaction 44 

N(44,35) = -1; N(44,30) = -1; 

N(44,36)=1; N(44,29)=1; 

%Reaction 45 

N(45,36) = -1; N(45,30) = -1; 

N(45,37)=1; N(45,29)=1; 

%Reaction 46 

N(46,31) = -1; N(46,30) = -1; 

N(46,38)=1; N(46,29)=1; 

%Reaction 47 

N(47,38) = -1; N(47,30) = -1; 

N(47,39)=1; N(47,29)=1; 

%Reaction 48 

N(48,37) = -1; N(48,39) = -1; 

N(48,32)=1; N(48,30)=1; 

%Reaction 49 

N(49,37) = -1; N(49,38) = -1; 

N(49,40)=1; N(49,30)=1; 

%Reaction 50 

N(50,36) = -1; N(50,39) = -1; 

N(50,41)=1; N(50,30)=1; 

%Reaction 51 

N(51,41) = -1; N(51,30) = -1; 

N(51,32)=1; N(51,29)=1; 

%Reaction 52 

N(52,40) = -1; N(52,30) = -1; 

N(52,32)=1; N(52,29)=1; 

%Reaction 53 

N(53,32) = -1; N(53,38) = -1; 

N(53,42)=1; N(53,30)=1; 

%Reaction 54 

N(54,42) = -1; N(54,30) = -1; 

N(54,34)=1; N(54,29)=1; 

%Reaction 55 

N(55,32) = -1; N(55,39) = -1; 

N(55,34)=1; N(55,30)=1; 

%Reaction 56 

N(56,32) = -2; N(56,34)=1; N(56,37)=1; 

%Reaction 57 
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N(57,37) = -1; N(57,43) = 1; N(57,30)=1; 

  

%%%%%%cross reaction (111)*-(211)*%%%%%% 

%Reaction 58 

N(58,8) = -1; N(58,30) = -1; N(58,33)=1; 

N(58,26)=1; 

%Reaction 59 

N(59,9) = -1; N(59,30) = -1; N(59,35)=1; 

N(59,26)=1; 

%Reaction 60 

N(60,10) = -1; N(60,30) = -1; 

N(60,36)=1; N(60,26)=1; 

%Reaction 61 

N(61,11) = -1; N(61,30) = -1; 

N(61,37)=1; N(61,26)=1; 

%Reaction 62 

N(62,12) = -1; N(62,30) = -1; 

N(62,29)=1; N(62,26)=1; 

%Reaction 63 

N(63,13) = -1; N(63,30) = -1; 

N(63,31)=1; N(63,26)=1; 

%Reaction 64 

N(64,14) = -1; N(64,30) = -1; 

N(64,38)=1; N(64,26)=1; 

%Reaction 65 

N(65,15) = -1; N(65,30) = -1; 

N(65,39)=1; N(65,26)=1; 

%Reaction 66 

N(66,16) = -1; N(66,30) = -1; 

N(66,32)=1; N(66,26)=1; 

%Reaction 67 

N(67,17) = -1; N(67,30) = -1; 

N(67,41)=1; N(67,26)=1; 

%Reaction 68 

N(68,18) = -1; N(68,30) = -1; 

N(68,40)=1; N(68,26)=1; 

%Reaction 69 

N(69,25) = -1; N(69,30) = -1; 

N(69,34)=1; N(69,26)=1; 

  

%%%%%%(100)*%%%%%% 

%Reaction 70 

N(70,3) = -1; N(70,44) = -2; N(70,45)=2; 

%Reaction 71 

N(71,2) = -1; N(71,44) = -1; N(71,46)=1; 

%Reaction 72 

N(72,4) = -1; N(72,44) = -1; N(72,47)=1; 

%Reaction 73 

N(73,1) = -1; N(73,44) = -2; N(73,48)=1; 

N(73,45)=1; 

%Reaction 74 

N(74,7) = -1; N(74,44) = -1; N(74,49)=1; 

%Reaction 75 

N(75,48) = -1; N(75,44) = -1; 

N(75,50)=1; N(75,45)=1; 

%Reaction 76 

N(76,50) = -1; N(76,44) = -1; 

N(76,51)=1; N(76,45)=1; 

%Reaction 77 

N(77,51) = -1; N(77,44) = -1; 

N(77,52)=1; N(77,45)=1; 

%Reaction 78 

N(78,46) = -1; N(78,44) = -1; 

N(78,53)=1; N(78,45)=1; 

%Reaction 79 

N(79,53) = -1; N(79,44) = -1; 

N(79,54)=1; N(79,45)=1; 

%Reaction 80 

N(80,52) = -1; N(80,54) = -1; 

N(80,47)=1; N(80,44)=1; 

%Reaction 81 

N(81,52) = -1; N(81,53) = -1; 
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N(81,55)=1; N(81,44)=1; 

%Reaction 82 

N(82,51) = -1; N(82,54) = -1; 

N(82,56)=1; N(82,44)=1; 

%Reaction 83 

N(83,56) = -1; N(83,44) = -1; 

N(83,47)=1; N(83,45)=1; 

%Reaction 84 

N(84,55) = -1; N(84,44) = -1; 

N(84,47)=1; N(84,45)=1; 

%Reaction 85 

N(85,47) = -1; N(85,53) = -1; 

N(85,57)=1; N(85,44)=1; 

%Reaction 86 

N(86,57) = -1; N(86,44) = -1; 

N(86,49)=1; N(86,45)=1; 

%Reaction 87 

N(87,47) = -1; N(87,54) = -1; 

N(87,49)=1; N(87,44)=1; 

%Reaction 88 

N(88,47) = -2; N(88,49)=1; N(88,52)=1; 

%Reaction 89 

N(89,52) = -1; N(89,44) = 1; N(89,58) = 

1; 

  

%%%%%%cross reaction (211)*-(100)*%%%%%% 

%Reaction 90 

N(90,33) = -1; N(90,44) = -1; 

N(90,48)=1; N(90,30)=1; 

%Reaction 91 

N(91,35) = -1; N(91,44) = -1; 

N(91,50)=1; N(91,30)=1; 

%Reaction 92 

N(92,36) = -1; N(92,44) = -1; 

N(92,51)=1; N(92,30)=1; 

%Reaction 93 

N(93,37) = -1; N(93,44) = -1; 

N(93,52)=1; N(93,30)=1; 

%Reaction 94 

N(94,29) = -1; N(94,44) = -1; 

N(94,45)=1; N(94,30)=1; 

%Reaction 95 

N(95,31) = -1; N(95,44) = -1; 

N(95,46)=1; N(95,30)=1; 

%Reaction 96 

N(96,38) = -1; N(96,44) = -1; 

N(96,53)=1; N(96,30)=1; 

%Reaction 97 

N(97,39) = -1; N(97,44) = -1; 

N(97,54)=1; N(97,30)=1; 

%Reaction 98 

N(98,32) = -1; N(98,44) = -1; 

N(98,47)=1; N(98,30)=1; 

%Reaction 99 

N(99,41) = -1; N(99,44) = -1; 

N(99,56)=1; N(99,30)=1; 

%Reaction 100 

N(100,40) = -1; N(100,44) = -1; 

N(100,55)=1; N(100,30)=1; 

%Reaction 101 

N(101,34) = -1; N(101,44) = -1; 

N(101,49)=1; N(101,30)=1; 

%%%%%%%%%%%%%%変更_3 終了 

  

global among_rxns 

  

%%%%%%%%%%%%%display 

conponents%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%% 

see_reactions_flag = 1;%1で反応式の確認

の表示 

print_flux = 0; %1でNetの表示 
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coverage = 0;%1で表面被覆率表示 

graph = 0;%1でグラフ表示 

in_rate = 1;%1で入口組成の表示 

condition = 0;%1で初期条件の表示 

conv_rate = 0;%1で転化率・選択率の表示 

out_ratio = 1;%1で出口組成表示 

abstract = 1;%1でまとめたデータ表示 

among_rxns = 1;%1で反応中の全データファ

イル書き出し 

%%%%%%%%%%%%%%%%%%%%file_name%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

rootname = 'all_date'; 

extension = '.csv'; 

data_file_pre='result_O_co'; 

data_file=[data_file_pre,'/']; 

rootname_p = 'perturb_file henko'; 

rootname_m= 'nagare_file'; 

rootname_ch4 = 'ch4_ten_file_re_dH'; 

rootname_h2o = 'h2o_ten_file_re_dH'; 

rootname_h2 = 'h2_sen_file_re_dH'; 

rootname_co2 = 'co2_sen_file_re_dH'; 

rootname_flux = 'each_flux_re_dH'; 

rootname_kando = 'kando'; 

rootname_net = 'net_reaction_all'; 

rootname_gas_flax_mol='gas_mol'; 

  

rootname_sens_flax_mol='sens_mol'; 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  

%変数1 

initial_x = 1;%任意の初期値（通常使用し

てない、変数として使用する場合はxxxとす

る） 

increment_x = 1;%上記の変数の増分 

end_point_x = 1;%上記の変数の最終値 

k_sp = [0.1]; 

%変数2 

initial_y = 1;%任意の初期値（通常使用し

てない、変数として使用する場合はyyyとす

る） 

increment_y = 1;%上記の変数の増分 

end_point_y = 1;%上記の変数の最終値 

  

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  

rot = 0;%繰り返し回数(使っても使わなくて

もいい） 

  

filename_check_pre=[data_file_pre]; 

filename_check = 

[data_file,'check_folder.txt']; 

fid_check = fopen(filename_check, 'wt'); 

     

if fid_check < 1  

    disp('フォルダ『result』を生成しま

す。'); 

    mkdir(filename_check_pre); 

end 

  

  

  

for yyy = 

initial_y:increment_y:end_point_y 

     

if abstract == 0 

    filename_ch4 = 

[data_file,rootname_ch4,extension]; 

    fid_ch4 = fopen(filename_ch4, 'wt'); 

     

    if fid_ch4 < 1 
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        disp('ファイルが開きっぱなしで

す。実行できないので、保存するファイルの

名前を変えるか、名前のファイルを閉じてく

ださい。'); 

        break 

    end 

     

     

    fprintf(fid_ch4,'温度,CH4転化率\n'); 

      

    filename_h2o = 

[data_file,rootname_h2o,extension]; 

    fid_h2o = fopen(filename_h2o, 'wt'); 

     

    if fid_h2o < 1 

        disp('ファイルが開きっぱなしで

す。実行できないので、保存するファイルの

名前を変えるか、名前のファイルを閉じてく

ださい。'); 

        break 

    end 

     

    fprintf(fid_h2o,'温度,H2O転化率\n'); 

     

    filename_h2 = 

[data_file,rootname_h2,extension]; 

    fid_h2 = fopen(filename_h2, 'wt'); 

     

    if fid_h2 < 1 

        disp('ファイルが開きっぱなしで

す。実行できないので、保存するファイルの

名前を変えるか、名前のファイルを閉じてく

ださい。'); 

       break 

    end 

     

    fprintf(fid_h2,'温度,H2選択率\n'); 

     

    filename_co2 = 

[data_file,rootname_co2,extension]; 

    fid_co2 = fopen(filename_co2, 'wt'); 

     

    if fid_co2 < 1 

        disp('ファイルが開きっぱなしで

す。実行できないので、保存するファイルの

名前を変えるか、名前のファイルを閉じてく

ださい。'); 

        break 

    end 

     

    fprintf(fid_co2,'温度,CO2選択率\n'); 

     

    filename_flux = 

[data_file,rootname_flux,extension]; 

    fid_flux = fopen(filename_flux, 

'wt'); 

     

    if fid_flux < 1 

        disp('ファイルが開きっぱなしで

す。実行できないので、保存するファイルの

名前を変えるか、名前のファイルを閉じてく

ださい。'); 

        break 

    end 

     

    fprintf(fid_flux,'温度'); 

    for i = 1:input_species 

        

fprintf(fid_flux,',%s[sccm]',species{1,i

});         

    end 
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fprintf(fid_flux,',%s[sccm]\n',species{1

,not_reaction});       

end 

     

  

     

reaction = cell([num_rxns,2]); 

%Now construct mechanism and store in 

reaction 

for j = 1:num_rxns 

     

    reactant = find(N(j,:)<0); 

    product = find(N(j,:)>0); 

     

    for r = 1:length(reactant) 

        if r==1 

            reaction{j,1} = 

species{reactant(r)};   

                     

            if abs(N(j,reactant(r)))~=1 

                reaction{j,1} = 

strcat(num2str(abs(N(j,reactant(r)))),re

action{j,1}); 

            end             

             

        else 

             

            if abs(N(j,reactant(r)))~=1 

                hold_text = 

strcat(num2str(abs(N(j,reactant(r)))),sp

ecies{reactant(r)}); 

                reaction{j,1} = 

strcat(reaction{j,1},hold_text); 

            else  

                reaction{j,1} = 

strcat(reaction{j,1},species{reactant(r)

}); 

            end 

             

        end 

            

        if r~=length(reactant) 

            reaction{j,1} = 

strcat(reaction{j,1},' + '); 

             

        end 

         

    end 

     

    for p = 1:length(product) 

        if p==1 

            reaction{j,2} = 

species{product(p)};   

                     

            if abs(N(j,product(p)))~=1 

                reaction{j,2} = 

strcat(num2str(abs(N(j,product(p)))),rea

ction{j,2}); 

            end             

             

        else 

             

            if abs(N(j,product(p)))~=1 

                hold_text = 

strcat(num2str(abs(N(j,product(p)))),spe

cies{product(p)}); 

                reaction{j,2} = 

strcat(reaction{j,2},hold_text); 

            else  

                reaction{j,2} = 

strcat(reaction{j,2},species{product(p)}

); 
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            end 

             

        end 

            

        if p~=length(product) 

            reaction{j,2} = 

strcat(reaction{j,2},' + '); 

             

        end 

         

    end 

     

end 

  

  

%Set see_reactions_flag = 1 if you would 

like to print out the reactions 

  

if see_reactions_flag==1 

     

    for j = 1:num_rxns 

         

       disp(['Reaction',num2str(j),': 

',reaction{j,1},' = ',reaction{j,2}])  

         

    end 

     

end 

  

%Calculate the change in the number of 

moles for each reaction 

dn = sum(N(:,:),2);%#ok<UDIM> 

  

%Assign Species as Gas Species or 

Surface Species (denoted by * in 

%species{}) 

gas_flag = zeros([num_comps,1]); 

find_surface_species = 

strfind(species,'*'); 

for i = 1:num_comps 

     

   if isempty(find_surface_species{i}) 

       gas_flag(i) = 1; 

   end 

    

end 

  

  

%Flag the location of the vacant site 

species 

  

%gotoandplay:165? 

  

%Identify reactions as 0 for surface 

reaction, 1 as molecular adsorption 

%reaction, 2 as disassociative 

adsorption reaction, and 3 as a "dummy" 

%reaction to inert gas species (3 is a 

hold for convective transport) 

rxn_flag = zeros([num_rxns,1]); 

for j = 1:num_rxns 

     

   reactants_index = find(N(j,:)<0); 

  

   for i = 1:length(reactants_index) 

        

       if 

gas_flag(reactants_index(i))==1 

           %A gas phase species is a 

reactant 

           %Determine how many surface 

sites are involved 
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           if j <= 37 

               num_vacant_sites = 

abs(N(j,vacant_site_index111)); 

           elseif j <= 69  

               num_vacant_sites = 

abs(N(j,vacant_site_index211));%%%%%%%%%

%%%%%%追加_1 

           else 

               num_vacant_sites = 

abs(N(j,vacant_site_index100));%%%%%%%%%

%%%%%%追加_2 

           end 

           if num_vacant_sites==1 

               rxn_flag(j) = 1; 

           elseif num_vacant_sites==2 

               rxn_flag(j) = 2; 

           elseif num_vacant_sites==0 

               rxn_flag(j) = 3; 

           end 

       end 

    

   end 

  

end 

  

CSTR=1; %CSTRの連結

数%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%% 

  

net_temperature = 

[data_file,rootname_net,extension]; 

fid_net = fopen(net_temperature, 'wt'); 

  

if fid_net < 1 

    disp('ファイルが開きっぱなしです。実

行できないので、保存するファイルの名前を

変えるか、名前のファイルを閉じてくださ

い。'); 

    break 

end 

  

net_all=zeros((1+CSTR)*num_rxns,length(T

_matrix)); 

  

gas_flux = 

[data_file,rootname_gas_flax_mol,extensi

on]; 

fid_flux_mol = fopen(gas_flux, 'wt'); 

  

if fid_flux_mol < 1 

    disp('ファイルが開きっぱなしです。実

行できないので、保存するファイルの名前を

変えるか、名前のファイルを閉じてくださ

い。'); 

    break 

end 

  

sens_flux = 

[data_file,rootname_sens_flax_mol,extens

ion]; 

fid_sens_mol = fopen(sens_flux, 'wt'); 

  

if fid_sens_mol < 1 

    disp('ファイルが開きっぱなしです。実

行できないので、保存するファイルの名前を

変えるか、名前のファイルを閉じてくださ

い。'); 

    break 

end 
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for T_T = 1:length(T_matrix) 

    

filename_check2_pre=[data_file,num2str(T

_matrix(T_T))]; 

    filename_check2 = 

[filename_check2_pre,'/','check_folder.t

xt']; 

    fid_check2 = fopen(filename_check2, 

'wt'); 

     

   if fid_check2 < 1  

       disp(['フォルダ

『',filename_check2_pre,'』を生成しま

す。']); 

       mkdir(filename_check2_pre); 

   end 

end 

  

for T_index = 1:length(T_matrix) 

     

for change_para=1:length(name) 

     

for xxx = 

initial_x:increment_x:end_point_x 

  

rot = rot + 1;%%繰り返し回数 

    

if length(perturb_index) >= 1 

    perturbate = k_sp(xxx); 

    filename_p = 

[data_file,num2str(T_matrix(T_index)),'/

',rootname_p,'(-',num2str(perturbate), 

')',extension]; 

    fid_p = fopen(filename_p, 'wt'); 

     

    if fid_p < 1 

        disp('ファイルが開きっぱなしで

す。実行できないので、保存するファイルの

名前を変えるか、名前のファイルを閉じてく

ださい。'); 

        break 

    end 

     

   fprintf(fid_p,'×%d\n,変更した反応番

号,流出量[ml/min],CO2吸着量,CH4の流出量

[mol/s],COの流出量[mol/s],CH4反応量

[ml/min],H2O反応量[ml/min],H2生成量

[ml/min],CO2生成量[ml/min],CH4転化率,H2O

転化率,CO2転化率,CO転化率,H2選択率,CO2選

択率,経過時間,全経過時間\n元になるデー

タ,',perturbate); 

  

end 

  

filename_kando = 

[data_file,num2str(T_matrix(T_index)),'/

',rootname_kando,extension]; 

fid_kando = fopen(filename_kando, 'wt'); 

  

if fid_kando < 1 

    disp('ファイルが開きっぱなしです。実

行できないので、保存するファイルの名前を

変えるか、名前のファイルを閉じてくださ

い。'); 

    break 

end 

  

fprintf(fid_kando,',Ea'); 

fprintf(fid_kando,'\n'); 

fprintf(fid_kando,',番号,変更前Ea,変更後

Ea'); 
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fprintf(fid_kando,'\n'); 

  

  

  

%Begin sensitivity analysis 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

for d_sens = 1:(length(perturb_index)+1) 

timer_s = toc; 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%% 

div_CSTR = CSTR;%CSTRの連結

数%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%% 

t_end = 1000; %シミュレーションする時間

[s]%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%% 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%% 

  

%Enter Inlet Stream Composition (vector 

of mole fractions for all gas phase 

%species 

% 入れるガスの割合を入れる、値は比率で

（後からパーセントで計算してるから大丈

夫） 

CH4_in = 0;%CH4の流入ガス中の割合 

H2_in = 4; 

H2O_in = 0;%%%%%H20の%割合 

CO2_in = 1;%%%%CO2の%割合 

N2_in = 0;%%%%%%%N2の%割合 

CO_in = 0; 

  

  

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

y0 = zeros([1,num_comps]); 

y0(1) = CH4_in; 

y0(2) = H2O_in; 

y0(3) = H2_in; 

y0(4) = CO_in; 

y0(7) = CO2_in; 

y0(27) = N2_in; 

  

yy = zeros([div_CSTR,num_comps]); 

FV2=sum(y0); 

y0 = y0/FV2; 

for i =1:num_comps 

    yy(1,i) = y0(i); 

end 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%% 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%初期条件入

力%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%%%% 

%Catalyst Conditions, Reference 

Pressure, and Constants 

Area = 0.00731181/pi; %m^2 0.00731181/pi 

0.324585; 

NAv = 6.022E23; %sites/mol 

R = 8.3145; %J/mol-K 

P_ref = 1.01325E5; %Reference Pressure 

in Pa 

%Enter reactor conditions 

P = 1.01325E5; %Reactor (and inlet) 

pressure in Pa1.01325E5 

T = 273+T_matrix(T_index); %K 

V =1.5708E-07; %m^3(実験室3.4416054cm^3) 
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1.5708E-07 

% s_time = 0.05;%スペースタイム

[gcat/(mol/h)] 流入量をCH4のスペースタイ

ム制御の時使う 

% g_cat = 0.4;%流入量をCH4のスペースタイ

ム制御の時使う 

cm3_in =25;%ml/min%流入量を体積制御の時

使う 

% mol_in = 

g_cat/s_time/yy(1,1)/3600;%[mol/s] 流入

量をCH4のスペースタイム制御の時使う 

% mol_in = 0.017797619/60;%モルでの流入

量[mol/s] 流入量をモル制御の時に使う 

  

% t_res = 1; %滞留時間[s] 流入量を滞留時

間制御の時に使う 

t_res = 

V/(cm3_in/60*T/273*101325/P/1e6);% 流入

量を体積制御の時使う 

% t_res = V/(mol_in*R*T/P); %滞留時間 流

入量をモル制御の時に使う 流入量をスペー

スタイム制御の時使う 

  

%%%%%%%%%%%%%%%%%%%%%%%%変更_1 開始 

FV = V*1e6/t_res*60*273/T*P/1.01325e5;%

流入ガス体積[cm^3/min]標準状態 % 流入量

を滞留時間制御の時に使う % 流入量を体積

制御の時使う 

% FV = mol_in*0.0224*60*1e6;%流入ガス体

積[cm^3/min]標準状態 % 流入量をモル制御

の時に使う % 流入量をスペースタイム制御

の時使う 

  

  

  

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%% 

  

r_moles = P*V/(R*T);%number of gaseous 

moles in reactor at these conditions 

  

%Total sites available 

ni111rate = 0.74;%0.74 

ni211rate = 0.11;%0.11%%%%%%%%%%%%%追加

_1 

ni100rate = 0.15;%0.15%%%%%%%%%%%%%追加

_2 

  

  

sites_m2 = 1.8639E19; %sites/m^2 

  

ni111Area = Area*ni111rate;%m^2 

ni211Area = 

Area*ni211rate;%m^2%%%%%%%%%%%%%%追加_1 

ni100Area = 

Area*ni100rate;%m^2%%%%%%%%%%%%%%追加_2 

  

sites_total = sites_m2*Area;%sites 

  

ni111sites_total = 

sites_total*ni111rate;%sites 

ni211sites_total = 

sites_total*ni211rate;%sites%%%%%%%%%%%%

%追加_1 

ni100sites_total = 

sites_total*ni100rate;%sites%%%%%%%%%%%%

%追加_2 

  

ni111surf_moles = 

ni111sites_total/NAv;%mol 
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ni211surf_moles = 

ni211sites_total/NAv;%mol%%%%%%%%%%%%%%

追加_1 

ni100surf_moles = 

ni100sites_total/NAv;%mol%%%%%%%%%%%%%%

追加_2 

  

cat_rate=7.2;%Ni catalyst[m^2/g] 

gcatmol = 

Area/cat_rate/(FV/1e6*yy(1,1)*60/0.0224)

; 

  

%%%%%%%%%%%%%%%%%%%%%%%%%%%%file_menu%%%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%%% 

if d_sens == 1 

    filename = 

[data_file,num2str(T_matrix(T_index)),'/

',rootname,'(T',num2str(T_matrix(T_index

)),'K)(A',num2str(Area),'m2)(t',num2str(

t_res),')(spacetime',num2str(gcatmol),')

(V',num2str(V),'m3)(P',num2str(P),'Pa)',

extension]; 

% else 

%     perturbationg = 

perturb_index(d_sens-1); 

%     filename = 

[data_file,num2str(T_matrix(T_index)),'/

',rootname,'(T',num2str(T_matrix(T_index

)),'K)(A',num2str(Area),'m2)(t',num2str(

t_res),')(spacetime',num2str(gcatmol),')

(V',num2str(V),'m3)(P',num2str(P),'Pa)(p

erturb_reaction',num2str(perturbationg),

'+',num2str(perturbate),')',extension]; 

end 

fid = fopen(filename, 'wt'); 

  

if fid < 1 

    disp('ファイルが開きっぱなしです。実

行できないので、保存するファイルの名前を

変えるか、名前のファイルを閉じてくださ

い。'); 

    break 

end 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  

if condition ==1 

    disp([' ni111,割合,面積 : ', 

num2str(ni111rate), '  ', 

num2str(ni111Area)]); 

    disp([' ni211,割合,面積 : ', 

num2str(ni211rate), '  ', 

num2str(ni211Area)]);%%%%%%%%%%%%追加_1 

    disp([' ni100,割合,面積 : ', 

num2str(ni100rate), '  ', 

num2str(ni100Area)]);%%%%%%%%%%%%追加_2 

    disp('初期条件'); 

    disp([' 流入量[cm^3/min] : ', 

num2str(FV), ]); 

    disp([' 滞留時間[s] : ', 

num2str(t_res)]); 

    disp([' 触媒表面積[m^2] : ', 

num2str(Area)]); 

    disp([' 反応器温度[K] : ', 

num2str(T)]); 

    disp([' 反応器容積[cm^3] : ', 

num2str(V*1e6)]); 

    disp([' 反応器圧力[MPa] : ', 
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num2str(P/1e6)]); 

    disp(['CSTR連結数 : ', 

num2str(div_CSTR)]); 

    disp(['g(cat)・h/mol(CH4) : ', 

num2str(gcatmol)]); 

end 

  

if d_sens==1 

fprintf(fid, '初期条件\n,流入量

[cm^3/min],%f\n,滞留時間[s],%f\n,触媒表

面積[m^2],%f\n,反応器温度[K],%f\n,反応器

容積[cm^3],%f\n,反応器圧力

[MPa],%f\n,Steam/Carbon,%f\n,Steam/Metha

ne,%f\n', 

FV,t_res,Area,T,V*1E6,P/1e6,y0(2)/(y0(1)

+y0(7)),y0(2)/y0(1)); 

  

  

if in_rate ==1 

    disp('入口組成'); 

    for i =1:7 

        

disp([char(species(i)),num2str(y0(i))]); 

    end 

    

disp([char(species(27)),num2str(y0(27))]

); 

end 

  

fprintf(fid,'入口組成\n'); 

for i = 1:7 

    fprintf(fid,',%s, %.12f\n', 

species{1,i},y0(i)); 

end 

fprintf(fid,',%s, %.12f\n', 

species{1,27},y0(27)); 

  

fprintf(fid,'各流入量[ml/min]\n'); 

for i = 1:7 

    fprintf(fid,',%s, %.12f\n', 

species{1,i},y0(i)*FV); 

end 

fprintf(fid,',%s, %.12f\n', 

species{1,27},y0(27)*FV); 

  

fprintf(fid,'入口圧力[kPa]\n'); 

for i = 1:7 

    fprintf(fid,',%s, %.12f\n', 

species{1,i},y0(i)*P); 

end 

fprintf(fid,',%s, %.12f\n', 

species{1,27},y0(27)*P); 

% fprintf(fid,'入口組成

\n,CH4,%f\n,H2O,%f\n,H2,%f\n,CO,%f\n,CH2

O,%f\n,CH3OH,%f\n,CO2,%f\n,N2,%f\n',y0(1

),y0(2),y0(3),y0(4),y0(5),y0(6),y0(7),y0

(27)); 

  

fprintf(fid, 'g(cat)・

h/mol(CH4),%.12f\n',gcatmol); 

fprintf(fid, 'CSTR連結

数,%d\n',div_CSTR); 

  

end 

for i=1:7 

    fprintf(fid,',%s', species{i}); 

end 

  

for i=1:num_comps 

    fprintf(fid,',%s', species{i}); 

     

end 
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fprintf(fid,'\n'); 

  

  

  

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

C0 = zeros([div_CSTR,num_comps]); 

  

V_p = V/div_CSTR; 

  

C0(:,26) = ni111surf_moles/div_CSTR; 

C0(:,30) = 

ni211surf_moles/div_CSTR;%%%%%%%追

加%%%%%% 

% C0(30) = 0;%211面0の時は0に設定 

C0(:,44) = 

ni100surf_moles/div_CSTR;%%%%%%%%%%%%%%%

% 

% C0(44) = 0;%%100面0の時は0に設定 

  

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%行列定義置き場 

  

sample = 400; 

F0 = zeros([div_CSTR,num_comps]); 

C_flag = 

zeros([sample*div_CSTR,num_comps]); 

t_flag = zeros([sample*div_CSTR,1]); 

t_p = zeros([div_CSTR,1]); 

C_graph = 

zeros([sample*div_CSTR,num_comps]); 

net_reaction_flag = 

zeros([num_rxns,div_CSTR]); 

turnover_reaction_flag = 

zeros([num_rxns,div_CSTR]); 

Area = zeros([num_rxns,1]); 

t_out = zeros([div_CSTR,1]); 

  

output=zeros(sample*div_CSTR,num_comps+2

); 

  

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%%%%%%PFR開始 

for p = 1:div_CSTR 

  

in = 0; 

if p == 1 

    t_p(1) = t_res/div_CSTR; 

else 

%     t_p(p) = t_out(p-1); 

    for i = 1:num_comps 

        if gas_flag(i) == 1; 

            in = in+ C_graph(sample*(p-

1),i)*R*T/P; 

%             gas_flax_cm(i) = 

C_graph(final_point_flag,hold_gas_flag(i

))*R*273*60/1.01325e5*1e6; 

        end 

    end 

    t_res = 

V/(cm3_in/60*T/273*101325/P/1e6);% 流入

量を体積制御の時使う 

    t_p(p) = V_p/in; 

    for i= 1:num_comps 

        if gas_flag(i) ==1 

            yy(p,i) = C_graph(sample*(p-

1),i)*R*T/P/in; 

        end 

    end 

end 
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for i=1:num_comps 

    if gas_flag(i) == 1 

        C0(p,i) = yy(p,i)*V_p*P/(R*T); 

    end 

end 

    

if d_sens == 1 

    filename_m = 

[data_file,num2str(T_matrix(T_index)),'/

',rootname_m,extension]; 

% else 

%     perturbationg = 

perturb_index(d_sens-1); 

%     filename_m = 

[data_file,num2str(T_matrix(T_index)),'/

',rootname_m,'(perturb_reaction',num2str

(perturbationg),'+',num2str(perturbate),

')',extension]; 

end     

fid_m = fopen(filename_m, 'wt'); 

  

if fid_m < 1 

    disp('ファイルが開きっぱなしです。実

行できないので、保存するファイルの名前を

変えるか、名前のファイルを閉じてくださ

い。'); 

    break 

end 

% %%%%%%%%%%%%%%%%%%%%%%%変更_1 終了 

% %西脇さん改良前のパラメータ↓ 

% %Enter the temperature correction 

exponents for the forward reactions 

% %%%%%%%%%%%%%%%%%%%%%%%変更_1 開始 

% A = zeros([num_rxns,1]); 

% A(1) = 3.941E8; 

% A(2) = 1.031; 

% A(3) = 0.827; 

% A(4) = 2.673E8; 

% A(5) = 0.798; 

% A(6) = 0.773; 

% A(7) = 0.660; 

% A(8) = 5.354E13; 

% A(9) = 9.484E12; 

% A(10) = 2.321E14; 

% A(11) = 2.301E11; 

% A(12) = 1.002E13; 

% A(13) = 1.072E15; 

% A(14) = 3.025E13; 

% A(15) = 3.13238E12; 

% A(16) = 1.081E13; 

% A(17) = 9.561E12; 

% A(18) = 4.309E12; 

% A(19) = 7.98E12; 

% A(20) = 4.942E12; 

% A(21) = 7.146E12; 

% A(22) = 5.086E13; 

% A(23) = 1E13; 

% A(24) = 3.297E12; 

% A(25) = 7.077E12; 

% A(26) = 5.113E12; 

% A(27) = 1E13; 

% A(28) = 1E13; 

% A(29) = 3.256E13; 

% A(30) = 1E13; 

% A(31) = 1E13; 

% A(32) = 1E13; 

% A(33) = 1E13; 

% A(34) = 1E13; 

% A(35) = 1E13; 

% A(36) = 1E13; 

% A(37) = 1.7E4; 

% A(38) = 3.941E8; 
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% A(39) = 1.031; 

% A(40) = 0.827; 

% A(41) = 7.03E9; 

% A(42) = 0.660; 

% A(43) = 5.354E13; 

% A(44) = 9.484E12; 

% A(45) = 2.321E14; 

% A(46) = 2.301E11; 

% A(47) = 1.002E13; 

% A(48) = 1.6E13; 

% A(49) = 8.33E12; 

% A(50) = 2.05E14; 

% A(51) = 9.561E12; 

% A(52) = 7.3E12; 

% A(53) = 1E13; 

% A(54) = 1E13; 

% A(55) = 1.35E13; 

% A(56) = 1E13; 

% A(57) = 1.7E4; 

% A(58) = 1E13; 

% A(59) = 1E13; 

% A(60) = 1E13; 

% A(61) = 1E13; 

% A(62) = 1E13; 

% A(63) = 1E13; 

% A(64) = 1E13; 

% A(65) = 1E13; 

% A(66) = 1E13; 

% A(67) = 1E13; 

% A(68) = 1E13; 

% A(69) = 1E13; 

% %%%%%%%%%%%%%%%%変更_1 終了 

% %%%%%%%%%%%%%%%%変更_2 開始 

% A(70) = 3.941E8; 

% A(71) = 1.031; 

% A(72) = 0.827; 

% A(73) = 2.673E8; 

% A(74) = 0.660; 

% A(75) = 5.354E13; 

% A(76) = 9.484E12; 

% A(77) = 2.321E14; 

% A(78) = 2.301E11; 

% A(79) = 1.002E13; 

% A(80) = 1.6E13; 

% A(81) = 8.33E12; 

% A(82) = 7.78E12; 

% A(83) = 9.561E12; 

% A(84) = 7.3E12; 

% A(85) = 1E13; 

% A(86) = 1E13; 

% A(87) = 1E13; 

% A(88) = 1E13; 

% A(89) = 1E12; 

% A(90) = 1E13; 

% A(91) = 1E13; 

% A(92) = 1E13; 

% A(93) = 1E13; 

% A(94) = 1E13; 

% A(95) = 1E13; 

% A(96) = 1E13; 

% A(97) = 1E13; 

% A(98) = 1E13; 

% A(99) = 9.87E11; 

% A(100) = 1E13; 

% A(101) = 1E13; 

%  

% n = zeros([num_rxns,1]); 

% n(2) = -0.5; 

% n(3) = -0.5; 

% n(5) = -0.5; 

% n(6) = -0.5; 

% n(7) = -0.5; 
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% n(39) = -0.5; 

% n(40) = -0.5; 

% n(42) = -0.5; 

% n(71) = -0.5; 

% n(72) = -0.5; 

% n(74) = -0.5; 

%  

% %Enter the Activation Energy values 

for the forward reactions 

% Ea = zeros([num_rxns,1]); 

% Ea(1) = 23060; 

% Ea(2) = 0; 

% Ea(3) = 0; 

% Ea(4) = 129000;%%%%%%%%%%%%211の 

% % Ea(4) = 140150;%%%%%%%%%%%%%111の 

% Ea(5) = 0; 

% Ea(6) = 0; 

% Ea(7) = 0; 

% Ea(8) = 66660; 

% Ea(9) = 26030; 

% Ea(10) = 135740; 

% %Ea(10)=85000; 

% Ea(11) = 91100; 

% Ea(12) = 82810; 

% Ea(13) = 206130; 

% Ea(14) = 125710; 

% Ea(15) = 151000;%%%%%%%%%%%%%%%211の 

% % Ea(15) = 150590;%%%%%%%%%%%%%%111の 

% Ea(16) = 123000;%%%%%%%%%%%%%%%%%%211

の 

% % Ea(16) = 122640;%%%%%%%%%%%%%111の 

% Ea(17) = 20140; 

% Ea(18) = 86220; 

% Ea(19) = 66290; 

% Ea(20) = 8760; 

% Ea(21) = 130470; 

% Ea(22) = 31000; 

% Ea(23) = 174540; 

% Ea(24) = 84770; 

% Ea(25) = 35700; 

% Ea(26) = 59410; 

% Ea(27) = 188530; 

% Ea(28) = 142800; 

% Ea(29) = 151480; 

% Ea(30) = 60780; 

% Ea(31) = 124660; 

% Ea(32) = 60780; 

% Ea(33) = 101000; 

% Ea(34) = 97000; 

% Ea(35) = 149000;%124 

% Ea(36) = 318000; 

% Ea(37) = 80000; 

% Ea(38) = 11000; 

% Ea(39) = 0; 

% Ea(40) = 0; 

% Ea(41) = 94000; 

% Ea(42) = 0; 

% Ea(43) = 59000; 

% Ea(44) = 46000; 

% Ea(45) = 88000; 

% Ea(46) = 38000; 

% Ea(47) = 114000; 

% Ea(48) = 160000; 

% Ea(49) = 147000; 

% Ea(50) = 134000; 

% Ea(51) = 20000; 

% Ea(52) = 43000; 

% Ea(53) = 111000; 

% Ea(54) = 97000; 

% Ea(55) = 142000; 

% Ea(56) = 326000; 

% Ea(57) = 80000; 
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% Ea(58) = 25000; 

% Ea(59) = 25000; 

% Ea(60) = 46000; 

% Ea(61) = 50000; 

% Ea(62) = 13000; 

% Ea(63) = 300; 

% Ea(64) = 25000; 

% Ea(65) = 48000; 

% Ea(66) = 10000; 

% Ea(67) = 13000; 

% Ea(68) = 25000; 

% Ea(69) = 0; 

% %%%%%%%%%%%%%%%%変更_2 開始 

% Ea(70) = 11000; 

% Ea(71) = 0; 

% Ea(72) = 0; 

% Ea(73) = 117000; 

% Ea(74) = 0; 

% Ea(75) = 59000; 

% Ea(76) = 46000; 

% Ea(77) = 88000; 

% Ea(78) = 38000; 

% Ea(79) = 114000; 

% Ea(80) = 202000; 

% Ea(81) = 154000; 

% Ea(82) = 195000; 

% Ea(83) = 20000; 

% Ea(84) = 93000; 

% Ea(85) = 111000; 

% Ea(86) = 97000; 

% Ea(87) = 149000; 

% Ea(88) = 326000; 

% Ea(89) = 80000; 

% Ea(90) = 25000; 

% Ea(91) = 25000; 

% Ea(92) = 119000; 

% Ea(93) = 196000; 

% Ea(94) = 13000; 

% Ea(95) = 300; 

% Ea(96) = 19000; 

% Ea(97) = 61000; 

% Ea(98) = 3000; 

% Ea(99) = 13000; 

% Ea(100) = 25000; 

% Ea(101) = 0; 

% %%%%%%%%%%%変更_2 終了 

%  

% %Input the Heats of Reaction in J/mol 

% dH = zeros([num_rxns,1]); 

% dH(1) = -92000; 

% dH(2) = -18000; 

% dH(3) = -121000; 

% dH(4) = 13000; 

% dH(5) = -51000; 

% dH(6) = -48000; 

% dH(7) = -32000; 

% dH(8) = 3000; 

% dH(9) = -38000; 

% dH(10) = 54000; 

% dH(11) = -9000; 

% dH(12) = -33000; 

% dH(13) = -144000; 

% dH(14) = -83000; 

% dH(15) = 25000; 

% dH(16) = 48000; 

% dH(17) = -115000; 

% dH(18) = -94000; 

% dH(19) = -57000; 

% dH(20) = -77000; 

% dH(21) = 28000; 

% dH(22) = -42000; 

% dH(23) = 15000; 
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% dH(24) = 17000; 

% dH(25) = -6000; 

% dH(26) = -22000; 

% dH(27) = -38000; 

% dH(28) = -26000; 

% dH(29) = 15000; 

% dH(30) = 17000; 

% dH(31) = -6000; 

% dH(32) = -13000; 

% dH(33) = 63000; 

% dH(34) = -73000; 

% dH(35) = 23000; 

% dH(36) = 167000; 

% dH(37) = 0; 

% dH(38) = -97000; 

% dH(39) = -12000; 

% dH(40) = -131000; 

% dH(41) = -34000; 

% dH(42) = -26000; 

% dH(43) = 26000; 

% dH(44) = -45000; 

% dH(45) = -17000; 

% dH(46) = -51000; 

% dH(47) = -16000; 

% dH(48) = -48000; 

% dH(49) = 63000; 

% dH(50) = 58000; 

% dH(51) = -123000; 

% dH(52) = -127000; 

% dH(53) = 106500; 

% dH(54) = -69500; 

% dH(55) = 53000; 

% dH(56) = 101000; 

% dH(57) = 0; 

% dH(58) = -44500; 

% dH(59) = -19000; 

% dH(60) = -23500; 

% dH(61) = -92000; 

% dH(62) = -2500; 

% dH(63) = 6000; 

% dH(64) = -33500; 

% dH(65) = -14000; 

% dH(66) = -10000; 

% dH(67) = -4500; 

% dH(68) = 20500; 

% dH(69) = 6000; 

% %%%%%%%%%%%%%%%%%%%変更_2 開始 

% dH(70) = -94000; 

% dH(71) = -12000; 

% dH(72) = -122000; 

% dH(73) = 1000; 

% dH(74) = -26000; 

% dH(75) = -15000; 

% dH(76) = -70000; 

% dH(77) = -22000; 

% dH(78) = -47000; 

% dH(79) = -30000; 

% dH(80) = 16000; 

% dH(81) = 63000; 

% dH(82) = 72000; 

% dH(83) = -78000; 

% dH(84) = -77000; 

% dH(85) = 95000; 

% dH(86) = -68000; 

% dH(87) = 57000; 

% dH(88) = 41000; 

% dH(89) = 0; 

% dH(90) = 33500; 

% dH(91) = -9000; 

% dH(92) = -35500; 

% dH(93) = -42000; 

% dH(94) = 1500; 
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% dH(95) = 0; 

% dH(96) = 2500; 

% dH(97) = -13000; 

% dH(98) = 9000; 

% dH(99) = -34500; 

% dH(100) = -39500; 

% dH(101) = 0; 

% %%%%%%%%%%%%%%%%変更_2 終了 

%    

% %Enter the Entropies of Reaction in 

J/mol-K 

% dS = zeros([num_rxns,1]);   

% dS(1) = -129.21; 

% dS(2) = -85.1; 

% dS(3) = -131.71; 

% dS(4) = -124.39; 

% dS(5) = -156.57; 

% dS(6) = -101.94; 

% dS(7) = -90.72; 

% dS(8) = -0.79; 

% dS(9) = -14.02; 

% dS(10) = -2.33; 

% dS(11) = -55.54; 

% dS(12) = -17.61; 

% dS(13) = 32.73; 

% dS(14) = 15.11; 

% dS(15) = 17.38; 

% dS(16) = 8.49; 

% dS(17) = 13.01; 

% dS(18) = 0; 

% dS(19) = -8.72; 

% dS(20) = 4.29; 

% dS(21) = -4.18; 

% dS(22) = 7.54; 

% dS(23) = 16.26; 

% dS(24) = 3.07; 

% dS(25) = -8.6; 

% dS(26) = -24.87; 

% dS(27) = -11.32; 

% dS(28) = 38.16; 

% dS(29) = 8.57; 

% dS(30) = -13.54; 

% dS(31) = 40.45; 

% dS(32) = -49.49; 

% dS(33) = -37.33; 

% dS(34) = 63.1; 

% dS(35) = 43.37; 

% dS(36) = 10.65; 

% dS(37) = 0; 

% dS(38) = -129.21; 

% dS(39) = -85.1; 

% dS(40) = -131.71; 

% dS(41) = -124.39; 

% dS(42) = -90.72; 

% dS(43) = -0.79; 

% dS(44) = -14.02; 

% dS(45) = -2.33; 

% dS(46) = -55.54; 

% dS(47) = -17.61; 

% dS(48) = 32.73; 

% dS(49) = 15.11; 

% dS(50) = 17.38; 

% dS(51) = 13.01; 

% dS(52) = 0; 

% dS(53) = -37.33; 

% dS(54) = 63.1; 

% dS(55) = 43.37; 

% dS(56) = 10.65; 

% dS(57) = 0; 

% dS(58) = 0; 

% dS(59) = 0; 

% dS(60) = 0; 



250 

 

% dS(61) = 0; 

% dS(62) = 0; 

% dS(63) = 0; 

% dS(64) = 0; 

% dS(65) = 0; 

% dS(66) = 0; 

% dS(67) = 0; 

% dS(68) = 0; 

% dS(69) = 0; 

% %%%%%%%%%%変更_2 開始 

% dS(70) = -129.21; 

% dS(71) = -85.1; 

% dS(72) = -131.71; 

% dS(73) = -124.39; 

% dS(74) = -90.72; 

% dS(75) = -0.79; 

% dS(76) = -14.02; 

% dS(77) = -2.33; 

% dS(78) = -55.54; 

% dS(79) = -17.61; 

% dS(80) = 32.73; 

% dS(81) = 15.11; 

% dS(82) = 17.38; 

% dS(83) = 13.01; 

% dS(84) = 0; 

% dS(85) = -37.33; 

% dS(86) = 63.1; 

% dS(87) = 43.37; 

% dS(88) = 10.65; 

% dS(89) = 0; 

% dS(90) = 0; 

% dS(91) = 0; 

% dS(92) = 0; 

% dS(93) = 0; 

% dS(94) = 0; 

% dS(95) = 0; 

% dS(96) = 0; 

% dS(97) = 0; 

% dS(98) = 0; 

% dS(99) = 0; 

% dS(100) = 0; 

% dS(101) = 0; 

% %%%%%%%%%%変更_2 終了 

  

  

% %%%%%%%%%%%%%%%%%%%%%%%変更_1 終了 

%%%%%%%%%%%%%%%%%%%%%%%変更_1 開始 

A = zeros([num_rxns,1]); 

A(1) = 3.941E8; 

A(2) = 1.031; 

A(3) = 0.827; 

A(4) = 2.673E8; 

A(5) = 0.798; 

A(6) = 0.773; 

A(7) = 0.660; 

A(8) = 5.354E13; 

A(9) = 9.484E12; 

A(10) = 2.321E14; 

A(11) = 2.301E11; 

A(12) = 1.002E13; 

A(13) = 1.072E15; 

A(14) = 3.025E13; 

A(15) = 3.13238E12; 

A(16) = 1.081E13; 

A(17) = 9.561E12; 

A(18) = 4.309E12; 

A(19) = 7.98E12; 

A(20) = 4.942E12; 

A(21) = 7.146E12; 

A(22) = 5.086E13; 

A(23) = 1E13; 

A(24) = 3.297E12; 
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A(25) = 7.077E12; 

A(26) = 5.113E12; 

A(27) = 1E13; 

A(28) = 1E13; 

A(29) = 3.256E13; 

A(30) = 1E13; 

A(31) = 1E13; 

A(32) = 1E13; 

A(33) = 1E13; 

A(34) = 1E13; 

A(35) = 1E13; 

A(36) = 1E13; 

A(37) = 1.7E4; 

A(38) = 3.941E8; 

A(39) = 1.031; 

A(40) = 0.827; 

A(41) = 7.03E9; 

A(42) = 0.660; 

A(43) = 5.354E13; 

A(44) = 9.484E12; 

A(45) = 2.321E14; 

A(46) = 2.301E11; 

A(47) = 1.002E13; 

A(48) = 1.6E13; 

A(49) = 8.33E12; 

A(50) = 2.05E14*20; %A(50) = 2.05E14; 

A(51) = 9.561E12; 

A(52) = 7.3E12; 

A(53) = 1E13; 

A(54) = 1E13; 

A(55) = 1.35E13*10; %A(55) = 1.35E13; 

A(56) = 1E13; 

A(57) = 1.7E4; 

A(58) = 1E13; 

A(59) = 1E13; 

A(60) = 1E13; 

A(61) = 1E13; 

A(62) = 1E13; 

A(63) = 1E13; 

A(64) = 1E13; 

A(65) = 1E13; 

A(66) = 1E13; 

A(67) = 1E13; 

A(68) = 1E13; 

A(69) = 1E13; 

%%%%%%%%%%%%%%%%変更_1 終了 

%%%%%%%%%%%%%%%%変更_2 開始 

A(70) = 3.941E8*0.89; 

A(71) = 1.031; 

A(72) = 0.827; 

A(73) = 2.673E8*2.8/3; 

A(74) = 0.660; 

A(75) = 5.354E13; 

A(76) = 9.484E12; 

A(77) = 2.321E14; 

A(78) = 2.301E11; 

A(79) = 1.002E13; 

A(80) = 1.6E13*3.4/4.9; 

A(81) = 8.33E12*3.3/2.7; 

A(82) = 7.78E12*3.9/2.5; 

A(83) = 9.561E12; 

A(84) = 7.3E12*21/6.1; 

A(85) = 1E13; 

A(86) = 1E13; 

A(87) = 1E13; 

A(88) = 1E13; 

A(89) = 1E12; 

A(90) = 1E13; 

A(91) = 1E13; 

A(92) = 1E13; 

A(93) = 1E13; 

A(94) = 1E13; 
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A(95) = 1E13; 

A(96) = 1E13; 

A(97) = 1E13; 

A(98) = 1E13; 

A(99) = 9.87E11; 

A(100) = 1E13; 

A(101) = 1E13; 

%%%%%%%%%%%%%%%%%変更_2 終了 

  

  

%Enter the temperature correction 

exponents for the forward reactions 

n = zeros([num_rxns,1]); 

n(2) = -0.5; 

n(3) = -0.5; 

n(5) = -0.5; 

n(6) = -0.5; 

n(7) = -0.5; 

n(39) = -0.5; 

n(40) = -0.5; 

n(42) = -0.5; 

n(71) = -0.5; 

n(72) = -0.5; 

n(74) = -0.5; 

  

%Enter the Activation Energy values for 

the forward reactions 

Ea = zeros([num_rxns,1]); 

Ea(1) = 23060; 

Ea(2) = 0; 

Ea(3) = 0; 

Ea(4) = 129000;%%%%%%%%%%%%211の 

% Ea(4) = 140150;%%%%%%%%%%%%%111の 

Ea(5) = 0; 

Ea(6) = 0; 

Ea(7) = 0; 

Ea(8) = 66660; 

Ea(9) = 26030; 

Ea(10) = 135740; 

%Ea(10)=85000; 

Ea(11) = 91100; 

Ea(12) = 82810; 

Ea(13) = 206130; 

Ea(14) = 125710; 

Ea(15) = 118277;%%%%%%%%%%%%%%%211の 

% Ea(15) = 150590;%%%%%%%%%%%%%%111の 

Ea(16) = 123000;%%%%%%%%%%%%%%%%%%211の 

% Ea(16) = 122640;%%%%%%%%%%%%%111の 

Ea(17) = 20140; 

Ea(18) = 86220; 

Ea(19) = 59623; 

Ea(20) = 8760; 

Ea(21) = 130470; 

Ea(22) = 31000; 

Ea(23) = 174540; 

Ea(24) = 84770; 

Ea(25) = 35700; 

Ea(26) = 59410; 

Ea(27) = 188530; 

Ea(28) = 142800; 

Ea(29) = 151480; 

Ea(30) = 60780; 

Ea(31) = 124660; 

Ea(32) = 60780; 

Ea(33) = 101000; 

Ea(34) = 97000; 

Ea(35) = 149000;%124 

Ea(36) = 318000; 

Ea(37) = 80000; 

Ea(38) = 11000; 

Ea(39) = 0; 

Ea(40) = 0; 
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Ea(41) = 

96959*1.2;  %20180424_before(Ea(41) = 

96959*1.2) 

Ea(42) =0; %20181015_before(Ea(42) = 0) 

Ea(43) = 59000; 

Ea(44) = 46000; 

Ea(45) = 88000; 

Ea(46) = 38000; 

Ea(47) = 

114000/1.5; %20180424_before(Ea(47) = 

114000) 

Ea(48) = 160000; 

Ea(49) = 147000; 

Ea(50) = 

136959*0.9; %20180424_before(Ea(50) = 

136959*0.9) 

Ea(51) = 20000; 

Ea(52) = 43000; 

Ea(53) = 111000; 

Ea(54) = 97000; 

Ea(55) = 

143020*1.02; %20180424_before(Ea(55) = 

143020*1.02) 

Ea(56) = 326000; 

Ea(57) = 80000; 

Ea(58) = 25000; 

Ea(59) = 25000; 

Ea(60) = 46000; 

Ea(61) = 50000; 

Ea(62) = 13000; 

Ea(63) = 300; 

Ea(64) = 25000; 

Ea(65) = 48000; 

Ea(66) = 10000; 

Ea(67) = 13000; 

Ea(68) = 25000; 

Ea(69) = 0; 

%%%%%%%%%%%%%%%%変更_2 開始 

Ea(70) = 11000; 

Ea(71) = 0; 

Ea(72) = 0; 

Ea(73) = 117000; 

Ea(74) = 0; 

Ea(75) = 59000; 

Ea(76) = 46000; 

Ea(77) = 88000; 

Ea(78) = 38000; 

Ea(79) = 114000; 

Ea(80) = 202000; 

Ea(81) = 154000; 

Ea(82) = 195000; 

Ea(83) = 20000; 

Ea(84) = 93000; 

Ea(85) = 111000; 

Ea(86) = 97000; 

Ea(87) = 149000; 

Ea(88) = 326000; 

Ea(89) = 80000; 

Ea(90) = 25000; 

Ea(91) = 25000; 

Ea(92) = 119000; 

Ea(93) = 196000; 

Ea(94) = 13000; 

Ea(95) = 300; 

Ea(96) = 19000; 

Ea(97) = 61000; 

Ea(98) = 3000; 

Ea(99) = 6333; 

Ea(100) = 25000; 

Ea(101) = 0; 

%%%%%%%%%%%変更_2 終了 
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%Input the Heats of Reaction in J/mol 

dH = zeros([num_rxns,1]); 

dH(1) =-41774; 

dH(2) = -18000; 

dH(3) =-34664; 

dH(4) = 28611; 

dH(5) = -51000; 

dH(6) = -48000; 

dH(7) = -32000; 

dH(8) = 3000; 

dH(9) = -38000; 

dH(10) = 54000; 

dH(11) = -9000; 

dH(12) = -33000; 

dH(13) = -144000; 

dH(14) = -83000; 

dH(15) = 25000; 

dH(16) = 48000; 

dH(17) = 24829; 

dH(18) = -94000; 

dH(19) = -57000; 

dH(20) = -77000; 

dH(21) = 28000; 

dH(22) = -42000; 

dH(23) = 15000; 

dH(24) = 17000; 

dH(25) = -6000; 

dH(26) = -22000; 

dH(27) = -38000; 

dH(28) = -26000; 

dH(29) = 15000; 

dH(30) = 17000; 

dH(31) = -6000; 

dH(32) = -13000; 

dH(33) = 63000; 

dH(34) = -73000; 

dH(35) = 23000; 

dH(36) = 167000; 

dH(37) = 0; 

dH(38) = -46774; 

dH(39) = -12000; 

dH(40) = -44664; 

dH(41) = -34000; 

dH(42) = -26000; 

dH(43) = 26000; 

dH(44) = -45000; 

dH(45) = -17000; 

dH(46) = -51000; 

dH(47) = -16000; 

dH(48) = -48000; 

dH(49) = 63000; 

dH(50) = 58000; 

dH(51) =32440; 

dH(52) = -127000; 

dH(53) = 106500; 

dH(54) = -69500; 

dH(55) = 53000; 

dH(56) = 101000; 

dH(57) = 0; 

dH(58) = -60111; 

dH(59) = -34611; 

dH(60) = -39111; 

dH(61) =-107611; 

dH(62) =-2500; 

dH(63) = 6000; 

dH(64) = -33500; 

dH(65) = -14000; 

dH(66) =-10000; 

dH(67) = -20111; 

dH(68) =20500; 

dH(69) = 6000; 

%%%%%%%%%%%%%%%%%%%変更_2 開始 
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dH(70) = -43774; 

dH(71) = -12000; 

dH(72) = -35664; 

dH(73) =156440; 

dH(74) = -26000; 

dH(75) = -15000; 

dH(76) = -70000; 

dH(77) = -22000; 

dH(78) = -47000; 

dH(79) = -30000; 

dH(80) = 16000; 

dH(81) = 63000; 

dH(82) = 72000; 

dH(83) = -10374; 

dH(84) = -77000; 

dH(85) = 95000; 

dH(86) = -68000; 

dH(87) = 57000; 

dH(88) = 41000; 

dH(89) = 0; 

dH(90) = 188940;%2017/12/24変更 

dH(91) = 146440;%2017/12/24変更 

dH(92) = 119940; 

dH(93) =113440; 

dH(94) = 1500; 

dH(95) = 0; 

dH(96) = 2500; 

dH(97) = -13000; 

dH(98) =9000; %-dH(72)-dH(40)から変更 

dH(99) = 53314; 

dH(100) = -39500; 

dH(101) = 0; 

%%%%%%%%%%%%%%%%変更_2 終了 

   

%Enter the Entropies of Reaction in 

J/mol-K 

dS = zeros([num_rxns,1]);   

dS(1) = -82.717; 

dS(2) = -85.1; 

dS(3) = -51.237; 

dS(4) = -109.84; 

dS(5) = -156.57; 

dS(6) = -101.94; 

dS(7) = -90.72; 

dS(8) = -0.79; 

dS(9) = -14.02; 

dS(10) = -2.33; 

dS(11) = -55.54; 

dS(12) = -17.61; 

dS(13) = 32.73; 

dS(14) = 15.11; 

dS(15) = 17.38; 

dS(16) = 8.49; 

dS(17) = 143.33; 

dS(18) = 0; 

dS(19) = -8.72; 

dS(20) = 4.29; 

dS(21) = -4.18; 

dS(22) = 7.54; 

dS(23) = 16.26; 

dS(24) = 3.07; 

dS(25) = -8.6; 

dS(26) = -24.87; 

dS(27) = -11.32; 

dS(28) = 38.16; 

dS(29) = 8.57; 

dS(30) = -13.54; 

dS(31) = 40.45; 

dS(32) = -49.49; 

dS(33) = -37.33; 

dS(34) = 63.1; 

dS(35) = 43.37; 
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dS(36) = 10.65; 

dS(37) = 0; 

dS(38) = -82.717; 

dS(39) = -85.1; 

dS(40) = -51.237; 

dS(41) = -124.39; 

dS(42) = -90.72; 

dS(43) = -0.79; 

dS(44) = -14.02; 

dS(45) = -2.33; 

dS(46) = -55.54; 

dS(47) = -17.61; 

dS(48) = 32.73; 

dS(49) = 15.11; 

dS(50) = 17.38; 

dS(51) = 157.88; 

dS(52) = 0; 

dS(53) = -37.33; 

dS(54) = 63.1; 

dS(55) = 43.37; 

dS(56) = 10.65; 

dS(57) = 0; 

dS(58) = -14.55; 

dS(59) = -14.55; 

dS(60) =-14.55; 

dS(61) =-14.55; 

dS(62) = 0; 

dS(63) = 0; 

dS(64) = 0; 

dS(65) = 0; 

dS(66) = 0; 

dS(67) =-14.55; 

dS(68) =0; 

dS(69) = 0; 

%%%%%%%%%%変更_2 開始 

dS(70) = -82.717; 

dS(71) = -85.1; 

dS(72) = -51.237; 

dS(73) = 20.48; 

dS(74) = -90.72; 

dS(75) = -0.79; 

dS(76) = -14.02; 

dS(77) = -2.33; 

dS(78) = -55.54; 

dS(79) = -17.61; 

dS(80) = 32.73; 

dS(81) = 15.11; 

dS(82) = 17.38; 

dS(83) = 76.04; 

dS(84) = 0; 

dS(85) = -37.33; 

dS(86) = 63.1; 

dS(87) = 43.37; 

dS(88) = 10.65; 

dS(89) = 0; 

dS(90) = 144.87; 

dS(91) = 144.87; 

dS(92) = 144.87; 

dS(93) = 144.87; 

dS(94) = 0; 

dS(95) = 0; 

dS(96) = 0; 

dS(97) = 0; 

dS(98) = 0; 

dS(99) = 81.84; 

dS(100) = 0; 

dS(101) = 0; 

% % %%%%%%%%%%変更_2 終了 

%  

% A = zeros([num_rxns,1]); 

% A(1) = 3.941E8; 

% A(2) = 1.031; 
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% A(3) = 0.827; 

% A(4) = 2.673E8; 

% A(5) = 0.798; 

% A(6) = 0.773; 

% A(7) = 0.660; 

% A(8) = 5.354E13; 

% A(9) = 9.484E12; 

% A(10) = 2.321E14; 

% A(11) = 2.301E11; 

% A(12) = 1.002E13; 

% A(13) = 1.072E15; 

% A(14) = 3.025E13; 

% A(15) = 3.13238E12; 

% A(16) = 1.081E13; 

% A(17) = 9.561E12; 

% A(18) = 4.309E12; 

% A(19) = 7.98E12; 

% A(20) = 4.942E12; 

% A(21) = 7.146E12; 

% A(22) = 5.086E13; 

% A(23) = 1E13; 

% A(24) = 3.297E12; 

% A(25) = 7.077E12; 

% A(26) = 5.113E12; 

% A(27) = 1E13; 

% A(28) = 1E13; 

% A(29) = 3.256E13; 

% A(30) = 1E13; 

% A(31) = 1E13; 

% A(32) = 1E13; 

% A(33) = 1E13; 

% A(34) = 1E13; 

% A(35) = 1E13; 

% A(36) = 1E13; 

% A(37) = 1.7E4; 

% A(38) = 3.941E8; 

% A(39) = 1.031; 

% A(40) = 0.827; 

% A(41) =7.03E9;%10180115 調整開始 

% A(42) = 0.660; 

% A(43) = 5.354E13; 

% A(44) = 9.484E12; 

% A(45) = 2.321E14; 

% A(46) = 2.301E11; 

% A(47) = 1.002E13; 

% A(48) = 1.6E13; 

% A(49) = 8.33E12; 

% A(50) = 2.05E14*20;%調整開始 20180108 

% A(51) = 9.561E12; 

% A(52) = 7.3E12; 

% A(53) = 1E13; 

% A(54) = 1E13; 

% A(55) = 1.35E13*10;%調整開始 20180112 

% A(56) = 1E13; 

% A(57) = 1.7E4; 

% A(58) = 1E13; 

% A(59) = 1E13; 

% A(60) = 1E13; 

% A(61) = 1E13; 

% A(62) = 1E13; 

% A(63) = 1E13; 

% A(64) = 1E13; 

% A(65) = 1E13; 

% A(66) = 1E13; 

% A(67) = 1E13; 

% A(68) = 1E13; 

% A(69) = 1E13; 

% %%%%%%%%%%%%%%%%変更_1 終了 

% %%%%%%%%%%%%%%%%変更_2 開始 

% A(70) = 3.941E8*0.89; 

% A(71) = 1.031; 

% A(72) = 0.827; 
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% A(73) = 2.673E8;%10180115 調整開始 

% A(74) = 0.660; 

% A(75) = 5.354E13; 

% A(76) = 9.484E12; 

% A(77) = 2.321E14; 

% A(78) = 2.301E11; 

% A(79) = 1.002E13; 

% A(80) = 1.6E13*3.4/4.9; 

% A(81) = 8.33E12*3.3/2.7; 

% A(82) = 7.78E12;% 10180115 調整開始 

7.78E12*3.9/2.5; 

% A(83) = 9.561E12; 

% A(84) = 7.3E12*21/6.1; 

% A(85) = 1E13; 

% A(86) = 1E13; 

% A(87) = 1E13;% 10180115 調整開始  

% A(88) = 1E13; 

% A(89) = 1E12; 

% A(90) = 1E13; 

% A(91) = 1E13; 

% A(92) = 1E13; 

% A(93) = 1E13; 

% A(94) = 1E13; 

% A(95) = 1E13; 

% A(96) = 1E13; 

% A(97) = 1E13; 

% A(98) = 1E13; 

% A(99) = 9.87E11; 

% A(100) = 1E13; 

% A(101) = 1E13; 

% %%%%%%%%%%%%%%%%%変更_2 終了 

%  

%  

% %Enter the temperature correction 

exponents for the forward reactions 

% n = zeros([num_rxns,1]); 

% n(2) = -0.5; 

% n(3) = -0.5; 

% n(5) = -0.5; 

% n(6) = -0.5; 

% n(7) = -0.5; 

% n(39) = -0.5; 

% n(40) = -0.5; 

% n(42) = -0.5; 

% n(71) = -0.5; 

% n(72) = -0.5; 

% n(74) = -0.5; 

%  

% %Enter the Activation Energy values 

for the forward reactions 

% Ea = zeros([num_rxns,1]); 

% Ea(1) = 23060; 

% Ea(2) = 0; 

% Ea(3) = 0; 

% Ea(4) = 129000;%%%%%%%%%%%%211の 

% % Ea(4) = 140150;%%%%%%%%%%%%%111の 

% Ea(5) = 0; 

% Ea(6) = 0; 

% Ea(7) = 0; 

% Ea(8) = 66660; 

% Ea(9) = 26030; 

% Ea(10) = 135740; 

% %Ea(10)=85000; 

% Ea(11) = 91100; 

% Ea(12) = 82810; 

% Ea(13) = 206130; 

% Ea(14) = 125710; 

% Ea(15) = 118277;%%%%%%%%%%%%%%%211の 

% % Ea(15) = 150590;%%%%%%%%%%%%%%111の 

% Ea(16) = 123000;%%%%%%%%%%%%%%%%%%211

の 

% % Ea(16) = 122640;%%%%%%%%%%%%%111の 
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% Ea(17) = 20140; 

% Ea(18) = 86220; 

% Ea(19) = 59623; 

% Ea(20) = 8760; 

% Ea(21) = 130470; 

% Ea(22) = 31000; 

% Ea(23) = 174540; 

% Ea(24) = 84770; 

% Ea(25) = 35700; 

% Ea(26) = 59410; 

% Ea(27) = 188530; 

% Ea(28) = 142800; 

% Ea(29) = 151480; 

% Ea(30) = 60780; 

% Ea(31) = 124660; 

% Ea(32) = 60780; 

% Ea(33) = 101000; 

% Ea(34) = 97000; 

% Ea(35) = 149000;%124 

% Ea(36) = 318000; 

% Ea(37) = 80000; 

% Ea(38) = 11000; 

% Ea(39) = 0; 

% Ea(40) = 0; 

% Ea(41) = 96959;%10180115 調整開始 

% Ea(42) = 0; 

% Ea(43) = 59000; 

% Ea(44) = 46000; 

% Ea(45) = 88000; 

% Ea(46) = 38000; 

% Ea(47) = 114000; 

% Ea(48) = 160000; 

% Ea(49) = 147000; 

% Ea(50) = 130000;%10180104 調整開始 

選択的にCH4を増加させる 

% Ea(51) = 20000;%10180104 調整開始 感

度解析の結果 影響ほぼなし 

% Ea(52) = 43000; 

% Ea(53) = 111000; 

% Ea(54) = 97000; 

% Ea(55) = 142000;%10180104 調整開始 全

体の反応量を増やす為 

% Ea(56) = 326000; 

% Ea(57) = 80000; 

% Ea(58) = 25000; 

% Ea(59) = 25000; 

% Ea(60) = 46000; 

% Ea(61) = 50000; 

% Ea(62) = 13000; 

% Ea(63) = 300; 

% Ea(64) = 25000; 

% Ea(65) = 48000; 

% Ea(66) = 10000; 

% Ea(67) = 13000; 

% Ea(68) = 25000; 

% Ea(69) = 0; 

% %%%%%%%%%%%%%%%%変更_2 開始 

% Ea(70) = 11000; 

% Ea(71) = 0; 

% Ea(72) = 0; 

% Ea(73) = 117000; 

% Ea(74) = 0; 

% Ea(75) = 59000; 

% Ea(76) = 46000; 

% Ea(77) = 88000; 

% Ea(78) = 38000; 

% Ea(79) = 114000; 

% Ea(80) = 202000; 

% Ea(81) = 154000; 

% Ea(82) = 195000; 

% Ea(83) = 20000; 

% Ea(84) = 93000; 
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% Ea(85) = 111000; 

% Ea(86) = 97000; 

% Ea(87) = 149000; 

% Ea(88) = 326000; 

% Ea(89) = 80000; 

% Ea(90) = 25000; 

% Ea(91) = 25000; 

% Ea(92) = 119000; 

% Ea(93) = 196000; 

% Ea(94) = 13000; 

% Ea(95) = 300; 

% Ea(96) = 19000; 

% Ea(97) = 61000; 

% Ea(98) = 3000; 

% Ea(99) = 6333; 

% Ea(100) = 25000; 

% Ea(101) = 0; 

% %%%%%%%%%%%変更_2 終了 

%  

% %Input the Heats of Reaction in J/mol 

% dH = zeros([num_rxns,1]); 

% dH(1) =-41774; 

% dH(2) = -18000; 

% dH(3) =-34664; 

% dH(4) = 28611; 

% dH(5) = -51000; 

% dH(6) = -48000; 

% dH(7) = -32000; 

% dH(8) = 3000; 

% dH(9) = -38000; 

% dH(10) = 54000; 

% dH(11) = -9000; 

% dH(12) = -33000; 

% dH(13) = -144000; 

% dH(14) = -83000; 

% dH(15) = 25000; 

% dH(16) = 48000; 

% dH(17) = 24829; 

% dH(18) = -94000; 

% dH(19) = -57000; 

% dH(20) = -77000; 

% dH(21) = 28000; 

% dH(22) = -42000; 

% dH(23) = 15000; 

% dH(24) = 17000; 

% dH(25) = -6000; 

% dH(26) = -22000; 

% dH(27) = -38000; 

% dH(28) = -26000; 

% dH(29) = 15000; 

% dH(30) = 17000; 

% dH(31) = -6000; 

% dH(32) = -13000; 

% dH(33) = 63000; 

% dH(34) = -73000; 

% dH(35) = 23000; 

% dH(36) = 167000; 

% dH(37) = 0; 

% dH(38) = -46774; 

% dH(39) = -12000; 

% dH(40) = -44664; 

% dH(41) = -34000; 

% dH(42) = -26000; 

% dH(43) = 26000; 

% dH(44) = -45000; 

% dH(45) = -17000; 

% dH(46) = -51000; 

% dH(47) = -16000; 

% dH(48) = -48000; 

% dH(49) = 63000; 

% dH(50) = 58000; 

% dH(51) =32440; 
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% dH(52) = -127000; 

% dH(53) = 106500; 

% dH(54) = -69500; 

% dH(55) = 53000; 

% dH(56) = 101000; 

% dH(57) = 0; 

% dH(58) = -60111; 

% dH(59) = -34611; 

% dH(60) = -39111; 

% dH(61) =-107611; 

% dH(62) =-2500; 

% dH(63) = 6000; 

% dH(64) = -33500; 

% dH(65) = -14000; 

% dH(66) =-10000; 

% dH(67) = -20111; 

% dH(68) =20500; 

% dH(69) = 6000; 

% %%%%%%%%%%%%%%%%%%%変更_2 開始 

% dH(70) = -43774; 

% dH(71) = -12000; 

% dH(72) = -35664; 

% dH(73) =156440; 

% dH(74) = -26000; 

% dH(75) = -15000; 

% dH(76) = -70000; 

% dH(77) = -22000; 

% dH(78) = -47000; 

% dH(79) = -30000; 

% dH(80) = 16000; 

% dH(81) = 63000; 

% dH(82) = 72000; 

% dH(83) = -10374; 

% dH(84) = -77000; 

% dH(85) = 95000; 

% dH(86) = -68000; 

% dH(87) = 57000; 

% dH(88) = 41000; 

% dH(89) = 0; 

% dH(90) = 188940;%2017/12/24変更 

% dH(91) = 146440;%2017/12/24変更 

% dH(92) = 119940; 

% dH(93) =113440; 

% dH(94) = 1500; 

% dH(95) = 0; 

% dH(96) = 2500; 

% dH(97) = -13000; 

% dH(98) =9000; %-dH(72)-dH(40)から変更 

% dH(99) = 53314; 

% dH(100) = -39500; 

% dH(101) = 0; 

% %%%%%%%%%%%%%%%%変更_2 終了 

%    

% %Enter the Entropies of Reaction in 

J/mol-K 

% dS = zeros([num_rxns,1]);   

% dS(1) = -82.717; 

% dS(2) = -85.1; 

% dS(3) = -51.237; 

% dS(4) = -109.84; 

% dS(5) = -156.57; 

% dS(6) = -101.94; 

% dS(7) = -90.72; 

% dS(8) = -0.79; 

% dS(9) = -14.02; 

% dS(10) = -2.33; 

% dS(11) = -55.54; 

% dS(12) = -17.61; 

% dS(13) = 32.73; 

% dS(14) = 15.11; 

% dS(15) = 17.38; 

% dS(16) = 8.49; 
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% dS(17) = 143.33; 

% dS(18) = 0; 

% dS(19) = -8.72; 

% dS(20) = 4.29; 

% dS(21) = -4.18; 

% dS(22) = 7.54; 

% dS(23) = 16.26; 

% dS(24) = 3.07; 

% dS(25) = -8.6; 

% dS(26) = -24.87; 

% dS(27) = -11.32; 

% dS(28) = 38.16; 

% dS(29) = 8.57; 

% dS(30) = -13.54; 

% dS(31) = 40.45; 

% dS(32) = -49.49; 

% dS(33) = -37.33; 

% dS(34) = 63.1; 

% dS(35) = 43.37; 

% dS(36) = 10.65; 

% dS(37) = 0; 

% dS(38) = -82.717; 

% dS(39) = -85.1; 

% dS(40) = -51.237; 

% dS(41) = -124.39; 

% dS(42) = -90.72; 

% dS(43) = -0.79; 

% dS(44) = -14.02; 

% dS(45) = -2.33; 

% dS(46) = -55.54; 

% dS(47) = -17.61; 

% dS(48) = 32.73; 

% dS(49) = 15.11; 

% dS(50) = 17.38; 

% dS(51) = 157.88; 

% dS(52) = 0; 

% dS(53) = -37.33; 

% dS(54) = 63.1; 

% dS(55) = 43.37; 

% dS(56) = 10.65; 

% dS(57) = 0; 

% dS(58) = -14.55; 

% dS(59) = -14.55; 

% dS(60) =-14.55; 

% dS(61) =-14.55; 

% dS(62) = 0; 

% dS(63) = 0; 

% dS(64) = 0; 

% dS(65) = 0; 

% dS(66) = 0; 

% dS(67) =-14.55; 

% dS(68) =0; 

% dS(69) = 0; 

% %%%%%%%%%%変更_2 開始 

% dS(70) = -82.717; 

% dS(71) = -85.1; 

% dS(72) = -51.237; 

% dS(73) = 20.48; 

% dS(74) = -90.72; 

% dS(75) = -0.79; 

% dS(76) = -14.02; 

% dS(77) = -2.33; 

% dS(78) = -55.54; 

% dS(79) = -17.61; 

% dS(80) = 32.73; 

% dS(81) = 15.11; 

% dS(82) = 17.38; 

% dS(83) = 76.04; 

% dS(84) = 0; 

% dS(85) = -37.33; 

% dS(86) = 63.1; 

% dS(87) = 43.37; 
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% dS(88) = 10.65; 

% dS(89) = 0; 

% dS(90) = 144.87; 

% dS(91) = 144.87; 

% dS(92) = 144.87; 

% dS(93) = 144.87; 

% dS(94) = 0; 

% dS(95) = 0; 

% dS(96) = 0; 

% dS(97) = 0; 

% dS(98) = 0; 

% dS(99) = 81.84; 

% dS(100) = 0; 

% dS(101) = 0; 

  

if d_sens ~=1 

    if p == 1 

        fprintf(fid_kando, ','); 

        

fprintf(fid_kando,'%.16f,%d,%d,',perturb

_index(d_sens-1), 

Ea(perturb_index(d_sens-

1)),Ea(perturb_index(d_sens-

1))*perturbate); 

        fprintf(fid_kando, '\n'); 

        fprintf(fid_p,'%s 

= %s,Ea(%d),',reaction{perturb_index(d_s

ens-1),1},reaction{perturb_index(d_sens-

1),2},perturb_index(d_sens-1)); 

    end 

     

%    Ea(perturb_index(d_sens-1)) = 

Ea(perturb_index(d_sens-

1))*(1+perturbate); 

   A(perturb_index(d_sens-1)) = 

A(perturb_index(d_sens-

1))*(1+perturbate); 

     

else 

    if p == 1 

    if length(perturb_index) ~= 0 

    fprintf(fid_p,','); 

    end 

    end 

end 

  

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%% 

%(111)* 

%(-15) CHO* + * → CH* + O*  dEre1; 

%(-35) CO2* + * → CO* + O*  dEre2; 

%(-4)  CH3* + H* → CH4 + 2* dEre3; 

  

%反応向きが上記と逆の場合符号を逆転させ

る 

%上記：+ 

%逆：- 

Ea(15)=Ea(15)+all_dEre1(change_para); 

Ea(35)=Ea(35)+all_dEre2(change_para); 

Ea(4)=Ea(4)+all_dEre3(change_para); 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  

%(211)* 

%(-50) CHO* + * → CH* + O*  dEre1; 

%(-55) CO2* + * → CO* + O*  dEre2; 

%(-41) CH3* + H* → CH4 + 2* dEre3; 

  

%反応向きが上記と逆の場合符号を逆転させ
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る 

%上記：+ 

%逆：- 

Ea(50)=Ea(50)+all_dEre1(change_para); 

Ea(55)=Ea(55)+all_dEre2(change_para); 

Ea(41)=Ea(41)+all_dEre3(change_para); 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  

%(100)* 

%(-82) CHO* + * → CH* + O*  dEre1; 

%(-87) CO2* + * → CO* + O*  dEre2; 

%(-73) CH3* + H* → CH4 + 2* dEre3; 

  

%反応向きが上記と逆の場合符号を逆転させ

る 

%上記：+ 

%逆：- 

Ea(82)=Ea(82)+all_dEre1(change_para); 

Ea(87)=Ea(87)+all_dEre2(change_para); 

Ea(73)=Ea(73)+all_dEre3(change_para); 

  

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%% 

  

%Calculate the Gibbs free energy of 

reaction from d_S and d_H 

dG = dH-T*dS; 

  

  

  

% %Calculate inlet molar flow rate of 

gas phase species 

  

for i = 1:num_comps 

    if gas_flag(i)==1 

        F0(p,i) = 

r_moles/div_CSTR*yy(p,i)/t_p(p); 

    end 

end 

  

%Calculate the forward rate constants 

k_vals = A.*(T.^n).*exp(-Ea/(R*T)); 

%Re-write k_vals and calculate reverse 

rate constatns 

k_new(1:num_rxns,1) = k_vals; 

k_new(1:num_rxns,2) = 

k_vals.*exp(dG/(R*T))./(P_ref.^dn);   

%Do all surface reactions have 

conservation of moles..i think so, if 

not, 

%then this has to be changed so that the 

reverse rate constant is not 

%adjusted in this way for all reactions 

(I think). 

  

% for j = 1:num_rxns 

%  

%     

disp([num2str(j),'space:',num2str(P_ref.

^dn(j))]) 

%      

%  end 

     

k_vals = k_new; 

  

%Now, all rate constants should be 

adjusted so that they can be used on a 

%mole basis... 
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%%%%%%%%%%%%%%変更_1 開始 

%%%%%%%%%%%%%%変更_2 開始 

for j = 1:num_rxns; 

    if j<=37 

        surf_moles = 

ni111surf_moles/div_CSTR; 

        Area(j) = ni111Area/div_CSTR; 

    elseif j<=57 

        surf_moles = 

ni211surf_moles/div_CSTR; 

        Area(j) = ni211Area/div_CSTR; 

    elseif j<=69 

        surf_moles = 

ni111surf_moles/div_CSTR+ni211surf_moles

/div_CSTR; 

        Area(j) = 

ni111Area/div_CSTR+ni211Area/div_CSTR; 

    elseif j<=89 

        surf_moles = 

ni100surf_moles/div_CSTR; 

        Area(j) = ni100Area/div_CSTR; 

    else 

        surf_moles = 

ni211surf_moles/div_CSTR+ni100surf_moles

/div_CSTR; 

        Area(j) = 

ni211Area/div_CSTR+ni100Area/div_CSTR; 

    end 

     

     

    if rxn_flag(j) == 0  %modify surface 

reactions' rate constants 

        reactants_index = 

find(N(j,:)<0); 

        num_reactants = 0; 

        for i = 

1:length(reactants_index) 

            num_reactants = 

num_reactants + N(j,reactants_index(i)); 

        end 

        num_reactants = 

abs(num_reactants); 

         

        if j<=57 

            k_vals(j,:) = 

k_vals(j,:)*(1/(surf_moles^(num_reactant

s-1))); 

        elseif j<=69 

            k_vals(j,1) = 

k_vals(j,1)*ni211rate/ni111rate; 

            k_vals(j,2) = 

k_vals(j,1)*exp(dG(j)/(R*T)); 

        elseif j<=89 

            k_vals(j,:) = 

k_vals(j,:)*(1/(surf_moles^(num_reactant

s-1))); 

        else 

            k_vals(j,1) = 

k_vals(j,1)*ni211rate/ni100rate; 

            k_vals(j,2) = 

k_vals(j,1)*exp(dG(j)/(R*T)); 

        end 

         

    elseif rxn_flag(j)==1 %modify k for 

gas species that molecularly adsorb 

        k_vals(j,1) = 

k_vals(j,1)*(Area(j)*R*T)/(V_p*surf_mole

s); 

        k_vals(j,2) = 

k_vals(j,2)*Area(j)/surf_moles; 

    elseif rxn_flag(j)==2 %modify k for 
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gas species that disassociatively adsorb 

        if (j==4 || j==41 || j==73) 

            k_vals(j,1) = 

k_vals(j,1)*(R*T/P_ref)*(1/surf_moles)*(

1/V_p); 

            k_vals(j,2) = 

k_vals(j,1)*exp(dG(j)/(R*T))*(P_ref/(R*T

))*V_p; %IS THIS 

CORRECT??!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

!!!!! 

        elseif (j==1 || j==38 || j==70) 

            k_vals(j,1) = 

k_vals(j,1)*(R*T/P_ref)*(1/surf_moles)*(

1/V_p); 

            k_vals(j,2) = 

k_vals(j,1)*exp(dG(j)/(R*T))*(P_ref/(R*T

))*V_p; %IS THIS 

CORRECT??!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

!!!!! 

        else 

            k_vals(j,1) = 

k_vals(j,1)*(Area(j)*R*T)/(V_p*surf_mole

s^2); 

            k_vals(j,2) = 

k_vals(j,2)*Area(j)/(surf_moles^2); 

        end 

    end 

end 

  

%%%%%%%%%%%%%%%%%%変更_1 終了 

%%%%%%%%%%%%%%%%%%変更_2 終了 

  

    

disp('==================================

====='); 

    disp(['測定温度：

',num2str(T_matrix(T_index)),'℃']); 

     

    if d_sens~=1 

        disp(['感度解析(式番号：

',num2str(perturb_index(d_sens-

1)),')']); 

    else 

        disp('standard conditions'); 

    end 

    

disp('==================================

====='); 

  

%     search_reaction=zeros(3,12); 

% 

search_reaction(1,:)=[4,8,12,9,1,10,15,1

7,14,13,18,3]; 

% 

search_reaction(2,:)=[41,43,47,38,44,45,

50,51,49,48,52,40]; 

% 

search_reaction(3,:)=[73,75,79,76,70,77,

82,83,81,80,84,72]; 

%     for j=1:3 

%     for i=1:12 

%     

disp(num2str(k_vals(search_reaction(j,i)

,1))); 

%     end 

%     disp('=============='); 

%     end 

%     

disp('==================================

========'); 

%     for j=1:3 

%     for i=1:12 
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%     

disp(num2str(k_vals(search_reaction(j,i)

,2))); 

%     end 

%     disp('=============='); 

%     end 

  

  

  

  

  

%Solve the set of differential equations 

nonneg = 1:num_comps; 

options = 

odeset('NonNegative',nonneg,'RelTol',1E-

7,'AbsTol',1E-

18,'Jacobian',@function_Jac); 

  

  

global iter %#ok<TLEV> 

iter = 0; 

  

%[T,Y] = 

ODE15S(ODEFUN,TSPAN,Y0,OPTIONS,P1,P2...)  

[t_traj,C_traj] = 

ode15s(@system_equations, logspace(-

10,log10(t_end),sample), C0(p,:), 

options, k_vals, N, 

num_comps,num_rxns,gas_flag,F0(p,:),t_p(

p),fid,timer_s); 

  

final_point = length(t_traj); 

  

  

  

% in_in = 0; 

% in_out = 0; 

% for i = 1:num_comps 

%     if gas_flag(i) == 1; 

%         in_in = in_in+C0(p,i); 

%     end 

% end 

% for i = 1:num_comps 

%     if gas_flag(i) == 1; 

%         in_out = 

in_out+C_traj(final_point,i); 

%     end 

% end 

% t_out(p) = t_p(p)*in_in/in_out; 

  

for i = 1:final_point 

    C_flag((final_point*(p-

1))+i,:)=C_traj(i,:); 

end 

  

% for i = 1:final_point 

%     C_graph((final_point*(p-

1))+i,:)=C_traj(i,:)/t_out(p); 

% end 

  

for i = 1:final_point 

    C_graph((final_point*(p-

1))+i,:)=C_traj(i,:)/t_p(p); 

end 

  

if among_rxns == 0 

    output(:,1)=t_traj; 

    output(:,2)=log10(t_traj); 

  

 if d_sens==1    

    for i=1:sample*div_CSTR 
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fprintf(fid,'%.16f,%.16f,',output(i,1),o

utput(i,2)); 

        

fprintf(fid,'%.12f,',C_traj(i,:)); 

        fprintf(fid,'\n'); 

        fprintf(fid,'\n\n'); 

    end 

 end 

     

end 

  

if p == 1  

    for i = 1:final_point 

        t_flag(i) = t_traj(i); 

    end 

else 

    for i = 1:final_point 

        t_flag((final_point*(p-1))+i) = 

t_traj(i)+t_flag(final_point*(p-1)); 

    end 

end 

  

for j = 1:num_rxns 

  

    k_for_net = k_vals(j,1); 

    k_rev_net = k_vals(j,2); 

    K = k_for_net/k_rev_net; 

    react_index_net = find(N(j,:)<0); 

    prod_index_net = find(N(j,:)>0); 

    prod_react = 

prod(C_flag(final_point*p,react_index_ne

t).^(-N(j,react_index_net))); 

    prod_prod = 

prod(C_flag(final_point*p,prod_index_net

).^N(j,prod_index_net)); 

       

    k_for(j,p) = k_for_net; 

    k_rev(j,p) = k_rev_net; 

    foward_reaction(j,p) =  

k_for_net*prod_react; 

    reverse_reaction(j,p) = 

k_rev_net*prod_prod; 

    net_reaction(j,p) =  

(k_for_net*prod_react - 

k_rev_net*prod_prod); 

end 

%Plot Solutions 

  

  

%Specify species fluxes you wish to 

report (all reactions) (all in 

moles/second) 

%species_flux_index = [1 2 3 4 5 6]; 

%species_traj = 

Report_Species_Fluxes(t_traj,C_traj,k_va

ls,N,num_comps,num_rxns,... 

%    

gas_flag,F0,t_res,species_flux_index); 

  

%figure; 

  

%loglog(t_traj,abs(species_traj(:,:))); 

%for i = 1:length(species_flux_index) 

%    legend_text{i} = 

species{species_flux_index(i)}; 

%end 

%legend(legend_text,'Location','Best'); 

%title('Gas Species Flux'); 

%xlabel('time,sec'); ylabel('Flux, 

mol/sec'); 

end 
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%Specify species for which you would 

like to view reaction fluxes (mol/s) 

  

reaction_flux_index = []; 

  

for a = 1:length(reaction_flux_index) 

  

    component_index = 

reaction_flux_index(a); 

     

    [reaction_traj,reaction_index] = 

Report_Reaction_Fluxes(t_flag,C_flag,k_v

als,N,num_comps,... 

        

num_rxns,rxn_flag,component_index); 

     

    figure; 

    legend_text = {};  %clear the 

previous value of legend_text 

    for j = 1:length(reaction_index); 

       legend_text{j} = 

strcat(reaction{reaction_index(j),1},' = 

');  

       legend_text{j} = 

strcat(legend_text{j},... 

           

reaction{reaction_index(j),2}); %#ok<*AG

ROW> 

    end 

     

    title_text = strcat('Flux 

of',species{reaction_flux_index(p)},'Per 

Reaction'); 

     

    semilogx(t_flag,reaction_traj(:,:)); 

    

legend(legend_text,'Location','Best'); 

    title(title_text); 

    xlabel('time,sec'); ylabel('Flux, 

moles/sec'); 

  

end 

  

hold_gas_flag = find(gas_flag==1); 

if d_sens==1 

    if graph == 1 

        figure; 

        

semilogx(t_flag,C_graph(:,hold_gas_flag(

:))); 

        for i = 1:length(hold_gas_flag) 

            gas_prod_legend{i} = 

species{hold_gas_flag(i)}; %#ok<AGROW> 

        end 

        

legend(gas_prod_legend,'Location','Best'

); 

        title('Gas Production'); 

        

xlabel('time,sec');ylabel('Production, 

moles/sec'); 

    end 

end 

  

final_point_flag = length(t_flag); 

  

%Calculate the normalized reaction 

quotient for CO2 production in time 

%Q_trajCO2 = 

((C_traj(:,3)/V)).*(C_traj(:,7)/V)./((C_

traj(:,4)/V).*(C_traj(:,2)/V)); 
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%final_point = length(t_traj); 

%Q_finalCO2 = 

((C_traj(final_point,3)/V))*((C_traj(fin

al_point,7)/V))... 

%    

/((C_traj(final_point,4)/V)*(C_traj(fina

l_point,2)/V)); 

%for t = 2:length(t_traj) 

%    grad_QCO2(t-1) = (Q_trajCO2(t) - 

Q_trajCO2(t-1))/(t_traj(t) - t_traj(t-

1)); 

%end 

%tau_QCO2 = 

t_traj(find(grad_QCO2==max(grad_QCO2))); 

%if d_sens ~= 1 

%    disp(['Reaction ', 

num2str(perturb_index(d_sens-1)),'     

', num2str(tau_QCO2), ... 

%        '    ',num2str(Q_finalCO2), '     

',num2str(C_traj(final_point,7)/V)]) 

%else 

%    disp(['Reference     

',num2str(tau_QCO2),'     

',num2str(Q_finalCO2), '     ', ... 

%        

num2str(C_traj(final_point,7)/V)]) 

%end 

gas_flax_cm = 

zeros([1,length(hold_gas_flag)]); 

for i = 1:length(hold_gas_flag) 

    gas_flax_cm(i) = 

C_graph(final_point_flag,hold_gas_flag(i

))*R*273*60/1.01325e5*1e6; 

end 

gas_flax_mol = 

zeros([1,length(hold_gas_flag)]); 

for i = 1:length(hold_gas_flag) 

    gas_flax_mol(i) = 

C_graph(final_point_flag,hold_gas_flag(i

)); 

end 

  

if d_sens==1 

    if change_para == 1         

        

fprintf(fid_flux_mol,'%.16f\n',T_matrix(

T_index)); 

        fprintf(fid_flux_mol,',name'); 

         

        for i = 1:length(hold_gas_flag) 

            fprintf(fid_flux_mol,',%s', 

species{hold_gas_flag(i)}); 

        end 

         

        fprintf(fid_flux_mol,'\n'); 

    end 

     

    

fprintf(fid_flux_mol,',%s',name{change_p

ara}); 

         

    for i = 1:length(hold_gas_flag) 

        

fprintf(fid_flux_mol,',%.16f',gas_flax_m

ol(i)); 

    end 

     

     fprintf(fid_flux_mol,'\n'); 

end 

  

if change_para == length(name) 

     fprintf(fid_flux_mol,'\n\n'); 
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end 

  

if d_sens==1 

    

fprintf(fid_sens_mol,'%.16f\n',T_matrix(

T_index)); 

    

fprintf(fid_sens_mol,'%s\n',name{change_

para}); 

    fprintf(fid_sens_mol,','); 

    fprintf(fid_sens_mol,'式番号'); 

     

    for i = 1:length(hold_gas_flag) 

        fprintf(fid_sens_mol,',%s', 

species{hold_gas_flag(i)}); 

    end 

     

    fprintf(fid_sens_mol,'\n'); 

    fprintf(fid_sens_mol,','); 

    fprintf(fid_sens_mol,'元'); 

     

    for i = 1:length(hold_gas_flag) 

        

fprintf(fid_sens_mol,',%.16f',gas_flax_m

ol(i)); 

    end 

     

    fprintf(fid_sens_mol,'\n'); 

else 

  

    

fprintf(fid_sens_mol,',%.16f',perturb_in

dex(d_sens-1)); 

     

    for i = 1:length(hold_gas_flag) 

        

fprintf(fid_sens_mol,',%.16f',gas_flax_m

ol(i)); 

    end 

     

    fprintf(fid_sens_mol,'\n'); 

end 

  

if d_sens==length(perturb_index)+1 

    fprintf(fid_sens_mol,'\n'); 

end 

     

  

if out_ratio == 1 

    disp('ガス流量[cm^3/min]'); 

    for i = 1:length(hold_gas_flag) 

        

disp([char(species(hold_gas_flag(i))), 

num2str(gas_flax_cm(i))]); 

    end 

    disp('ガス流出量[mol/s]'); 

    for i = 1:length(hold_gas_flag) 

        

disp([char(species(hold_gas_flag(i))), 

num2str(gas_flax_mol(i))]); 

    end 

end 

  

  

  

% 

fprintf(fid,',CH4,%f\n,H2O,%f\n,H2,%f\n,

CO,%f\n,CH2O,%f\n,CH3OH,%f\n,CO2,%f\n,N2

,%f\n',gas_flax_mol(1),gas_flax_mol(2),g

as_flax_mol(3),gas_flax_mol(4),gas_flax_

mol(5),gas_flax_mol(6),gas_flax_mol(7),g

as_flax_mol(27)); 



272 

 

  

rate_foward = sum(foward_reaction,2); 

rate_reverse = sum(reverse_reaction,2); 

rate_net = sum(net_reaction,2); 

total_Area = 

ni111Area+ni211Area+ni100Area; 

  

if print_flux==1 

    disp(' ') 

    for j = 1:num_rxns 

        disp([' Reaction ', num2str(j), 

'      ', num2str(rate_net(j))]) 

    end 

    disp(' ') 

end 

  

if d_sens==1 

fprintf(fid,'ガス流量[cm^3/min]\n'); 

for i = 1:length(hold_gas_flag) 

    fprintf(fid,',%s,%.16f\n', 

species{1,hold_gas_flag(i)},gas_flax_cm(

i)); 

end 

% 

fprintf(fid,',CH4,%f\n,H2O,%f\n,H2,%f\n,

CO,%f\n,CH2O,%f\n,CH3OH,%f\n,CO2,%f\n,N2

,%f\n',gas_flax_cm(1),gas_flax_cm(2),gas

_flax_cm(3),gas_flax_cm(4),gas_flax_cm(5

),gas_flax_cm(6),gas_flax_cm(7),gas_flax

_cm(27)); 

fprintf(fid,'ガス流出量[mol/s]\n'); 

for i = 1:length(hold_gas_flag) 

    fprintf(fid,',%s,%.16f\n', 

species{1,hold_gas_flag(i)},gas_flax_mol

(i)); 

end 

  

fprintf(fid,'Reaction 

rate(sum),,Forward(sum),Reverse(sum),Net

(sum),,K(sum)\n'); 

for j = 1:num_rxns 

    

fprintf(fid,',Reaction%d,%.16f,%.16f,%.1

6f,,%.16f\n',j,rate_foward(j),rate_rever

se(j),rate_net(j),rate_foward(j)/rate_re

verse(j)); 

end 

for i = 1:div_CSTR 

    fprintf(fid,'Reaction 

rate(%d),,Forward(%d),Reverse(%d),Net(%d

),,K(%d)\n',i,i,i,i,i);  

    for j = 1:num_rxns 

        

fprintf(fid,',Reaction%d,%.16f,%.16f,%.1

6f,,%.16f\n',j,foward_reaction(j,i),reve

rse_reaction(j,i),net_reaction(j,i),fowa

rd_reaction(j,i)/reverse_reaction(j,i)); 

    end 

end 

fprintf(fid,'\nk\nCSTR,'); 

for i = 1:div_CSTR 

fprintf(fid,',k_f(%d),k_r(%d)',i,i); 

end 

fprintf(fid,'\n'); 

for i = 1:num_rxns 

    fprintf(fid,',Reacrion%d',i); 

    for j = 1:div_CSTR 

%        disp([k_for(i,j),k_rev(i,j)]) 

        

fprintf(fid,',%.16f,%.16f',k_for(i,j),k_

rev(i,j)); 

    end 
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    fprintf(fid,'\n'); 

end 

end 

  

if d_sens==1 

    

net_all(1:num_rxns,T_index)=rate_net; 

     

    for i=1:div_CSTR 

        

net_all(i*num_rxns+1:(i+1)*num_rxns,T_in

dex)=net_reaction(:,i); 

    end 

end 

  

  

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%% 

%流れ解析自動化 試作 2017/11/20 

%反応物の行方を追うもの 

%『nagare_species_index』で指定したもの

は必ず反応物となる。 

  

if d_sens==1 

  

nagare_species_index =[7];%流れ解析最初

の化学種 2017/11/20 20:18:56 

  

%%%%%%%%%%%%%%%%%%%%%%%初期条件を表示す

るために無理やりこの行にファイル情報の関

数を組み込んだ。2017/11/26 

17:47:10 %%%%%%%%%%%%%%%% 

  

fprintf(fid_m,'初期条件\n,流入量

[cm^3/min],%f\n,滞留時間[s],%f\n ,反応

器温度[K],%f\n,反応器容積[cm^3],%f\n,反

応器圧力[MPa],%f\n', 

FV,t_res,T,V*1E6,P/1e6); 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%% 

  

counter=1; 

  

check_box_all=zeros(num_comps,1); 

  

  

while length(nagare_species_index)>0% 

    

check_box=zeros(num_comps,length(nagare_

species_index)); 

    check_box2=zeros(num_comps,1); 

     

    fprintf(fid_m,'%.16f,',counter); 

    fprintf(fid_m,'\n'); 

     

    counter=counter+1;     

  

    for 

flow_loop=1:length(nagare_species_index) 

         

        fprintf(fid_m,',化学種'); 

        

fprintf(fid_m,'%s,',species{nagare_speci

es_index(flow_loop)}); 

        fprintf(fid_m,'\n');  

  

        l = 

N(:,nagare_species_index(flow_loop)); 

        re=find(l<0); 

        pr=find(l>0); 
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        num_nagare=vertcat(re,pr); 

        

nagare_consumption=zeros(length(re)+leng

th(pr),1);%消費量のための式二つ 

        

num_ad_comsumption=zeros(length(re)+leng

th(pr),1); 

         

        

nagare_supply=zeros(length(re)+length(pr

),1);%供給量のための式二つ 

        

num_ad_supply=zeros(length(re)+length(pr

),1); 

    if length(re)~=0     

        for i=1:length(re) 

            if rate_net(re(i))>0 

                

nagare_consumption(i)=(rate_net(re(i))); 

                

num_ad_comsumption(i)=re(i); 

             

                for j=1:num_comps 

                    if N(re(i),j)>0 

                        

check_box(j,flow_loop)=1; 

                        check_box2(j)=1; 

                    end 

                end 

            end 

           if rate_net(re(i))<0%供給量の

ためのネット速度を行列化、反応番号の記

憶%%%%%%%%%%%%%%%%%%%%%% 

                

nagare_supply(i)=(abs(rate_net(re(i)))); 

                num_ad_supply(i)=re(i); 

           end 

     

        end 

    end     

    if length(pr)~=0   

        for i=1:length(pr) 

            if rate_net(pr(i))<0 

                

nagare_consumption(i+length(re))=(abs(ra

te_net(pr(i)))); 

                

num_ad_comsumption(i+length(re))=pr(i); 

            

                 for j=1:num_comps 

                     if N(pr(i),j)<0 

                        

check_box(j,flow_loop)=1; 

                        check_box2(j)=1; 

                     end    

                 end 

            end     

           if rate_net(pr(i))>0 %供給量

のためのネット速度を行列化、反応番号の記

憶 

                

nagare_supply(i+length(re))=(rate_net(pr

(i))); 

                

num_ad_supply(i+length(re))=pr(i); 

           end 

        end     

       

   end     

        

nagare_fraction_consumption=(nagare_cons

umption./sum(nagare_consumption)); 
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nagare_fraction_supply=(nagare_supply./s

um(nagare_supply)); 

         

        check_box(26,:)=0; 

        check_box(30,:)=0; 

        check_box(44,:)=0; 

         

        check_box2(26)=0; 

        check_box2(30)=0; 

        check_box2(44)=0;        

  

        

nagare_species_index_after=find(check_bo

x(:,flow_loop)>0);       

  

%        

disp('==============start=============='

); 

%        

disp(species{nagare_species_index(flow_l

oop)}); 

%        disp('================'); 

%         

%        for 

i=1:length(nagare_species_index_after) 

%            

disp(species{nagare_species_index_after(

i)}); 

%        end 

%         

%        

disp('==============end===============')

; 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%注目してい

る化学種の消費量を見

る%%%%%%%%%%%%%%%%%%2017/11/25 21:52:58 

        fprintf(fid_m,',,反応番号,反応

式,,,net反応速度,ABS(net),割合,百分率'); 

        fprintf(fid_m,'\n');  

    

        for i=1:length(re)+length(pr) 

            if num_ad_comsumption(i) ~=0 

                fprintf(fid_m,',,'); 

                

fprintf(fid_m,'%d,',num_nagare(i)); 

            

                if 

rate_net(num_ad_comsumption(i))>0 

                    

fprintf(fid_m,'%s,%s,',reaction{num_naga

re(i),1},'=',reaction{num_nagare(i),2}); 

                elseif 

rate_net(num_ad_comsumption(i))<0 

                    

fprintf(fid_m,'%s,%s,',reaction{num_naga

re(i),2},'=',reaction{num_nagare(i),1});   

                end 

                 

                

fprintf(fid_m,'%.16f,',rate_net(num_ad_c

omsumption(i))); 

                

absnet(i)=abs(rate_net(num_ad_comsumptio

n(i)));% 流れ解析で消費量と供給量を表示

するために追加 2017/11/25 21:34:26 

                fprintf(fid_m,'%.16f,', 

absnet(i)); 

                

fprintf(fid_m,'%.16f,',nagare_fraction_c

onsumption(i)); 

                



276 

 

fprintf(fid_m,'%.16f,',100.*nagare_fract

ion_consumption(i)); 

                fprintf(fid_m,'\n'); 

            end 

        end 

%         %%%%%%%%%%%%%%%%%%%%%%%%%%%%注

目している化学種の供給量を見

る%%%%%%%%%%%%%%%%%%2017/11/25 21:52:58 

     if sum(num_ad_supply)~=0 

       fprintf(fid_m,',,反応番号,反応

式,,,net反応速度,ABS(net),割合,百分率'); 

       fprintf(fid_m,'\n');  

         

           for i=1:length(re)+length(pr) 

              if num_ad_supply(i) ~=0 

                 fprintf(fid_m,',,'); 

                 

fprintf(fid_m,'%d,',num_nagare(i)); 

  

                   

                if 

rate_net(num_ad_supply(i))>0 

                    

fprintf(fid_m,'%s,%s,',reaction{num_naga

re(i),1},'=',reaction{num_nagare(i),2}); 

                 elseif 

rate_net(num_ad_supply(i))<0 

                    

fprintf(fid_m,'%s,%s,',reaction{num_naga

re(i),2},'=',reaction{num_nagare(i),1});   

                end 

                 

                

fprintf(fid_m,'%.16f,',rate_net(num_ad_s

upply(i))); 

                

absnet(i)=abs(rate_net(num_ad_supply(i))

);% 流れ解析で消費量と供給量を表示する

ために追加 2017/11/25 21:34:26 

                fprintf(fid_m,'%.16f,', 

absnet(i)); 

                

fprintf(fid_m,'%.16f,',nagare_fraction_s

upply(i)); 

                

fprintf(fid_m,'%.16f,',100.*nagare_fract

ion_supply(i)); 

                fprintf(fid_m,'\n'); 

            end 

        end 

      end 

  

%         

 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%% 

% 

        fprintf(fid_m,',,,,,,,,生成先'); 

        fprintf(fid_m,'\n');  

  

        for 

i=1:length(nagare_species_index_after) 

            fprintf(fid_m,',,,,,,,,'); 

            

fprintf(fid_m,'%s,',species{nagare_speci

es_index_after(i)}); 

             

            if 

check_box_all(nagare_species_index_after

(i))~=0 

                

fprintf(fid_m,'%.16f,',check_box_all(nag
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are_species_index_after(i))); 

            end 

             

            fprintf(fid_m,'\n'); 

        end 

         

        fprintf(fid_m,'\n'); 

        fprintf(fid_m,'\n');  

    end 

     

    for i=1:num_comps 

        if(check_box_all(i)~=0) 

            check_box2(i)=0; 

        end     

    end 

     

    

nagare_species_index=find(check_box2>0); 

     

     for 

i=1:length(nagare_species_index) 

         

check_box_all(nagare_species_index(i))=c

ounter; 

     end 

      

     fprintf(fid_m,',,,,,,,,,次の反応化

学種一覧'); 

     fprintf(fid_m,'\n'); 

      

     for 

i=1:length(nagare_species_index) 

            fprintf(fid_m,',,,,,,,,,'); 

            

fprintf(fid_m,'%s,',species{nagare_speci

es_index(i)}); 

            fprintf(fid_m,'\n'); 

     end 

     

end 

end 

              %%%計算エラーのための確

認%%%% 

        

%               disp('=============確認

用=============='); 

%               disp(num_ad_supply); 

%               disp('num_ad_supply'); 

%               

disp(nagare_species_index_after); 

%               

disp('nagare_species_index_after'); 

%               

disp(nagare_species_index); 

%               

disp('nagare_species_index'); 

%               

disp('================'); 

%          

              %%%%%%%%%%%%%%%%%%%%%%%%%%

% 

  

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  

  

%%出口組成の計算 

%%%%%%H2Oを含めたすべて 

in = 0; 

  

for i = 1:length(hold_gas_flag) 

    in = in + C_graph(sample*div_CSTR, 
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hold_gas_flag(i)); 

end 

y_out_all = 

zeros([1,length(hold_gas_flag)]); 

for i= 1:length(hold_gas_flag) 

    y_out_all(i) = 

C_graph(sample*div_CSTR,hold_gas_flag(i)

)/in; 

end 

if out_ratio == 1; 

    disp('出口組成'); 

    for i = 1:length(hold_gas_flag) 

        

disp([char(species(hold_gas_flag(i))), 

num2str(y_out_all(i))]);   

    end 

end 

  

  

%%%%%%H2Oを除いたもの 

y_out_rmvH2O = 

zeros([1,length(hold_gas_flag)]); 

in = in - C_graph(sample*div_CSTR, 2); 

  

for i= 1:length(hold_gas_flag) 

    if i ~= 2; 

        y_out_rmvH2O(i) = 

C_graph(sample*div_CSTR,hold_gas_flag(i)

)/in; 

    end 

end 

if out_ratio ==1; 

    disp('出口組成(水抜き)'); 

    for i = 1:length(hold_gas_flag) 

        if i ~= 2; 

            

disp([char(species(hold_gas_flag(i))), 

num2str(y_out_rmvH2O(i))]); 

        end 

    end 

end 

  

if d_sens==1 

fprintf(fid,'出口組成\n'); 

for i = 1:length(hold_gas_flag) 

    

fprintf(fid,',%s,%.16f\n',species{1,hold

_gas_flag(i)},y_out_all(i)); 

end 

  

fprintf(fid,'出口組成(水抜き)\n'); 

for i = 1:length(hold_gas_flag) 

    if i ~= 2; 

        

fprintf(fid,',%s,%.16f\n',species{1,hold

_gas_flag(i)},y_out_rmvH2O(i)); 

    end 

end 

end 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%% 

%%%%%%%%%%%%CH4 + H2O = CO + 3 H2 の反

応の時のみ使える 平衡定数の計

算%%%%%%%%%%%%%%%%%%%%%%% 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%% 

T0 = 298.15; 

drt_H0 = 206.11; 

drt_S0 = 214.61; 

da = 36.878; 
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db = 0.10244; 

dc = -3.163e-4; 

dd = 2.543e-7; 

I_dCp_dT = da*(T-T0)+db/2*(T^2-

T0^2)+dc/3*(T^3-T0^3)+dd/4*(T^4-T0^4); 

I_dCo_T_dT = da*log(T/T0)+db*(T-

T0)+dc/2*(T^2-T0^2)+dd/3*(T^3-T0^3); 

drt_H = drt_H0 + I_dCp_dT/1000; 

drt_S = drt_S0 + I_dCo_T_dT; 

drt_G = drt_H - T*drt_S/1000; 

lnK = drt_G*(-1)*1000/R/T; 

Kc = exp(lnK); 

Kp = Kc * R^2 * T^2; 

if out_ratio == 1 

disp('CH4 + H2O = CO + 3 H2 の時'); 

disp(['平衡定数 : ',num2str(Kc)]); 

disp(['圧平衡定数 : ',num2str(Kp)]); 

end 

  

if d_sens==1 

    fprintf(fid,'\nCH4 + H2O = CO + 3 H2 

の時\n,ΔH[kJ/mol],%.16f\n,ΔS[J/(mol・

K)],%.16f\n,ΔG[kJ/mol],%.16f\n,平衡定数

[mol^2],%.16f\n,圧平衡定数[J^2/(K^2・

mol^2)],%.16f\n',drt_H,drt_S,drt_G,Kc,Kp

); 

end 

%%%%%%%ネットの計算 

net_CH4 = 

(rate_net(4)+rate_net(41)+rate_net(73))/

(sites_m2*total_Area/NAv); 

  

%%%%%%%%分圧の計算 

P_sp_i = 

zeros([1,length(hold_gas_flag)]); 

P_sp_o = 

zeros([1,length(hold_gas_flag)]); 

P_sp_av = 

zeros([1,length(hold_gas_flag)]); 

for i = 1:length(hold_gas_flag) 

    P_sp_i(i) = P * 

y0(hold_gas_flag(i)); 

end 

for i = 1:length(hold_gas_flag) 

    P_sp_o(i) = P * y_out_all(i); 

end 

for i = 1:length(hold_gas_flag)  

    P_sp_av(i) = 

(P_sp_i(i)+P_sp_o(i))/2; 

end 

  

if d_sens==1 

% fprintf(fid,'入口分圧

\n,CH4[Pa],%f\n,H2O[Pa],%f\n,H2[Pa],%f\n

,CO[Pa],%f\n,CH2O[Pa],%f\n,CH3OH[Pa],%f\

n,CO2[Pa],%f\n,N2[Pa],%f\n',P_sp_i(1),P_

sp_i(2),P_sp_i(3),P_sp_i(4),P_sp_i(5),P_

sp_i(6),P_sp_i(7),P_sp_i(27)); 

fprintf(fid,'入口分圧\n'); 

for i = 1:length(hold_gas_flag) 

    fprintf(fid,',%s[Pa],%.16f\n', 

species{1,hold_gas_flag(i)},P_sp_i(i)); 

end 

% fprintf(fid,'出口分圧

\n,CH4[Pa],%f\n,H2O[Pa],%f\n,H2[Pa],%f\n

,CO[Pa],%f\n,CH2O[Pa],%f\n,CH3OH[Pa],%f\

n,CO2[Pa],%f\n,N2[Pa],%f\n',P_sp_o(1),P_

sp_o(2),P_sp_o(3),P_sp_o(4),P_sp_o(5),P_

sp_o(6),P_sp_o(7),P_sp_o(27)); 

fprintf(fid,'出口分圧\n'); 

for i = 1:length(hold_gas_flag) 

    fprintf(fid,',%s[Pa],%.16f\n', 
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species{1,hold_gas_flag(i)},P_sp_o(i)); 

end 

% fprintf(fid,'平均分圧

\n,CH4[Pa],%f\n,H2O[Pa],%f\n,H2[Pa],%f\n

,CO[Pa],%f\n,CH2O[Pa],%f\n,CH3OH[Pa],%f\

n,CO2[Pa],%f\n,N2[Pa],%f\n',P_sp_av(1),P

_sp_av(2),P_sp_av(3),P_sp_av(4),P_sp_av(

5),P_sp_av(6),P_sp_av(7),P_sp_av(27)); 

fprintf(fid,'平均分圧\n'); 

for i = 1:length(hold_gas_flag) 

    fprintf(fid,',%s[Pa],%.16f\n', 

species{1,hold_gas_flag(i)},P_sp_av(i)); 

end 

    fprintf(fid,'Net CH4 turnover 

rate,%.16f\n',net_CH4); 

end 

  

if out_ratio == 1 

disp(['Net CH4 turnover rate : 

',num2str(net_CH4)]); 

end 

  

  

%%%%%%%%η(nnn)の算出 

nnn = 

P_sp_av(4)*P_sp_av(3)^3/(P_sp_av(1)*P_sp

_av(2))/Kp; 

if out_ratio == 1 

disp(['η : ',num2str(nnn)]); 

end 

  

%%%%%%%%%ネットから順に計算 

for_CH4_nnn = net_CH4/(1-nnn); 

for_CH4 = 

(rate_foward(4)+rate_foward(41)+rate_fow

ard(73))/(sites_m2*total_Area/NAv); 

rev_CH4 = 

(rate_reverse(4)+rate_reverse(41)+rate_r

everse(73))/(sites_m2*total_Area/NAv); 

if out_ratio == 1 

disp(['Forward CH4 turnover rate : 

',num2str(for_CH4_nnn)]); 

end 

  

if d_sens==1 

fprintf(fid,'η,%.16f\n',nnn); 

fprintf(fid,'Forward CH4 turnover 

rate(ηから),%.16f\nForward CH4 turnover 

rate,%.16f\nReverse CH4 turnover 

rate,%.16f\n',for_CH4_nnn,for_CH4,rev_CH

4); 

end 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%% 

  

  

  

%figure; 

%semilogx(t_traj,Q_traj/Q_final,'x') 

%title('Normalized Reaction Quotient in 

Time'); 

%xlabel('time,sec'); 

ylabel('Q/Q_final'); 

%figure; 

%semilogx(t_traj(1:length(t_traj)-

1),grad_Q); 

%title('Gradient of Reaction Quotient in 

Time'); 

%xlabel('time,sec'); ylabel('dQ/dt'); 

  

%Now, reconvert the solutions of the 
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ODEs to pressure for gas phase species 

  

%for i = 1:num_comps 

%   if gas_flag(i)==1 

%       C_traj(:,i)=C_traj(:,i)*(R*T)/V; 

%   end 

%end 

hold_surf_flag = find(gas_flag==0); 

if d_sens==1 

    if graph ==1 

        figure; 

        

semilogx(t_flag,C_flag(:,hold_surf_flag(

:))*NAv/sites_total);%%%%%%%%%%%%%%%%%%%

%%%%%%%%????????????????????????????????

?考える 

        for i = 1:length(hold_surf_flag) 

            surf_species_legend{i} = 

species{hold_surf_flag(i)}; 

        end 

         

        

legend(surf_species_legend,'Location','B

est'); 

        title('Surface Converage in 

Time'); 

        xlabel('time,sec'); 

ylabel('Fractional Coverage'); 

    end 

end 

  

%%%%%%%%%%%%%%変更_4 開始 

cover = 

zeros([div_CSTR,length(hold_surf_flag)])

; 

  

for j = 1:div_CSTR 

for i=1:20     

    cover(j,i) = 

C_flag(sample*j,hold_surf_flag(i))*NAv/(

sites_total*ni111rate)*div_CSTR; 

end 

for i=21:35 

    cover(j,i) = 

C_flag(sample*j,hold_surf_flag(i))*NAv/(

sites_total*ni211rate)*div_CSTR; 

end 

for i=36:50 

    cover(j,i) = 

C_flag(sample*j,hold_surf_flag(i))*NAv/(

sites_total*ni100rate)*div_CSTR; 

end 

end 

  

cover_av = sum(cover)/div_CSTR; 

  

if coverage == 1 

    disp('Fractional Coverage');  

    for i=1:50 

        

disp([ char(species(hold_surf_flag(i))) 

,num2str(cover(i))]) 

    end 

end 

fprintf(fid,'Surface Coverage\n,'); 

for j = 1:div_CSTR 

    fprintf(fid,',反応器%d',j); 

end 

fprintf(fid,',,平均\n'); 

  

for i = 1:length(hold_surf_flag) 

%     
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fprintf(fid,'CH3(111)*,%f\n,CH2(111)*,%f

\n,CH(111)*,%f\n,C(111)*,%f\n,H(111)*,%f

\n,H2O(111)*,%f\n,OH(111)*,%f\n,O(111)*,

%f\n,CO(111)*,%f\n,CHO(111)*,%f\n,COH(11

1)*,%f\n,CH2O(111)*,%f\n,CHOH(111)*,%f\n

,CH3O(111)*,%f\n,CH3OH(111)*,%f\n,CH2OH(

111)*,%f\n,COOH(111)*,%f\n,CO2(111)*,%f\

n,(111)*,%f\n,Carbon(111)*,%f\n,H(211)*,

%f\n,(211)*,%f\n,H2O(211)*,%f\n,CO(211)*

,%f\n,CH3(211)*,%f\n,CO2(211)*,%f\n,CH2(

211)*,%f\n,CH(211)*,%f\n,C(211)*,%f\n,OH

(211)*,%f\n,O(211)*,%f\n,COH(211)*,%f\n,

CHO(211)*,%f\n,COOH(211)*,%f\n,Carbon(21

1)*,%f\n,(100)*,%f\n,H(100)*,%f\n,H2O(10

0)*,%f\n,CO(100)*,%f\n,CH3(100)*,%f\n,CO

2(100)*,%f\n,CH2(100)*,%f\n,CH(100)*,%f\

n,C(100)*,%f\n,OH(100)*,%f\n,O(100)*,%f\

n,COH(100)*,%f\n,CHO(100)*,%f\n,COOH(100

)*,%f\n,Carbon(100)*,%f\n',cover(1),cove

r(2),cover(3),cover(4),cover(5),cover(6)

,cover(7),cover(8),cover(9),cover(10),co

ver(11),cover(12),cover(13),cover(14),co

ver(15),cover(16),cover(17),cover(18),co

ver(19),cover(20),cover(21),cover(22),co

ver(23),cover(24),cover(25),cover(26),co

ver(27),cover(28),cover(29),cover(30),co

ver(31),cover(32),cover(33),cover(34),co

ver(35),cover(36),cover(37),cover(38),co

ver(39),cover(40),cover(41),cover(42),co

ver(43),cover(44),cover(45),cover(46),co

ver(47),cover(48),cover(49),cover(50)); 

    

fprintf(fid,',%s',species{1,hold_surf_fl

ag(i)}); 

    for j = 1:div_CSTR 

        

fprintf(fid,',%.16f',cover(j,i)); 

    end 

    if div_CSTR ~= 1 

    fprintf(fid,',,%.16f',cover_av(i)); 

    end 

    fprintf(fid,'\n'); 

end 

  

%%%%%%%%%%%%%%%変更_4 終了 

% OC273 = 

zeros([1,length(hold_gas_flag)]); 

% for i = 1:length(hold_gas_flag) 

%     OC273(i) = 

C_graph(final_point_flag,hold_gas_flag(i

))*R*273*60/1.01325e5*1e6; 

% end 

% FV_out = sum(OC273,2); 

% CH4tenka=(FV*y0(1)-

OC273(1))/(FV*yy(1,1)); 

% H2Otenka=(FV*yy(1,2)-

OC273(2))/(FV*yy(1,2)); 

% H2sentak=(OC273(3)/4)/(FV*yy(1,1)-

OC273(1)); 

% CO2sentak=OC273(7)/(FV*yy(1,1)-

OC273(1)); 

% if conv_rate == 1 

%     disp(['Ch4転化率 : ', 

num2str(CH4tenka)]); 

%     disp(['H2O転化率 : ', 

num2str(H2Otenka)]); 

%     disp(['H2選択率 : ', 

num2str(H2sentak)]); 

%     disp(['CO2選択率 : ', 

num2str(CO2sentak)]); 

% end 

% fprintf(fid,'CH4転化率,%.16f\nH2O転化
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率,%.16f\nH2選択率,%.16f\nCO2選択

率,%.16f\n\n経過時

間,%f\n',CH4tenka,H2Otenka,H2sentak,CO2s

entak,toc); 

%  

% if abstract == 1 

%     

fprintf(fid_ch4,'%d,%.16f\n',T,CH4tenka)

; 

%     

fprintf(fid_h2o,'%d,%.16f\n',T,H2Otenka)

; 

%     

fprintf(fid_h2,'%d,%.16f\n',T,H2sentak); 

%     

fprintf(fid_co2,'%d,%.16f\n',T,CO2sentak

); 

% end 

%  

% if length(perturb_index) >= 1 

%     

fprintf(fid_p,'%f,%.16f,%.16f,%.16f,%.16

f,%.16f,%.16f,%.16f,%.16f,,%f\n',FV_out,

FV*yy(1,1)-OC273(1),FV*yy(1,2)-

OC273(2),OC273(3),OC273(7),CH4tenka,H2Ot

enka,H2sentak,CO2sentak,toc); 

% end 

  

tenka = 

zeros([1,length(hold_gas_flag)]); 

for i = 1:length(hold_gas_flag) 

    tenka(i) = ( FV*y0(hold_gas_flag(i)) 

- gas_flax_cm(i) ) / 

( FV*y0(hold_gas_flag(i)) ); 

end 

  

if conv_rate == 1 

    for i = 1:length(hold_gas_flag) 

        

disp([ char(species(hold_surf_flag(i))),

'転化率' ,num2str(tenka(i)) ]); 

    end 

end 

  

FV_out = sum(gas_flax_cm,2); 

  

H2sentak=(gas_flax_cm(3)/4)/(FV*y0(1)-

gas_flax_cm(1)); 

CO2sentak=gas_flax_cm(7)/(FV*y0(1)-

gas_flax_cm(1)); 

  

if d_sens==1 

fprintf(fid,'\n転化率\n'); 

for i = 1:length(hold_gas_flag) 

    fprintf(fid,',%s転化率,%.16f\n', 

species{1,hold_gas_flag(i)},tenka(i)); 

end 

end 

     

fprintf(fid,'選択率\n,H2選択

率,%.16f\n',H2sentak); 

fprintf(fid,',CO2選択

率,%.16f\n',CO2sentak); 

  

if abstract == 0 

    

fprintf(fid_ch4,'%d,%.16f\n',T,tenka(1))

; 

    

fprintf(fid_h2o,'%d,%.16f\n',T,tenka(2))

; 
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fprintf(fid_h2,'%d,%.16f\n',T,H2sentak); 

    

fprintf(fid_co2,'%d,%.16f\n',T,CO2sentak

); 

    fprintf(fid_flux,'%d',T); 

    for i = 1:length(hold_gas_flag) 

        

fprintf(fid_flux,',%.16f',gas_flax_cm(i)

);         

    end 

    fprintf(fid_flux,'\n'); 

end 

  

timer_e = toc; 

this_time = timer_e - timer_s; 

  

if d_sens==1 

    fprintf(fid,'\n\n経過時

間,%f\n',this_time); 

end 

if length(perturb_index) >= 1 

     

fprintf(fid_p,'%f,%.16f,%.16f,%.16f,%.16

f,%.16f,%.16f,%.16f,%.16f,%.16f,%.16f,%.

16f,%.16f,%.16f,,%f,%f\n',FV_out,abs(rat

e_net(7))+abs(rate_net(42))+abs(rate_net

(74)),gas_flax_mol(1),gas_flax_mol(4),FV

*tenka(1),FV*tenka(2),gas_flax_cm(3),gas

_flax_cm(7),tenka(1),tenka(2),tenka(7),t

enka(4),H2sentak,CO2sentak,this_time,toc

); 

end 

  

if d_sens==length(perturb_index)+1 

    if 

and(T_index==length(T_matrix),change_par

a==length(name)) 

        

fprintf(fid_net,'net(sum),Reaction'); 

        fprintf(fid_net,','); 

         

        for i=1:length(T_matrix) 

            

fprintf(fid_net,'%s℃,',num2str(T_matrix

(i))); 

        end 

         

        fprintf(fid_net,'\n'); 

             

        for i=1:num_rxns 

            fprintf(fid_net,','); 

            fprintf(fid_net,'%d,',i); 

            

fprintf(fid_net,'%.12f,',net_all(i,:)); 

            fprintf(fid_net,'\n'); 

        end 

         

        fprintf(fid_net,'\n'); 

        

fprintf(fid_net,'net(1),Reaction'); 

        fprintf(fid_net,','); 

         

        for i=1:length(T_matrix) 

            

fprintf(fid_net,'%s℃,',num2str(T_matrix

(i))); 

        end 

         

        fprintf(fid_net,'\n'); 

         

        for i=1:div_CSTR*num_rxns 

            fprintf(fid_net,','); 
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            fprintf(fid_net,'%d,',i); 

            

fprintf(fid_net,'%.12f,',net_all(num_rxn

s+i,:)); 

            fprintf(fid_net,'\n'); 

        end 

         

        beep 

        h = msgbox('Operation 

Completed'); 

        disp(['このプログラムの経過時間

',num2str(this_time)]); 

        toc 

    end 

end 

  

  

  

  

end  %end statement for d_sens loop 

end 

end 

  

end 

fclose('all'); 

end 

  

  

return; 

  

function [f] = system_equations(t, C, 

k_vals, N, num_comps, num_rxns, 

gas_flag, F0, t_p,fid,timer_s) 

  

global iter; 

iter = iter + 1; 

  

  

  

  

  

for i = 1:num_comps 

    

   value = 0;  

     

   for j = 1:num_rxns 

        

      nu = N(j,i); 

      k_for = k_vals(j,1); 

      k_rev = k_vals(j,2); 

      K = k_for/k_rev; 

      react_index = find(N(j,:)<0); 

      prod_index = find(N(j,:)>0); 

      prod_react = 

prod(C(react_index)'.^(-

N(j,react_index))); 

      prod_prod = 

prod(C(prod_index)'.^N(j,prod_index)); 

       

      value = value + 

nu*k_for*(prod_react - (1/K)*prod_prod); 

      forward(j) = k_for*prod_react; 

      reverse(j) = k_rev*prod_prod; 

      reaction_flux_value(j) =  

k_for*(prod_react - (1/K)*prod_prod); 

   end 

    

   if gas_flag(i)==1 

       value = value + F0(i) - C(i)/t_p; 

   end 

        

   f(i,1) = value; 
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end 

  

global among_rxns 

if among_rxns == 1 

    

fprintf(fid,'%.12f,%.12f,%.12f,',toc-

timer_s,log10(t),t_p); 

    for i = 1:7 

        

fprintf(fid,'%.16f,',C(i)*8.3145*273*60/

1.01325e5*1e6/t_p); 

    end 

    

fprintf(fid,'%.16f,',C(27)*8.3145*273*60

/1.01325e5*1e6/t_p); 

    for i = 1:num_comps 

        fprintf(fid,'%.16f,',C(i)); 

    end 

    for i =1:num_rxns 

        

fprintf(fid,'%.16f,%.16f,%.16f,',forward

(i),reverse(i),reaction_flux_value(i)); 

    end 

    fprintf(fid,'\n'); 

end 

  

return; 

  

function Jac = 

function_Jac(t,C,k_vals,N,num_comps, 

num_rxns,gas_flag,F0,t_p,fid,timer_s) 

  

  

  

for i = 1:num_comps; 

     

    for k = 1:num_comps; 

         

        value_Jac = 0; 

         

        for j = 1:num_rxns 

             

           %Initialize variables 

           prod_react = 0; 

           prod_prod = 0; 

            

           %Assign variables 

           nuji = N(j,i); 

           nujk = N(j,k); 

           k_for = k_vals(j,1); 

           k_rev = k_vals(j,2); 

           K = k_for/k_rev; 

           react_index = find(N(j,:)<0); 

           prod_index = find(N(j,:)>0); 

      

           %If comp k is in reactants, 

calculate reactants product term 

           

if(isempty(find(react_index==k))==0) 

               react_index = 

[react_index(1:find(react_index==k)-

1) ... 

                   

react_index(find(react_index==k)+1:lengt

h(react_index))]; 

                

               if isempty(react_index); 

                   prod_react = 1; 

               else 

                   prod_react = 

prod(C(react_index)'.^(-
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N(j,react_index))); 

               end 

                

               prod_react = 

prod_react*C(k)^(-nujk-1); 

                

           end 

            

           %If comp k is in products, 

calculate products product term 

           

if(isempty(find(prod_index==k))==0) 

               prod_index = 

[prod_index(1:find(prod_index==k)-1) ... 

                   

prod_index(find(prod_index==k)+1:length(

prod_index))]; 

                

               if isempty(prod_index); 

                   prod_prod = 1; 

               else 

                   prod_prod = 

prod(C(prod_index)'.^N(j,prod_index)); 

               end 

            

               prod_prod = 

prod_prod*C(k)^(nujk-1); 

            

           end 

  

           %Calculate J(i,k) 

contribution from the jth reaction 

           value_Jac = value_Jac + 

nuji*k_for*((-nujk)*prod_react - ... 

               (1/K)*(nujk)*prod_prod); 

  

        end    

         

        if gas_flag(i)==1 

            if i==k 

                value_Jac = value_Jac - 

1/t_p; 

            end 

        end 

         

        Jac(i,k) = value_Jac; 

         

    end 

     

end 

  

return; 

  

function [species_traj] = 

Report_Species_Fluxes(t_flag,C_flag,k_va

ls,N,num_comps, ... 

    num_rxns,gas_flag,F0,t_p,flux_index) 

  

species_traj = 

zeros(length(t_flag),length(flux_index))

; 

  

for t = 1:length(t_flag) 

  

    for i = 1:length(flux_index); 

    

        value = 0;  

     

        for j = 1:num_rxns 

        

            nu = N(j,flux_index(i)); 

            k_for = k_vals(j,1); k_rev = 
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k_vals(j,2); 

            K = k_for/k_rev; 

            react_index = 

find(N(j,:)<0); prod_index = 

find(N(j,:)>0); 

            prod_react = 

prod(C_flag(t,react_index).^(-

N(j,react_index))); 

            prod_prod = 

prod(C_flag(t,prod_index).^N(j,prod_inde

x)); 

       

            value = value + 

nu*k_for*(prod_react - (1/K)*prod_prod); 

       

        end 

    

        if gas_flag(i)==1 

            value = value + F0(i) - 

C_flag(t,i)/t_p; 

        end 

         

        species_traj(t,i) = value; 

    

    end 

     

end 

  

  

return; 

  

function [reaction_traj,reaction_index] 

= Report_Reaction_Fluxes(t_flag,... 

        

C_flag,k_vals,N,num_comps,num_rxns,rxn_f

lag,component_index) 

  

count = 0; 

for j = 1:num_rxns 

     

   if N(j,component_index)~=0  

       count = count + 1; 

       reaction_index(count) = j; 

   end 

     

end 

  

reaction_traj = 

zeros(length(t_flag),length(reaction_ind

ex)); 

  

for t = 1:length(t_flag) 

     

    for j = 1:length(reaction_index) 

  

        nu = 

N(reaction_index(j),component_index); 

        k_for = 

k_vals(reaction_index(j),1); k_rev = 

k_vals(reaction_index(j),2); 

        K = k_for/k_rev; 

        react_index = 

find(N(reaction_index(j),:)<0); 

prod_index = 

find(N(reaction_index(j),:)>0); 

        prod_react = 

prod(C_flag(t,react_index).^(-

N(reaction_index(j),react_index))); 

        prod_prod = 

prod(C_flag(t,prod_index).^N(reaction_in

dex(j),prod_index)); 
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        reaction_traj(t,j) = 

nu*k_for*(prod_react-(1/K)*prod_prod); 

             

    end 

  

  

  

end 
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Ⅱ Detailed DFT Information 

 Detailed DFT calculation results obtained in this study (Adsorption sites, DFT 

total energy, convergence tolerance in DFT calculations (SCF, Geometry optimization 

and TS search), atomic coordinates, DOS profiles etc.) are shown as follows. Note that 

effects with direct electric field impressions are calculated with CASTEP (Ver. 2016) [1]. 

Note that effects with direct electric field impressions in O atom adsorption on fcc sites, 

effects of vacuum layer thickness change with direct electric field impressions (involving 

vacuum layer thickness 10 Å), effects with direct electric field impressions in 4 and 5 Ni 

slab layers with/without adsorbed C atom and CH are calculated with CASTEP (Ver. 

2018) [1]. Effects with oxygen co-adsorption on Ni (111) and (211) facets are calculated 

with CASTEP (Ver. 2018). Also, effects with direct electric charge impressions are 

calculated with Quantum ESPRESSO (Ver. 1.3) [2,3]. 

 

A: Direct Electric Field Impression Effects on Ni (111) Surface 

 DFT total energy of each gas species, Ni (111) slab with direct electric field 

impressions, and each adsorbed species on Ni (111) surface with direct electric field 

impressions are shown in Table II.A-1, II.A-2, and II.A-3 respectively. Numbers in each 

DFT total energy table represent calculation case numbers and they correspond to 

numbers in each detailed DFT calculation result described below. 

 

Table II.A-1. DFT total energy of each gas species. 

 
 

 

 

 

Species in gas Final energy [eV] Number

H -13.57 1

C -149.98 2

O -434.76 3

CH -167.19 4

CO -596.12 5

CH3 -204.05 6

CO2 -1037.10 7

CHO -609.92 8

OH -453.02 9

S -300.51 10

CH4 -222.34 11
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Table II.A-2. DFT total energy of Ni (111) slab with direct electric field impressions. 

 
＊Calculated by CASTEP (Ver. 2018) 

 

Table II.A-3. DFT total energy of each adsorbed species on Ni (111) surface with direct 

electric field impressions. 

 

Slab Electric field [eV/Å] Final energy [eV] Number

Ni(111) 450eV 0.5 -36777.22 12

0.25 -36776.84 13

0 -36776.72 14

-0.25 -36776.83 15

-0.5 -36777.21 16

Ni(111) 630eV 0.5 -36777.27 17

0.25 -36776.89 18

0 -36776.78 19

-0.25 -36776.90 20

-0.5 -36777.28 21

Ni(111) 630eV* 0.5 -37139.48 22

0.25 -37139.11 23

0 -37138.98 24

-0.25 -37139.11 25

-0.5 -37139.48 26

Species on slab Adsorption site [Ni (111)] Electric field [eV/ Å] Final energy [eV] Number

H fcc 0.5 -36793.57 27

0.25 -36793.21 28

0 -36793.09 29

-0.25 -36793.22 30

-0.5 -36793.59 31

C hcp 0.5 -36933.83 32

0.25 -36933.47 33

0 -36933.38 34

-0.25 -36933.54 35

-0.5 -36933.94 36

O hcp 0.5 -37217.05 37

0.25 -37216.72 38

0 -37216.64 39

-0.25 -37216.8 40

-0.5 -37217.22 41

O fcc 0.5 -37579.37 42

0.25 -37579.03 43

0 -37578.94 44

-0.25 -37579.1 45

-0.5 -37579.51 46
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 Detailed DFT calculation results of each case on Ni (111) surface with direct 

electric field impressions are shown in Table II.A-4. Numbers in each detailed DFT 

calculation result represent calculation case numbers and they correspond to numbers in 

each DFT total energy table described above. 

 

 

 

CH fcc 0.5 -36950.89 47

0.25 -36950.46 48

0 -36950.3 49

-0.25 -36950.39 50

-0.5 -36950.74 51

CO hcp 0.5 -37375.15 52

0.25 -37374.83 53

0 -37374.79 54

-0.25 -37375.03 55

-0.5 -37375.54 56

CH3 fcc 0.5 -36983.43 57

0.25 -36982.92 58

0 -36982.69 59

-0.25 -36982.72 60

-0.5 -36983.03 61

CO2 top 0.5 -37814.42 62

0.25 -37814.02 63

0 -37813.91 64

-0.25 -37814.09 65

-0.5 -37814.57 66

CHO hcp 0.5 -37390.51 67

0.25 -37390.08 68

0 -37389.92 69

-0.25 -37390.04 70

-0.5 -37390.44 71

OH fcc 0.5 -37233.74 72

0.25 -37233.22 73

0 -37232.96 74

-0.25 -37232.97 75

-0.5 -37233.23 76

S fcc 0.5 -37082.96 77

0.25 -37082.56 78

0 -37082.44 79

-0.25 -37082.58 80

-0.5 -37083 81
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Table II.A-4. Detailed DFT calculation results of each case on Ni (111) surface with 

direct electric field impressions. 

Slab model 3×3 

 

 

1 

SCF 

 

Energy 

 

 

2 

SCF 

 

Geometry Optimization 

 

 

3 

SCF 

 

Energy 

 

 

 

 

 

 

4 

SCF 

 

Geometry Optimization 

 

 

 

5 

SCF 

 

Geometry Optimization 
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 The density of states (DOS) profiles of each adsorbed species (H atom, O atom, 

CH, CO, CH3, CO2, CHO, C atom, OH, and S atom) on Ni (111) surface with electric 

field impressions are shown in Figure II.A-1, II.A-2, II.A-3, II.A-4, II.A-5, II.A-6, II.A-

7, II.A-8, II.A-9, and II.A-10 respectively. 

 

 

Figure II.A-1. DOS of H atom on Ni (111) surface with direct electric field impressions. 

 

 

Figure II.A-2. DOS of O atom on Ni (111) surface with direct electric field impressions. 
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Figure II.A-3. DOS of CH on Ni (111) surface with direct electric field impressions. 

 

 

Figure II.A-4. DOS of CO on Ni (111) surface with direct electric field impressions. 
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Figure II.A-5. DOS of CH3 on Ni (111) surface with direct electric field impressions. 

 

 

Figure II.A-6. DOS of CO2 on Ni (111) surface with direct electric field impressions. 
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Figure II.A-7. DOS of CHO on Ni (111) surface with direct electric field impressions. 

 

 

Figure II.A-8. DOS of C atom on Ni (111) surface with direct electric field impressions. 
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Figure II.A-9. DOS of OH on Ni (111) surface with direct electric field impressions. 

 

 

Figure II.A-10. DOS of S atom on Ni (111) surface with direct electric field 

impressions. 

 

Schematic diagrams of the electric polarization, induced (atomic) electric dipole 

moment, and electric dipole moment in each adsorbed species (H atom, O atom, CH, CO, 

CH3, CO2, CHO, C atom, OH, and S atom) with the electric field in [0 0 1] direction are 

shown in Figure II.A-11. 
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Figure II.A-11. Schematic diagrams of the electric polarization, induced (atomic) 

electric dipole moment, and electric dipole moment in each adsorbed species with the 

electric field in [0 0 1] direction (p: induced (atomic) electric dipole moment, μ: electric 

dipole moment). 

 

The adsorption energy plots of each adsorbed species with external electric fields 

in this study and those of H atom, C atom, CH and CH3 in the early study [4] are shown 

in Figure II.A-12. 
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Figure II.A-12. The adsorption energy plots of each adsorbed species with external 

electric fields in this study (circle plots) and those of H atom, C atom, CH and CH3 in 

the early study [4] (triangle plots). 
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DFT total energy of Ni (111) slab and adsorbed O atom on Ni (111) surface with 

direct electric field impressions in the case of some vacuum layer thickness (5, 10, 15 and 

20 Å) are shown in Table II.A-5 and II.A-6 respectively. Numbers in each DFT total 

energy table represent calculation case numbers and they correspond to numbers in each 

detailed DFT calculation result described below. Note that these calculation are 

performed with CASTEP (Ver. 2018). 

 

Table II.A-5. DFT total energy of Ni (111) slab with direct electric field impressions in 

the case of some vacuum layer thickness (5, 10, 15 and 20 Å). 

 

 

 

 

 

 

 

 

 

 

 

Ni (111) slab, 630eV Electric field [eV/Å] Final energy [eV] Number

Vacuum 5Å 0.5 -36777.22 82

0.25 -36776.84 83

0 -36776.72 84

-0.25 -36776.83 85

-0.5 -36777.21 86

Vacuum 10Å 0.5 -36777.27 87

0.25 -36776.89 88

0 -36776.78 89

-0.25 -36776.90 90

-0.5 -36777.28 91

Vacuum 15Å 0.5 -37139.48 92

0.25 -37139.11 93

0 -37138.98 94

-0.25 -37139.11 95

-0.5 -37139.48 96

Vacuum 20Å 0.5 -36777.27 97

0.25 -36776.89 98

0 -36776.78 99

-0.25 -36776.90 100

-0.5 -36777.28 101
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Table II.A-6. DFT total energy of adsorbed O atom on Ni (111) surface with direct 

electric field impressions in the case of some vacuum layer thickness (5, 10, 15 and 20 

Å). 

 

 

Detailed DFT calculation results of Ni (111) slab and adsorbed O atom on Ni 

(111) surface with direct electric field impressions in the case of some vacuum layer 

thickness (5, 10, 15 and 20 Å) are shown in Table II.A-7. Numbers in each detailed DFT 

calculation result represent calculation case numbers and they correspond to numbers in 

each DFT total energy table described above. Note that these calculation are performed 

with CASTEP (Ver. 2018). 

 

Table II.A-7. Detailed DFT calculation results of each case on Ni (111) surface with 

direct electric field impressions in the case of some vacuum layer thickness (5, 10, 15 

and 20 Å). 

Slab model 3×3 

 

O on Ni (111) slab, 630eV Electric field [eV/Å] Final energy [eV] Number

Vacuum 5Å 0.5 -36777.22 102

0.25 -36776.84 103

0 -36776.72 104

-0.25 -36776.83 105

-0.5 -36777.21 106

Vacuum 10Å 0.5 -36777.27 107

0.25 -36776.89 108

0 -36776.78 109

-0.25 -36776.90 110

-0.5 -36777.28 111

Vacuum 15Å 0.5 -37139.48 112

0.25 -37139.11 113

0 -37138.98 114

-0.25 -37139.11 115

-0.5 -37139.48 116

Vacuum 20Å 0.5 -36777.27 117

0.25 -37579.01 118

0 -36776.78 119

-0.25 -36776.90 120

-0.5 -36777.28 121
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Gometry Optimization 
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110 

SCF 
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111 

SCF 

 

Gometry Optimization 

 

 

 

112 

SCF 

 

Gometry Optimization 

 

 

 

113 

SCF 

 

Gometry Optimization 
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114 

SCF 

 

Gometry Optimization 

 

 

 

115 

SCF 
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116 

SCF 

 

Gometry Optimization 

 

 

 

117 

SCF 
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331 

 

118 

SCF 
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119 

SCF 

 

Gometry Optimization 

 

 

 

120 

SCF 

 

Gometry Optimization 

 

 

 

121 

SCF 

 

Gometry Optimization 

 

 

 



332 

 

The adsorption energy change of adsorbed O atom on Ni (111) surface with an 

electric field in the case of some vacuum layer thickness is shown in Table II.A-8, II.A-9 

(vacuum layer thickness: 5, 10, 15 and 20 Å) and Figure II.A-13 (vacuum layer thickness: 

10, 15 and 20 Å). 

 

Table II.A-8. Effects on the adsorption energy of O atom on Ni (111) with direct 

electric field impressions in the case of some vacuum layer thickness (5, 10, 15 and 20 

Å). 

 

 

Table II.A-9. Effects on the adsorption energy change of O atom between with/without 

direct electric field impressions in the case of some vacuum layer thickness (5, 10, 15 

and 20 Å). 

 

 

 

Figure II.A-13. The adsorption energy plots of O atom with external electric fields in 

the case of some vacuum layer thickness (10, 15 and 20 Å). 

5Å 10Å 15Å 20Å

0.50 -2.38 -5.12 -5.13 -5.14

0.25 -3.08 -5.16 -5.16 -5.17

0 -5.16 -5.19 -5.19 -5.19

-0.25 -6.53 -5.23 -5.22 -5.22

-0.50 -7.88 -5.26 -5.25 -5.24

External field [V/Å]
E ads, EF  [eV]

5Å 10Å 15Å 20Å

0.50 2.77 0.07 0.06 0.05

0.25 2.07 0.04 0.03 0.03

-0.25 -1.38 -0.04 -0.03 -0.02

-0.50 -2.72 -0.07 -0.05 -0.05

ΔE ads, EF  [eV]
External field [V/Å]
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DFT total energy of Ni (111) slab and adsorbed C atom and CH on Ni (111) 

surface with 3, 4 and 5 Ni slab layers under direct electric field impressions are shown in 

Table II.A-10 and II.A-11 respectively. Numbers in each DFT total energy table represent 

calculation case numbers and they correspond to numbers in each detailed DFT 

calculation result described below. Note that these calculations are performed with 

CASTEP (Ver. 2018). 

 

Table II.A-10. DFT total energy of Ni (111) slab with 3, 4 and 5 Ni slab layers under 

direct electric field impressions. 

 

 

 

 

 

 

 

Ni (111) slab, 450eV Electric field [eV/Å] Final energy [eV] Number

3 layers 1.0 -37141.01 122

0.5 -36777.22 (12)

0.25 -36776.84 (13)

0 -36776.72 (14)

-0.25 -36776.83 (15)

-0.5 -36777.21 (16)

-1.0 -37141.01 123

4 layers 1.0 -49525.73 124

0.5 -49523.47 125

0.25 -49522.92 126

0 -49522.74 127

-0.25 -49522.92 128

-0.5 -49523.47 129

-1.0 -49525.72 130

5 layers 1.0 -61910.48 131

0.5 -61907.31 132

0.25 -61906.55 133

0 -61906.30 134

-0.25 -61906.55 135

-0.5 -61907.31 136

-1.0 -61910.46 137



334 

 

Table II.A-11. DFT total energy of adsorbed C atom and CH on Ni (111) surface with 3, 

4 and 5 Ni slab layers under direct electric field impressions. 

 

 

Detailed DFT calculation results of Ni (111) slab and adsorbed C atom and CH 

on Ni (111) surface with 3, 4 and 5 Ni slab layers under direct electric field impressions 

are shown in Table II.A-12. Numbers in each detailed DFT calculation result represent 

calculation case numbers and they correspond to numbers in each DFT total energy table 

described above. Note that these calculations are performed with CASTEP (Ver. 2018). 

 

3 layers

Species on slab Adsorption site [Ni (111)] Electric field [eV/ Å] Final energy [eV] Number

C hcp 1.0 -37297.54 138

0.5 -36933.83 (32)

0 -36933.38 (34)

-0.5 -36933.94 (36)

-1.0 -37297.79 139

CH fcc 1.0 -37314.79 140

0.5 -36950.89 (47)

0 -36950.30 (49)

-0.5 -36950.74 (51)

-1.0 -37314.65 141

4 layers

Species on slab Adsorption site [Ni (111)] Electric field [eV/ Å] Final energy [eV] Number

C hcp 1.0 -49682.25 142

0.5 -49680.08 143

0 -49679.43 144

-0.5 -49680.24 145

-1.0 -49682.60 146

CH fcc 1.0 -49699.54 147

0.5 -49697.17 148

0 -49696.33 149

-0.5 -49697.01 150

-1.0 -49698.89 151

5 layers

Species on slab Adsorption site [Ni (111)] Electric field [eV/ Å] Final energy [eV] Number

C hcp 1.0 -62067.49 152

0.5 -62063.95 153

0 -62063.04 154

-0.5 -62064.14 155

-1.0 -62066.52 156

CH fcc 1.0 -62085.04 157

0.5 -62081.07 158

0 -62079.94 159

-0.5 -62080.89 160

-1.0 -62084.31 161
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Table II.A-12. Detailed DFT calculation results of each case on Ni (111) surface with 3, 

4 and 5 Ni slab layers under direct electric field impressions. (the detailed Ni slab model 

3 layers 3×3 result is shown in Table II.A-4.) 

Ni slab model 4 layers 3×3 

 

 

Ni slab model 5 layers 3×3 

 

 

122 

SCF 

 

Geometry Optimization 

 

 

123 

SCF 

 

Geometry Optimization 
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Geometry Optimization 

 

 

 

125 

SCF 

 

Geometry Optimization 

 

 

 

126 

SCF 

 

Geometry Optimization 

 

 

 

127 

SCF 

 

Geometry Optimization 
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128 

SCF 

 

Geometry Optimization 

 

 

 

129 

SCF 

 

Geometry Optimization 

 

 

 

130 

SCF 

 

Geometry Optimization 

 

 

 

131 

SCF 

 

Geometry Optimization 
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132 

SCF 

 

Geometry Optimization 

 

 

 

133 

SCF 

 

Geometry Optimization 

 

 

134 

SCF 

 

Geometry Optimization 

 

 

 

135 

SCF 

 

Geometry Optimization 
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136 

SCF 

 

Geometry Optimization 

 

 

 

137 

SCF 

 

Geometry Optimization 

 

 

 

138 

SCF 

 

Geometry Optimization 

 

 

 

139 

SCF 

 

Geometry Optimization 
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140 

SCF 

 

Geometry Optimization 

 

 

 

141 

SCF 

 

Geometry Optimization 

 

 

 

 

 

142 

SCF 

 

Geometry Optimization 

 

 

 

143 

SCF 

 

Geometry Optimization 
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144 

SCF 

 

Geometry Optimization 

 

 

 

145 

SCF 

 

Geometry Optimization 

 

 

 

146 

SCF 

 

Geometry Optimization 

 

 

 

147 

SCF 

 

Geometry Optimization 
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148 

SCF 

 

Geometry Optimization 

 

 

 

149 

SCF 

 

Geometry Optimization 

 

 

150 

SCF 

 

Geometry Optimization 

 

 

 

151 

SCF 

 

Geometry Optimization 
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152 

SCF 

 

Geometry Optimization 

 

 

 

153 

SCF 

 

Geometry Optimization 

 

 

154 

SCF 

 

Geometry Optimization 

 

 

 

155 

SCF 

 

Geometry Optimization 
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156 

SCF 

 

Geometry Optimization 

 

 

 

157 

SCF 

 

Geometry Optimization 

 

 

158 

SCF 

 

Geometry Optimization 

 

 

 

159 

SCF 

 

Geometry Optimization 

 

 



345 

 

160 

SCF 

 

Geometry Optimization 

 

 

 

161 

SCF 

 

Geometry Optimization 
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Mulliken charge of each Ni slab layer atom in the case of 4 and 5 Ni slab layers 

is shown in Table II.A-13 and II.A-14, respectively. 

 

Table II.A-13. Mulliken charge of one Ni atom on each slab layer in the case of 4 Ni 

slab layers. 

 

 

Table II.A-14. Mulliken charge of one Ni atom on each slab layer in the case of 5 Ni 

slab layers. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Mulliken charge [e]

Ni slab layer EF=0.5 EF=0.25 EF=0 EF=-0.25 EF=-0.5

1
st
 layer -0.04 -0.05 -0.06 -0.07 -0.08

2
nd

 layer 0.07 0.07 0.06 0.05 0.05

3
rd

 layer 0.05 0.05 0.06 0.07 0.07

4
th

 layer -0.08 -0.07 -0.06 -0.05 -0.04

Mulliken charge [e]

Ni slab layer EF=0.5 EF=0.25 EF=0 EF=-0.25 EF=-0.5

1
st
 layer -0.04 -0.05 -0.07 -0.08 -0.09

2
nd

 layer 0.09 0.08 0.08 0.07 0.06

3
rd

 layer -0.02 -0.02 -0.02 -0.02 -0.02

4
th

 layer 0.06 0.07 0.08 0.08 0.09

5
th

 layer -0.09 -0.08 -0.07 -0.05 -0.04
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The adsorption energy change of adsorbed C atom and CH on Ni (111) surface 

with 3, 4 and 5 Ni slab layers under direct electric field impressions is shown in Table 

II.A-15, II.A-16, and Figure II.A-14 (electric field magnitude: -1.0, -0.5, 0, 0.5, and 1.0 

V/Å). 

 

Table II.A-15. Effects on the adsorption energy of C atom and CH on Ni (111) with 3, 4 

and 5 Ni slab layers under direct electric field impressions. 

 

 

 

 

 

 

3 layers

C CH

1.0 -6.55 -6.59

0.5 -6.63 -6.49

0 -6.68 -6.39

-0.5 -6.75 -6.35

-1.0 -6.96 -6.45

4 layers

C CH

1.0 -6.54 -6.62

0.5 -6.63 -6.51

0 -6.70 -6.40

-0.5 -6.79 -6.35

-1.0 -6.90 -5.99

5 layers

C CH

1.0 -6.52 -7.38

0.5 -6.67 -6.58

0 -6.76 -6.45

-0.5 -6.85 -6.40

-1.0 -7.06 -6.67

E ads, EF  [eV]
External field [V/Å]

External field [V/Å]
E ads, EF  [eV]

E ads, EF  [eV]
External field [V/Å]
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Table II.A-16. Effects on the adsorption energy change of C atom and CH between 

with/without direct electric field impressions in the case of 3, 4 and 5 Ni slab layers. 

 

 

 

Figure II.A-14. The adsorption energy plots of C atom and CH with external electric 

fields in the case of 3, 4 and 5 Ni slab layers. 

3 layers

C CH

1.0 0.13 -0.20

0.5 0.05 -0.10

-0.5 -0.07 0.04

-1.0 -0.28 -0.06

4 layers

C CH

1.0 0.16 -0.22

0.5 0.07 -0.11

-0.5 -0.08 0.05

-1.0 -0.20 0.41

5 layers

C CH

1.0 0.24 -0.93

0.5 0.09 -0.12

-0.5 -0.10 0.06

-1.0 -0.30 -0.21

ΔE ads, EF  [eV]
External field [V/Å]

External field [V/Å]
ΔE ads, EF  [eV]

External field [V/Å]
ΔE ads, EF  [eV]
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B: Direct Electric Charge Impression Effects on Ni (111) Surface 

DFT total energy of each gas species, Ni (111) slab with direct electric charge 

impressions, and each adsorbed species on Ni (111) surface with direct electric charge 

impressions are shown in Table II.B-1, II.B-2, and II.B-3 respectively. Numbers in each 

DFT total energy table represent calculation case numbers and they correspond to 

numbers in each detailed DFT calculation result described below. 

 

Table II.B-1. DFT total energy of each gas species. 

 

 

Table II.B-2. DFT total energy of Ni (111) slab with direct electric charge impressions. 

 

 

 

 

Species in gas Final energy [Ry] Number

H -1.00 1

O -31.52 2

CH -12.09 3

CO -43.19 4

CH3 -14.81 5

CO2 -75.19 6

CHO -44.21 7

CH4 -16.15 8

Slab Charge state [e] Final energy [Ry] Number

Ni (111) vacuum 10 Å 0.05 -2318.33 9

0.04 -2318.34 10

0.03 -2318.34 11

0.02 -2318.34 12

0.015 -2318.35 13

0.01 -2318.35 14

0.005 -2318.35 15

0 -2318.35 16

-0.005 -2318.35 17

-0.01 -2318.36 18

-0.015 -2318.36 19

-0.02 -2318.36 20

-0.03 -2318.36 21

-0.04 -2318.36 22

-0.05 -2318.37 23

Ni (111) vacuum 15 Å 0 -2318.35 24

-0.015 -2318.36 25

Ni (111) vacuum 20 Å 0 -2318.35 26

-0.015 -2318.36 27
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Table II.B-3. DFT total energy of each adsorbed species on Ni (111) surface with direct 

electric charge impressions. 

 

Species on slab Adsorption site [Ni (111)] Charge state [e] Final energy [Ry] Number

H fcc 0.05 -2319.53 28

0.04 -2319.53 29

0.03 -2319.54 30

0.02 -2319.54 31

0.015 -2319.55 32

0.01 -2319.55 33

0.005 -2319.55 34

0 -2319.55 35

-0.005 -2319.55 36

-0.01 -2319.55 37

-0.015 -2319.56 38

-0.02 -2319.56 39

-0.03 -2319.56 40

-0.04 -2319.56 41

-0.05 -2319.57 42

O vacuum 10 Å fcc 0.05 -2350.24 43

0.04 -2350.25 44

0.03 -2350.25 45

0.02 -2350.25 46

0.015 -2350.26 47

0.01 -2350.26 48

0.005 -2350.26 49

0 -2350.26 50

-0.005 -2350.26 51

-0.01 -2350.27 52

-0.015 -2350.27 53

-0.02 -2350.27 54

-0.03 -2350.27 55

-0.04 -2350.28 56

-0.05 -2350.28 57

O vacuum 20 Å fcc 0 -2350.26 58

-0.015 -2350.27 59

CH fcc 0.05 -2330.87 60

0.04 -2330.88 61

0.03 -2330.88 62

0.02 -2330.89 63

0.015 -2330.89 64

0.01 -2330.89 65

0.005 -2330.89 66

0 -2330.89 67

-0.005 -2330.89 68

-0.01 -2330.90 69

-0.015 -2330.90 70

-0.02 -2330.90 71

-0.03 -2330.90 72

-0.04 -2330.91 73

-0.05 -2330.91 74
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CO hcp 0.05 -2361.65 75

0.04 -2361.66 76

0.03 -2361.66 77

0.02 -2361.67 78

0.015 -2361.67 79

0.01 -2361.67 80

0.005 -2361.68 81

0 -2361.68 82

-0.005 -2361.68 83

-0.01 -2361.68 84

-0.015 -2361.68 85

-0.02 -2361.69 86

-0.03 -2361.69 87

-0.04 -2361.69 88

-0.05 -2361.70 89

CH3 fcc 0.05 -2333.27 90

0.04 -2333.27 91

0.03 -2333.28 92

0.02 -2333.28 93

0.015 -2333.28 94

0.01 -2333.29 95

0.005 -2333.29 96

0 -2333.29 97

-0.005 -2333.29 98

-0.01 -2333.29 99

-0.015 -2333.29 100

-0.02 -2333.29 101

-0.03 -2333.30 102

-0.04 -2333.30 103

-0.05 -2333.30 104

CO2 top 0.05 -2393.52 105

0.04 -2393.53 106

0.03 -2393.53 107

0.02 -2393.54 108

0.015 -2393.54 109

0.01 -2393.54 110

0.005 -2393.54 111

0 -2393.55 112

-0.005 -2393.55 113

-0.01 -2393.55 114

-0.015 -2393.55 115

-0.02 -2393.55 116

-0.03 -2393.56 117

-0.04 -2393.56 118

-0.05 -2393.56 119

CHO hcp 0.05 -2362.77 120

0.04 -2362.77 121

0.03 -2362.78 122

0.02 -2362.78 123

0.015 -2362.78 124

0.01 -2362.79 125

0.005 -2362.79 126

0 -2362.79 127

-0.005 -2362.79 128

-0.01 -2362.79 129

-0.015 -2362.79 130

-0.02 -2362.80 131

-0.03 -2362.80 132

-0.04 -2362.80 133

-0.05 -2362.80 134
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Detailed DFT calculation results of each case on Ni (111) surface with direct 

electric charge impressions are shown in Table II.B-5. Numbers in each detailed DFT 

calculation result represent calculation case numbers and they correspond to numbers in 

each DFT total energy table described above. 

 

Table II.B-5. Detailed DFT calculation results of each case on Ni (111) surface with 

direct electric charge impressions. 

1 

SCF 

convergence threshold = 1.0E-06 

Energy 

energy < 1.0E-04 Ry, force < 1.0E-03 Ry/Bohr 

 

2 

SCF 

convergence threshold = 1.0E-06 

Energy 

energy < 1.0E-04 Ry, force < 1.0E-03 Ry/Bohr 

 

3 

SCF 

convergence threshold = 1.0E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.0E-03 Ry/Bohr 

 

 

4 

SCF 

convergence threshold = 1.0E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.0E-03 Ry/Bohr 

 

5 

SCF 

convergence threshold = 1.0E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.0E-03 Ry/Bohr 

 

 

6 

SCF 

convergence threshold = 1.0E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.0E-03 Ry/Bohr 

 

 

7 

SCF 

convergence threshold = 1.0E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.0E-03 Ry/Bohr 
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8 

SCF 

convergence threshold = 1.0E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.0E-03 Ry/Bohr 

 

 

 

 

9 

SCF 

convergence threshold = 2.2E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.2E-03 Ry/Bohr 

 

 

 

 

 

 

 

 

 

 

 

 

10 

SCF 

convergence threshold = 1.0E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.0E-03 Ry/Bohr 

 

 

 

 

11 

SCF 

convergence threshold = 1.0E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.0E-03 Ry/Bohr 

 

 



354 

 

12 

SCF 

convergence threshold = 2.2E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.2E-03 Ry/Bohr 

 

 

 

 

13 

SCF 

convergence threshold = 1.0E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.0E-03 Ry/Bohr 

 

 

14 

SCF 

convergence threshold = 1.0E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.0E-03 Ry/Bohr 

 

 

 

 

15 

SCF 

convergence threshold = 1.0E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.0E-03 Ry/Bohr 
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16 

SCF 

convergence threshold = 1.0E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.0E-03 Ry/Bohr 

 

 

 

 

17 

SCF 

convergence threshold = 1.0E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.0E-03 Ry/Bohr 

 

 

18 

SCF 

convergence threshold = 1.0E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.0E-03 Ry/Bohr 

 

 

 

 

19 

SCF 

convergence threshold = 1.0E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.0E-03 Ry/Bohr 
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20 

SCF 

convergence threshold = 1.0E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.0E-03 Ry/Bohr 

 

 

 

 

21 

SCF 

convergence threshold = 1.0E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.0E-03 Ry/Bohr 

 

 

22 

SCF 

convergence threshold = 1.0E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.0E-03 Ry/Bohr 

 

 

 

 

23 

SCF 

convergence threshold = 2.2E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.2E-03 Ry/Bohr 
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24 

SCF 

convergence threshold = 1.0E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.0E-03 Ry/Bohr 

 

 

 

 

25 

SCF 

convergence threshold = 1.0E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.0E-03 Ry/Bohr 

 

 

26 

SCF 

convergence threshold = 1.0E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.0E-03 Ry/Bohr 

 

 

 

 

27 

SCF 

convergence threshold = 1.0E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.0E-03 Ry/Bohr 
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28 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 

 

 

 

 

29 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 

 

 

30 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 

 

 

 

 

31 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 
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32 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 

 

 

 

 

33 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 

 

 

34 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 

 

 

 

 

35 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 
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36 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 

 

 

 

 

37 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 

 

 

38 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 

 

 

 

 

39 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 
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40 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 

 

 

 

 

41 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 

 

 

42 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 

 

 

 

 

43 

SCF 

convergence threshold = 2.2E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.2E-03 Ry/Bohr 

 

 



362 

 

44 

SCF 

convergence threshold = 2.2E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.2E-03 Ry/Bohr 

 

 

 

 

45 

SCF 

convergence threshold = 2.2E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.2E-03 Ry/Bohr 

 

 

46 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 

 

 

 

 

47 

SCF 

convergence threshold = 2.2E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.2E-03 Ry/Bohr 
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48 

SCF 

convergence threshold = 2.2E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.2E-03 Ry/Bohr 

 

 

 

 

49 

SCF 

convergence threshold = 2.2E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.2E-03 Ry/Bohr 

 

 

50 

SCF 

convergence threshold = 2.2E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.2E-03 Ry/Bohr 

 

 

 

 

51 

SCF 

convergence threshold = 2.2E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.2E-03 Ry/Bohr 
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52 

SCF 

convergence threshold = 2.2E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.2E-03 Ry/Bohr 

 

 

 

 

53 

SCF 

convergence threshold = 2.2E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.2E-03 Ry/Bohr 

 

 

54 

SCF 

convergence threshold = 2.2E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.2E-03 Ry/Bohr 

 

 

 

 

55 

SCF 

convergence threshold = 2.2E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.2E-03 Ry/Bohr 
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56 

SCF 

convergence threshold = 2.2E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.2E-03 Ry/Bohr 

 

 

 

 

57 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 

 

 

58 

SCF 

convergence threshold = 2.2E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.2E-03 Ry/Bohr 

 

 

 

 

59 

SCF 

convergence threshold = 2.2E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.2E-03 Ry/Bohr 
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60 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 

 

 

 

 

61 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 

 

 

62 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 

 

 

 

 

63 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 
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64 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 

 

 

 

 

65 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 

 

 

66 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 

 

 

 

 

67 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 
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68 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 

 

 

 

 

69 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 

 

 

70 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 

 

 

 

 

71 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 
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72 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 

 

 

 

 

73 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 

 

 

74 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 

 

 

 

 

75 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 
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76 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 

 

 

 

 

77 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 

 

 

78 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 

 

 

 

 

79 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 
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80 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 

 

 

 

 

81 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 

 

 

82 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 

 

 

 

 

83 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 
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84 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 

 

 

 

 

85 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 

 

 

86 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 

 

 

 

 

87 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 
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88 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 

 

 

 

 

89 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 

 

 

90 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 

 

 

 

 

91 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 
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92 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 

 

 

 

 

93 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 

 

 

94 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 

 

 

 

 

95 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 

 

 



375 

 

96 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 

 

 

 

 

97 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 

 

 

98 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 

 

 

 

 

99 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 

 

 



376 

 

100 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 

 

 

 

 

101 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 

 

 

102 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 

 

 

 

 

103 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 
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104 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 

 

 

 

 

105 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 

 

 

106 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 

 

 

 

 

107 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 
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108 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 

 

 

 

 

109 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 

 

 

110 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 

 

 

 

 

111 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 
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112 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 

 

 

 

 

113 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 

 

 

114 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 

 

 

 

 

115 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 
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116 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 

 

 

 

 

117 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 

 

 

118 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 

 

 

 

 

119 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 
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120 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 

 

 

 

 

121 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 

 

 

122 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 

 

 

 

 

123 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 
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124 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 

 

 

 

 

125 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 

 

 

126 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 

 

 

 

 

127 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 
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128 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 

 

 

 

 

129 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 

 

 

130 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 

 

 

 

 

131 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 

 

 



384 

 

132 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 

 

 

 

 

133 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 

 

 

134 

SCF 

convergence threshold = 4.4E-06 

Geometry Optimization 

energy < 1.0E-04 Ry, force < 1.9E-03 Ry/Bohr 
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C: Oxygen Co-Adsorption Effects on Ni (111) Surface 

DFT total energy of each gas species, Ni (111) slab with co-adsorbed oxygen 

atoms, and each adsorbed species with co-adsorbed oxygen atoms on Ni (111) surface are 

shown in Table II.C-1, II.C-2, and II.C-3 respectively. Numbers in each DFT total energy 

table represent calculation case numbers and they correspond to numbers in each detailed 

DFT calculation result described below. 

 

Table II.C-1. DFT total energy of each gas species. 

 

 

Table II.C-2. DFT total energy of Ni (111) slab with co-adsorbed oxygen atoms. 

 

 

 

 

  

Species in gas Final energy [eV] Number

H -13.60 1

C -150.00 2

O -434.77 3

CH -167.24 4

CO -596.12 5

CH3 -204.18 6

CO2 -1037.10 7

CHO -609.92 8

OH -453.03 9

S -300.51 10

CH4 -222.49 11

Ni (111) slab, 630eV Oxygen coverage θ Final energy [eV] Number

3×3 θ =0 -37139.06 12

θ =1/9 -37578.95 (32)

θ =2/9 -38018.84 (35)

θ =3/9 -38458.66 (37)

θ =6/9 -39774.59 13

3×2 θ =0 -24759.37 14

θ =1/6 -16946.25 (33)

2×2 θ =0 -16506.22 15

θ =1/4 -16946.25 (34)
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Table II.C-3. DFT total energy of each adsorbed species with co-adsorbed oxygen atoms 

on Ni (111) surface. 

 

Species on slab Adsorption site [Ni (111)] Oxygen coverage θ Final energy [eV] Number

H fcc θ =0 (3×3) -37155.45 16

θ =0 (3×2) -24775.73 17

θ =0 (2×2) -16522.62 18

θ =1/9 -37595.33 19

θ =1/6 -25215.61 20

θ =2/9 -38035.18 21

θ =1/4 -16962.36 22

θ =3/9 -38474.82 23

θ =6/9 -39790.34 24

hcp θ =0 (2×2) -16522.61 25

θ =1/4 -16962.46 26

C fcc θ =0 (3×3) -37295.62 27

θ =1/9 -37735.54 28

θ =2/9 -38175.37 29

hcp θ =0 (3×3) -37295.72 30

θ =1/9 -37735.62 31

θ =2/9 -38175.39 32

O fcc θ =0 (3×3) -37578.95 33

θ =0 (3×2) -16946.25 34

θ =0 (2×2) -16946.25 35

θ =1/9 -38018.84 36

θ =1/6 -25638.91 37

θ =2/9 -38458.66 38

θ =1/4 -17385.35 39

θ =3/9 -38897.69 40

θ =6/9 -40212.28 41

hcp θ =0 (2×2) -16946.17 42

θ =1/4 -17385.31 43

CH fcc θ =0 (3×3) -37312.67 44

θ =0 (3×2) -24932.95 45

θ =0 (2×2) -16679.80 46

θ =1/9 -37752.54 47

θ =1/6 -25372.67 48

θ =1/9 -38192.39 49

θ =1/4 -17119.09 50

θ =3/9 -38631.52 51

θ =6/9 -39946.51 52

hcp θ =0 (2×2) -16679.86 53

θ =1/4 -17119.35 54

θ =0 (3×3) -37312.63 55

θ =1/9 -37752.52 56

θ =2/9 -38192.32 57
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* CH3 moves from fcc to hcp sites by geometry optimization. 

CO fcc θ =0 (3×3) -37737.04 58

θ =0 (3×2) -25357.32 59

θ =0 (2×2) -17104.18 60

θ =1/9 -38176.94 61

θ =1/6 -25797.13 62

θ =2/9 -38616.76 63

θ =1/4 -17543.52 64

θ =3/9 -39055.98 65

θ =6/9 -40370.98 66

hcp θ =0 (2×2) -17104.21 67

θ =1/4 -17543.79 68

θ =0 (3×3) -37737.05 69

θ =1/9 -38176.95 70

θ =2/9 -38616.75 71

CH3 fcc θ =0 (3×3) -37345.14 72

θ =0 (3×2)
* -24964.99 73

θ =0 (2×2) -16712.27 74

θ =1/9 -37785.08 75

θ =1/6
* -25405.44 76

θ =2/9 -38224.94 77

θ =1/4 -17151.85 78

θ =3/9 -38663.89 79

θ =6/9 -39979.63 80

hcp θ =0 (2×2) -16712.25 81

θ =1/4 -17151.55 82

CO2 fcc θ =0 (3×3) -38176.20 83

θ =0 (3×2) -25796.46 84

θ =0 (2×2) -17543.38 85

θ =1/9 -38616.14 86

θ =1/6 -26236.44 87

θ =2/9 -39056.01 88

θ =1/4 -17983.41 89

θ =3/9 -39495.83 90

θ =6/9 -40811.70 91

hcp θ =0 (2×2) -17543.38 92

θ =1/4 -17983.41 93

top θ =0 (3×3) -38176.20 94

θ =1/9 -38616.08 95

θ =2/9 -39055.96 96

CHO fcc θ =0 (3×3) -37752.19 97

θ =0 (3×2) -25372.45 98

θ =0 (2×2) -17120.70 99

θ =1/9 -38192.10 100

θ =1/6 -25812.25 101

θ =2/9 -38632.02 102

θ =1/4 -17559.02 103

θ =3/9 -39071.00 104

θ =6/9 -40386.64 105

hcp θ =0 (2×2) -17119.41 106

θ =1/4 -17558.65 107

θ =0 (3×3) -37752.19 108

θ =1/9 -38192.09 109

θ =2/9 -38631.94 110

OH fcc θ =0 (3×3) -37595.23 111

θ =1/9 -38035.17 112

θ =2/9 -38475.05 113

S fcc θ =0 (3×3) -37444.69 114

θ =1/9 -37884.49 115

θ =2/9 -38324.31 116
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Mulliken charge of each adsorbed species with co-adsorbed oxygen atoms on Ni 

(111) surface is shown in Table II.C-4. 

 

Table II.C-4. Mulliken charge of each adsorbed species with co-adsorbed oxygen atoms 

on Ni (111) surface. 

 

 

Each Mulliken charge is calculated on the most stable sites of each adsorbed species. 

 

Detailed DFT calculation results of each case with co-adsorbed oxygen atoms 

on Ni (111) surface are shown in Table II.C-5. Numbers in each detailed DFT calculation 

result represent calculation case numbers and they correspond to numbers in each DFT 

total energy table described above. 

 

Table II.C-5. Detailed DFT calculation results of each case with co-adsorbed oxygen 

atoms on Ni (111) surface. 

Slab model 3×3 

 

Species on Slab Atom θ= 0(2×2) θ=0(3×2) θ=0(3×3) θ=1/9 θ=1/6 θ=2/9 θ=1/4 θ=3/9 θ=6/9

H H -0.25 -0.26 -0.26 -0.25 -0.25 -0.25 -0.23 -0.24 -0.2

O O -0.55 -0.55 -0.55 -0.53 -0.53 -0.53 -0.5 -0.49 -0.44

CH H 0.18 0.18 0.18 0.19 0.19 0.19 0.19 0.2 0.22

C -0.72 -0.71 -0.72 -0.7 -0.69 -0.69 -0.67 -0.63 -0.54

CO O -0.32 -0.32 -0.33 -0.32 -0.31 -0.31 -0.3 -0.3 -0.28

C -0.08 -0.07 -0.07 -0.06 -0.03 -0.06 -0.05 -0.02 0.06

CH3 H1 0.12 0.13 0.13 0.14 0.14 0.14 0.16 0.16 0.2

H2 0.12 0.13 0.13 0.14 0.13 0.14 0.16 0.16 0.2

H3 0.12 0.12 0.13 0.14 0.13 0.14 0.16 0.16 0.19

C -1 -1.01 -1.01 -1.02 -1.01 -1.01 -0.98 -0.95 -0.84

CO2 O1 -0.5 -0.49 -0.49 -0.49 -0.49 -0.48 -0.5 -0.49 -0.49

O2 -0.5 -0.49 -0.49 -0.48 -0.49 -0.48 -0.5 -0.49 -0.48

C 0.99 0.93 0.93 0.92 0.94 0.92 0.98 0.93 0.94

CHO H 0.18 0.18 0.19 0.19 0.2 0.19 0.18 0.2 0.23

O -0.41 -0.41 -0.4 -0.39 -0.39 -0.39 -0.39 0.04 0.05

C -0.29 -0.28 -0.28 -0.27 -0.24 -0.27 -0.19 -0.34 -0.32
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Slab model 3×2 

 

 

Slab model 2×2 

 

 

1 

SCF 

 

Energy 

 

 

2 

SCF 

 

Energy 

 

 

 

 

 

 

 

3 

SCF 

 

Energy 

 

 

4 

SCF 

 

Geometry Optimization 
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5 

SCF 

 

Geometry Optimization 

 

 

 

6 

SCF 

 

Geometry Optimization 

 

 

 

7 

SCF 

 

Geometry Optimization 

 

 

 

 

 

 

 

8 

SCF 

 

Geometry Optimization 

 

 

 

9 

SCF 

 

Geometry Optimization 

 

 

 

10 

SCF 

 

Energy 

 

 

11 

SCF 

 

Geometry Optimization 
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12 

SCF 

 

Geometry Optimization 

 

 

 

13 

SCF 

 

Geometry Optimization 

 

 

14 

SCF 

 

Geometry Optimization 

 

 

15 

SCF 

 

Geometry Optimization 
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16 

SCF 

 

Geometry Optimization 
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TS search results in each rate determining step (RDS) with co-adsorbed oxygen 

atoms on Ni (111) surface (i.e. DFT total energy of TS, product, and reactant) are shown 

in Table II.C-6. Numbers in each TS search result table represent TS search case numbers 

and they correspond to numbers in each detailed TS search result described below. 

 

Table II.C-6. TS search results in each RDS with co-adsorbed oxygen atoms on Ni (111) 

surface (DFT total energy of TS, product, and reactant). 

 

Reaction Oxygen coverage θ State Final energy [eV] Number

CH3* + H* → CH4 + 2* θ=0 (3×3) TS -37360.42 117

product -37361.58 118

reactant -37361.44 119

θ=1/9 TS -37800.58 120

product -37801.53 121

reactant -37801.09 122

θ=2/9 TS -38240.37 123

product -38241.41 124

reactant -38240.72 125

θ=3/9 TS -38678.81 126

product -38681.22 127

reactant -38679.93 128

CHO* + * → CH* + O* θ=0 (3×3) TS -37751.10 129

product -37752.45 130

reactant -37752.19 131

θ=1/9 TS -38190.87 132

product -38192.01 133

reactant -38192.16 134

θ=2/9 TS -38630.49 135

product -38631.48 136

reactant -38632.02 137

θ=3/9 TS -39069.01 138

product -39070.20 139

reactant -39070.99 140

CO2* + * → CO* + O* θ=0 (3×3) TS -38175.23 141

product -38176.85 142

reactant -38175.86 143

θ=1/9 TS -38615.03 144

product -38616.45 145

reactant -38615.83 146

θ=2/9 TS -39054.86 147

product -39056.04 148

reactant -39055.67 149

θ=3/9 TS -39490.38 150

product -39494.66 151

reactant -39495.83 152
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Detailed TS search results of each case with co-adsorbed oxygen atoms on Ni 

(111) surface are shown in Table II.C-7. Numbers in each detailed TS search result 

represent TS search case numbers and they correspond to numbers in each TS search 

result table described above. 

 

Table II.C-7. Detailed TS search results of each case with co-adsorbed oxygen atoms on 

Ni (111) surface. 
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D: Oxygen Co-Adsorption Effects on Ni (211) Surface 

DFT total energy of Ni (211) slab with co-adsorbed oxygen atoms and each 

adsorbed species with co-adsorbed oxygen atoms on Ni (211) surface are shown in Table 

II.D-1 and II.D-2 respectively. Numbers in each DFT total energy table represent 

calculation case numbers and they correspond to numbers in each detailed DFT 

calculation result described below. Note that DFT total energy of each gas species is used 

the same calculation results as the case of oxygen co-adsorption effects on Ni (111) 

surface. 

 

Table II.D-1. DFT total energy of Ni (211) slab with co-adsorbed oxygen atoms. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ni(211) slab, 630eV Oxygen coverage θ Final energy [eV] Number

1×2 θ =0 -27510.42 1

θ =1/6 -27950.65 (11)

1×3 θ =0 -41265.64 2

θ =1/9 -41705.83 (25)

θ =2/9
a -42145.62 (41)

θ =2/9
b -42145.59 (46)

1×4 θ =0 -55020.74 3

θ =1/12 -55460.99 (26)
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Table II.D-2. DFT total energy of each adsorbed species with co-adsorbed oxygen 

atoms on Ni (211) surface. 

 

Species on Slab Adsorption site [Ni(211)] Oxygen coverage θ Final energy [eV] Number

H SUhh θ =0 (1×3) -41282.04 4

SUhh θ=1/9 -41722.13 5

S4 -41722.12 6

SUhh θ =2/9
a -42161.73 7

S4 -42161.95 8

SUhh θ =2/9
b -42161.97 9

SUhf -42162.01 10

O SUhh θ =0 (1×2) -27950.65 11

SUhf -27950.36 12

SUb→SUhf -27950.36 13

Sb -27950.4 14

St→Sb -27950.4 15

S4 -27950.2 16

SLb→S4 -27950.19 17

ULhh -27950.09 18

ULhf -27950.02 19

ULb→ULhh -27950.09 20

Ub→SUhf -27950.36 21

Lb→ULhf -27950.02 22

Ut→SUhh -27950.65 23

Lt→SLb -27949.64 24

SUhh θ =0 (1×3) -41705.83 25

SUhh θ =0 (1×4) -55460.99 26

SUhh θ =1/12 -55901.27 27

SUhf -55900.9 28

SUb→SUhh -55901.27 29

Sb -55900.98 30

St→Sb -55900.98 31

S4 -55900.75 32

SLb→S4 -55900.75 33

ULhh -55900.61 34

ULhf -55900.58 35

ULb→ULhh -55900.61 36

Ub→SUhf -55900.9 37

Lb→ULhf -55900.58 38

Ut→SUhh -55901.27 39

Lt→S4 -55900.75 40

SUhh θ =1/9 -42145.62 41

SUhf -42145.71 42

SUb→SUhh -42145.62 43

Sb -42145.44 44

St→Sb -42145.44 45

S4 -42145.59 46

SLb→S4 -42145.59 47

ULhh -42145.39 48

ULhf -42145.3 49

ULb→ULhh -42145.39 50

Ub→SUhh -42145.71 51

Lb→Ulhf -42145.3 52

Ut→SUhh -42145.62 53

Lt→S4 -42145.59 54

SUhh θ =1/6 -28389.84 55

SUhf→S4 -28390.16 56

SUb→SUhh -28389.84 57

Sb→S4 -28390.43 58

St→S4 -28390.43 59

S4 -28390.43 60

SLb→S4 -28390.44 61

ULhh -28390 62

ULhf -28390.05 63

ULb→ULhh -28390 64

Ub Not convergence 65

Lb→S4 -28390.44 66

Ut→SUhh -28389.84 67

Lt→S4 -28390.44 68

SUhh θ =2/9
a -42584.75 69

S4 -42585.39 70

SUhh θ =2/9
b -42585.39 70

SUhf -42585.5 71
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ch*：Chemisorption 

ph*：Physisorption 

 

 

 

 

 

 

CH S4 θ =0 (1×3) -41439.54 72

SUhh θ =1/9 -41879.26 73

S4 -41879.79 74

SUhh θ =2/9
a -42318.5 75

S4 -42319.63 76

SUhh θ =2/9
b -42319.04 77

SUhf -42319.12 78

S4 -42319.32 79

CO Sb θ =0 (1×3) -41863.73 80

SUhh θ =1/9 -42303.71 81

Sb -42303.83 82

S4 -42303.56 83

SUhh→Sb θ =2/9
a -42743.46 84

Sb -42743.46 85

S4 -42743.34 86

SUhh θ =2/9
b -42743.51 87

SUhf -42743.56 88

Sb -42743.44 89

CH3 Sb θ =0 (1×3) -41472.05 90

SUhh→Sb θ =1/9 -41912.09 91

Sb -41912.09 92

S4→Sb -41912.09 93

SUhh→Sb θ =2/9
a -42351.6 94

Sb -42351.6 95

S4→Sb -42351.6 96

SUhh→SUhf θ =2/9
b -42351.72 97

SUhf Not convergence 98

Sb -42351.61 99

CO2 SUhh ch θ =0 (1×3) -42302.93 100

SUhh ph -42302.78 101

S4→Lb ch -42302.95 102

Lt→Lb ch -42302.95 103

Lt→Lb ph -42302.79 104

SUhh ph θ =1/9 -42742.98 105

S4→Lb -42742.89 106

Lt→Lb ch -42742.89 107

Lt→Lb ph -42742.98 108

SUhh ph θ =2/9
a -43182.8 109

S4→Lb -43182.27 110

Lt→Lb ch -43182.27 111

Lt→Lb ph -43182.75 112

SUhh→SUb θ =2/9
b -43182.74 113

SUhf→Ut -43182.75 114

Lb ch -43182.36 115

Lb ph -43182.74 116

CHO Sb θ =0 (1×3) -41879.07 117

SUhh θ =1/9 Not convergence 118

S4→Lb -42319.05 119

SUhh θ =2/9
a Not convergence 120

S4→Lb -42758.55 121

Lb Not convergence 122

SUhh θ =2/9
b Not convergence 123

SUhf→Ub -42758.66 124

Lb -42758.51 125
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Mulliken charge of each adsorbed species with co-adsorbed oxygen atoms on Ni 

(211) surface is shown in Table II.D-3. 

 

Table II.D-3. Mulliken charge of each adsorbed species with co-adsorbed oxygen atoms 

on Ni (211) surface. 

 

Each Mulliken charge is calculated on the most stable sites of each adsorbed species. 

 

Detailed DFT calculation results of each case with co-adsorbed oxygen atoms 

on Ni (211) surface are shown in Table II.D-4. Numbers in each detailed DFT calculation 

result represent calculation case numbers and they correspond to numbers in each DFT 

total energy table described above. 

 

Table II.D-4. Detailed DFT calculation results of each case with co-adsorbed oxygen 

atoms on Ni (211) surface. 

Slab model 1×2 

 

Species on Slab Atom θ=0(1×2) θ=0(1×3) θ=0(1×4) θ=1/12 θ=1/9 θ=1/6 θ=2/9a θ=2/9b

H H -0.26 -0.25 -0.23 -0.26

O O -0.58 -0.58 -0.59 -0.58 -0.55 -0.58 -0.6 -0.55

CH H 0.15 0.15 0.15 0.15

C -0.77 -0.78 -0.79 -0.77

CO O -0.33 -0.33 -0.32 -0.32

C 0 0.02 0.04 -0.08

CH3 H1 0.05 0.05 0.15 0.14

H2 0.18 0.18 0.18 0.12

H3 0.17 0.18 0.14 0.14

C -1.03 -1.01 -1.01 -1.01

CO2 O1 -0.42 -0.47 -0.49 -0.49

O2 -0.5 -0.48 -0.49 -0.49

C 0.19 0.92 0.92 0.93

CHO H 0.04 0.04 0.04 0.18

O -0.47 -0.46 -0.44 -0.41

C -0.32 -0.31 -0.29 -0.25
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Slab model 1×3 

 

Slab model 1×4 
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The DFT calculation (geometry optimization) of CH gas species is performed 

with spin polarized (the initial spin is 1, doublet) in this study. Accordingly, the DOS 

profile of C atom in CH gas species shows the results in two spin cases (α and β). DOS 

(p-orbital) of C atom in CH gas species in α and β spin cases are shown in Figure II.D-1. 

While, The DFT calculation (geometry optimization) of CO gas species is performed 

without spin polarized (the initial spin is 0, singlet) in this study, so that the DOS profile 

of C atom in CO gas species shows only one result as shown in Figure II.D-2. 

 

Figure II.D-1. DOS (p-orbital) of C atom in CH gas species in α and β spin cases. 

 

DOS (d-orbital) of pure Ni atoms under θ = 0 (3-fold and 4-fold Ni atoms related 

S4 and SUhh sites respectively) and DOS (p-orbital) of C atom in CO gas species are 

shown in Figure II.D-2. Here, in order to match the position of horizontal axis (energy 

[eV]) in DOS profiles of Ni atoms (3-fold and 4-fold Ni atoms related S4 and SUhh sites) 

with that of CO gas species, the work function difference between CO gas species and Ni 

atoms (i.e. Fermi level difference between CO gas species and Ni atoms) is added to the 

position of energy in DOS profiles of Ni atoms. Also, DOS (p-orbital) of C atom in CH 

on Ni surface under θ = 0 (on S4 or SUhh sites) is shown in Figure II.D-3. Furthermore, 

Work function of CH, CO gas species and Ni metal atoms, and Ni d-band center before 

and after the energy axis revision by work function difference between gas species and 

Ni atoms as mentioned above in the case of CH and CO adsorption are shown in Table 

II.D-5, respectively. 
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Figure II.D-2. DOS (d-orbital) of pure Ni atoms under oxygen atom coverage θ = 0 (3-

fold and 4-fold Ni atoms related S4 and SUhh sites respectively) and DOS (p-orbital) of 

C atom (in CO gas species). Fermi level means that of CO gas species and the d-band 

center of 3-fold and 4-fold Ni atoms are 3.090 and 3.071 eV, respectively. 

 

 

Figure II.D-3. DOS (p-orbital) of C atom (in CO) on Ni surface under oxygen atom 

coverage θ = 0 (on S4 or SUhh sites). 
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Table II.D-5. Work function of CH, CO gas species and Ni metal atoms (top), and Ni d-

band center before and after the energy axis revision by work function difference 

between gas species and Ni atoms in the case of CH and CO adsorption (bottom). 

 

 

 

The adsorption energy of CH on SUhh and S4 sites under θ = 0, 1/9, 2/9a, and 

2/9b is shown in Table II.D-6, and the number of electrons of pure Ni atoms (3-fold and 

4-fold Ni atoms) under θ = 0, 1/9, 2/9a, and 2/9b is shown in Table II.D-7. 

 

Table II.D-6. The adsorption energy of CH on SUhh and S4 sites under oxygen atom 

coverage θ = 0, 1/9, 2/9a, and 2/9b. 

 

 

Table II.D-7. The number of electrons of pure Ni atoms (3-fold and 4-fold Ni atoms) 

under oxygen atom coverage θ = 0, 1/9, 2/9a, and 2/9b. 

 

Work function [eV]

CH 5.732

CO 8.716

Ni 4.444

Coverage 3-fold 4-fold 3-fold* 4-fold* 3-fold* 4-fold*

θ=0 -1.182 -1.201 0.108 0.089 3.090 3.071

θ=1/9 -1.260 -1.271 0.030 0.019 3.012 3.001

θ=2/9
a -1.378 -1.378 -0.088 -0.088 2.894 2.894

θ=2/9
b -1.326 -1.365 -0.036 -0.075 2.946 2.907

Ni d-band center [eV]

After revision (CH) After revision (CO)Before revision

E ads  (CH)

Coverage SUhh S4

θ=0 -6.41 -6.66

θ=1/9 -6.19 -6.71

θ=2/9
a -5.63 -6.77

θ=2/9
b -6.21 -6.49

Pure Ni electrons

Coverage 3-fold 4-fold

θ=0 26.04 34.69

θ=1/9 25.93 34.59

θ=2/9
a 25.85 34.50

θ=2/9
b 25.87 34.51
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 DOS (d-orbital) of pure 3-fold Ni atoms and DOS (p-orbital) of C atom in CH 

on SUhh Ni surface sites under θ = 0, 1/9, 2/9a, and 2/9b are shown in Figure II.D-4 and 

II.D-5 respectively, and DOS (d-orbital) of pure 4-fold Ni atoms and DOS (p-orbital) of 

C atom in CH on S4 Ni surface sites under θ = 0, 1/9, 2/9a, and 2/9b are shown in Figure 

II.D-6 andII.D-7 respectively. 

 

 

Figure II.D-4. DOS (d-orbital) of pure 3-fold Ni atoms under oxygen atom coverage θ = 

0, 1/9, 2/9a, and 2/9b. 
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Figure II.D-5. DOS (p-orbital) of C atom in CH on SUhh Ni surface sites under oxygen 

atom coverage θ = 0, 1/9, 2/9a, and 2/9b. 

 

 

Figure II.D-6. DOS (d-orbital) of pure 4-fold Ni atoms under oxygen atom coverage θ = 

0, 1/9, 2/9a, and 2/9b. 
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Figure II.D-7. DOS (p-orbital) of C atom in CH on S4 Ni surface sites under oxygen 

atom coverage θ = 0, 1/9, 2/9a, and 2/9b. 

 

The comparison between DOS (p-orbital) of co-adsorbed oxygen atoms on SUhh 

Ni surface sites and DOS (p-orbital) of C atom in CH on S4 Ni surface sites under θ = 0, 

1/9, 2/9a, and 2/9b are shown in Figure II.D-8. 
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Figure II.D-8. The comparison between DOS (p-orbital) of co-adsorbed oxygen atoms 

on SUhh Ni surface sites and DOS (p-orbital) of C atom in CH on S4 Ni surface sites 

under oxygen atom coverage θ = 0, 1/9, 2/9a, and 2/9b. 

 

 DOS (d-orbital) profiles of two Ni atoms in step-edge and in lower-terrace (in 

pure 4-fold Ni atoms) as shown in Figure II.D-9 under oxygen atom coverage θ = 0, 1/9, 

2/9a and 2/9b are shown in Figure II.D-10 and II.D-11, respectively. 

 

 

Figure II.D-9. Two target Ni atoms in step-edge and in lower-terrace (in pure 4-fold Ni 

atoms). 
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Figure II.D-10. DOS (d-orbital) of two Ni atoms in step-edge (in pure 4-fold Ni atoms) 

under oxygen atom coverage θ = 0, 1/9, 2/9a, and 2/9b. 

 

 

Figure II.D-11. DOS (d-orbital) of two Ni atoms in lower-terrace (in pure 4-fold Ni 

atoms) under oxygen atom coverage θ = 0, 1/9, 2/9a, and 2/9b. 
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 I added DFT reaction energy results on Ni (211): 𝛥𝐸𝑟𝑥𝑛,𝑐𝑜−𝑎𝑑 𝑂,𝑠𝑡𝑒𝑝  to 

activation barriers in three RDSs on Ni (111), (211) and (100) in my kinetic simulation to 

evaluate spillover effects of a lattice oxygen to overall CO2 methanation. Activation 

barrier parameter changes of three RDSs under oxygen atom coverage θ = 0, 1/9, 2/9a, 

and 2/9b on step sites are shown in Table II.D-8. 

 

Table II.D-8. Activation barrier parameters of RDSs under oxygen atom coverage θ = 0, 

1/9, 2/9a, and 2/9b on step sites. 

 

 

Overall CO and CH4 generation rates under oxygen atom coverage θ = 0, 1/9 and 

2/9a at temperature range from 400 to 700 °C are shown in Figure II.D-12 and II.D-14, 

respectively (each generation rate in logarithmic scale is also shown in Figure II.D-13 

and II.D-15). 

 

 

 

Facet Reaction Reaction number θ = 0 θ = 1/9 θ = 2/9
a

θ = 2/9
b

CH3* + H* → CH4 + 2* 4 129000 105122 79920 104085

CHO* + * → CH* + O* 15 118277 123035 100103 126050

CO2* + * → CO* + O* 35 149000 172850 201953 172796

CH3* + H* → CH4 + 2* 41 116351 92473 67270 91435

CHO* + * → CH* + O* 50 123263 128021 105089 131036

CO2* + * → CO* + O* 55 145880 169730 198834 169677

CH3* + H* → CH4 + 2* 73 117000 93122 67920 92085

CHO* + * → CH* + O* 79 195000 199758 176826 202773

CO2* + * → CO* + O* 87 149000 172850 201953 172796

(100)*

Ea (J/mol)

(111)*

(211)*
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Figure II.D-12. Overall CO generation rates under oxygen atom coverage θ = 0, 1/9 and 

2/9a at the temperature range from 673 to 973 K (a: co-adsorbed oxygen atoms are set to 

two SUhh sites).  

 

 

Figure II.D-13. Overall CO generation rates in logarithmic scale under oxygen atom 

coverage θ = 0, 1/9 and 2/9a at the temperature range from 673 to 973 K (a: co-adsorbed 

oxygen atoms are set to two SUhh sites). 

 



474 

 

 

Figure II.D-14. Overall CH4 generation rates under oxygen atom coverage θ = 0, 1/9 

and 2/9a at the temperature range from 673 to 973 K (a: co-adsorbed oxygen atoms are 

set to two SUhh sites). 

 

 

Figure II.D-15. Overall CH4 generation rates in logarithmic scale under oxygen atom 

coverage θ = 0, 1/9 and 2/9a at the temperature range from 673 to 973 K (a: co-adsorbed 

oxygen atoms are set to two SUhh sites). 
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