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Abstract: The corrosion and degradation of Ni and its alloys in supercritical carbon 

dioxide (Sc-CO2) is an emerging issue for material selection and implementation of 

Sc-CO2 thermal cycles in industry. In this study, we apply density functional theory 

(DFT) to study the initial steps of carburization of the Ni (111) surface and two types 

of Ni-Cr alloy surface in a CO2 environment. The overall carburization reaction, CO2 

ª Cads + O2 can be broken into four elementary steps, CO2 activation, two surface 

reactions, CO2 dissociation to CO and O followed by dissociation of CO to O and C. 

In this study, we concentrate on the thermodynamics of the two surface reactions and 

determine their activation barriers. We determine the energy of the activate state of 

CO2 and its dissociated products to compare the thermodynamics of the different 

elementary reactions steps. On Ni (111), activated CO2 is most stable on a hollow site 

with adsorption energy of 0.24 eV, employing linear CO2 as reference state, 

indicating that it is thermodynamically unfavorable. The coadsorption of CO and O, 

which are products of the first step of CO2 dissociation, are most stable on fcc site 

and hcp site respectively. The interactions between the two adsorbates are slightly 

attractive. This initial CO2 dissociation step is exothermic by 0.53 eV with a kinetic 

barrier of 0.61 eV. The further dissociation of CO to C and O on Ni (111) is 

endothermic by more than 2 eV and has large activation barrier, 3.38 eV. The results 

of these two elementary steps of CO2 dissociation are in good agreement with 

previous literature. The high barriers makes this reaction path unlikely to be the main 



 

 

 

reaction path for the carburization of Ni surfaces but co-adsorbates and surface 

defects are likely to play a major role in this process. The CO2 dissociation step is 

also studied on two Ni based alloy surfaces, Ni8.33Cr1.67 and Ni5Cr5. On Ni8.33Cr1.67, 

activated CO2 is most stable on a bridge site with the energy of 0.18 eV, compared to 

a linear CO2 in the gas phase, indicating that the interaction between CO2 and alloy 

surface is thermodynamically unfavorable but more favorable then on Ni. The co-

adsorption of CO and O, the products of the initial dissociation step, is most stable 

when two adsorbates stay on ontop site and hcp site, respectively. The interaction 

between the two adsorbates are still slightly attractive similar to the Ni (111) surface. 

The activation barriers for the two elementary steps of CO2 dissociation are 1.44 eV 

and 1.90 eV, respectively. Both of these steps are exothermic with the reaction energy 

of 1.00 eV and 0.46 eV, respectively. The higher activation barrier for the first step 

compared to pure Ni surface indicates that Ni-Cr has a better corrosion resistance in 

Sc-CO2 environment. A Ni 5Cr5 alloy is studied to model Cr surface enrichment, on 

this surface activated CO2 is most stable on fcc site with the adsorption energy of -

0.76 eV, relative to linear CO2 in gas phase, indicating that the interaction is 

thermodynamically favorable. In general, the interactions between CO2 and the 

surface increase with Cr content. The co-adsorption of CO and O is most stable on 

bridge and hcp site with attractive interaction between the two adsorbates. The 

activation barrier for the first elementary step of CO2 on Ni5Cr5 is 0.91 eV which is 

higher than pure Ni surface. The step is exothermic with the energy of 0.68 eV. 

Comparison of CO2 dissociation on different Ni and NixCry surfaces shows that the 

stability of CO2,ads increases with Cr content and the initial dissociation step of CO2 to 

CO + O has lowest barrier on the Ni surface of the surfaces studied suggesting a more 

rapid CO2 dissociation on the Ni surface. 
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1. Introduction  

Humankind has been seeking to improve chemical and economical process efficiencies, 

chemical safety and durability of chemical processes since the establishment of chemical 

industry. Three types of fossil fuel: coal, petroleum and natural gas have been the main fuel 

sources for electricity generation in the last few decades [1-4]. They have brought improved 

quality of live but also exhaust emission such as sulfur oxides, nitric oxide and carbon monoxide. 

Air quality has been greatly affected leading to serious social issues. One of the broadly applied 

alternative methods in electricity generating is nuclear power. But the conventional nuclear 

power plant is less thermal efficient than fossil fuel power plant in working cycle because of the 

low operation temperature of conventional nuclear power plant [4]. Supercritical fluids have 

attracted more and more researchersô attention as an alternative thermal fluid with its unique 

properties and possibly wide fields of applications. Replacing traditional working fluid with 

supercritical working fluid in conventional fossil power plant can improve the operational 

temperature making them more thermally efficient, up to 5% compared to steam Rankine Cycle 

[1, 4]. Nuclear power plants operated with supercritical fluids will be more efficient than 

conventional power plants with higher operational temperature power cycles [1, 2] this is one of 

many reasons why studies focusing on supercritical fluids have become a hot topic in material 

science. 

Supercritical fluids are fluids above the supercritical points where there is no liquid-gas 

phase boundary in the system [1, 2]. This unique status gives supercritical fluids combined 

properties of both liquid and gas with corresponding high density, low viscosity and no surface 

tension. Supercritical fluids show excellent properties in liquid mobility and mass transfer. 
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Supercritical carbon dioxide (Sc-CO2) is probably one of the most popular supercritical fluids 

that are employed in various applications food industries, manufacturing industries and nuclear 

industries [2]. 

1.1. Supercritical carbon dioxide (Sc-CO2) and its properties 

The phase diagram for CO2 is shown in Figure 1.1. The supercritical point for CO2 is 31.1 

°C and 7.38MPa [1, 2].  

 
Figure 1.1 Phase Diagram of CO2. CO2 that is above the critical point is Sc-CO2. At that state, 

there is no liquid-gas phase boundary.  

 

CO2 that is above the critical points will act as a transparent fluid. CO2 is considered a 

greenhouse but compared to many of the volatile organic compounds (VOCs) often used as 

cooling fluids, it is still less harmful to the environment and more importantly, CO2 is 

nonflammable, which enhances the safety index of the factory. Sc-CO2, as a solvent, causes less 

contamination of the reactant and products and leaves less residue after the products extraction 

process compare to conventional solvents simplifying separations and cleaning of effluents [1]. 

This makes Sc-CO2 a perfect solvent for non-polar compounds with low molecular weight [1]. 

CO2 is also quite cheap, easy to synthesizes and store. 
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1.2. Applications of Sc-CO2 

Sc-CO2 is an ideal substitution solvent for several of industries. At low temperature, 

typically below 150 °C, Sc-CO2 can be utilized as an alternative solvent for water in the dyeing 

process. With its low viscosity and high diffusion rate, Sc-CO2 as a dyeing solvent in dry dyeing 

process can obtain better penetration into the material than water and also avoid highly 

contaminated waste [3]. Therefore, the efficiency of dyeing is increased and the environment is 

also better protected by the application. Sc-CO2 has also been widely employed in food 

industries. For instance, it can be applied in the decaffeination process from raw materials of 

coffee or tea. Several studies have shown that Sc-CO2 can extract hops or oils from plant 

materials [3]. Aiming to reduce CO2 releasing rate from fossil burning and other industrial 

processes, Sc-CO2 can be used as CO2 capture and storage in fossil fuel plants as a substituted 

absorber [2, 4] that may effectively reduce the emission of  greenhouse gases in the plant. Some 

studies also indicate that Sc-CO2 has a great potential application in chemical synthesis, polymer 

production and processing, as well as in semiconductor and powder production [1].  

The applications of CO2 at low temperature are well studied [1, 2] while higher 

temperature applications have drawn more recent interests [2, 4]. At high temperature, generally 

over 400 °C, Sc-CO2 has a broader prospect in energy industries. As a working fluid, Sc-CO2 

shows great properties in power generating turbines [2]. The principles behind applying Sc-CO2 

into power conversion cycle are shown in Figure 1.2. 
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Figure 1.2 Simplified diagram of the principles of power conversion cycle with Sc-CO2 as 

working fluid. 

 

Utilizing Sc-CO2 in the reaction system in fossil fuel power plants will significantly 

increase its thermal efficiency. Some plants operators and vendors in California, US and Paris, 

France have already started to employ this technology into their processes, such as Pratt Whitney 

& Rocketdyne and Electricite De France [4].  

Sc-CO2 fluid attracts more and more interest from researchers for its application in power 

conversion systems [4]. Power cycle based on Sc-CO2 could potentially replace the conventional 

steam Rankine cycle (steam turbine) and air Brayton cycle (gas turbine system) as Sc-CO2 power 

cycle can operate at higher temperature and also enhance the safety and reliability of the system 

[4]. For conventional water-steam cooled nuclear plant, mainly with steam Rankine Cycle shown 

in Figure 1.3, the operation temperature is as low as 300 °C [4]. 

 

Cooler 

Heater 
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Figure 1.3 Simplified diagram of steam Rankine Cycle. 

 

The conventional water-steam cooled nuclear plant is limited by the low thermal 

efficiency compared to common power plant using fossil energy, mainly gas turbine system [2, 

4]. If Sc-CO2 where to replace water and utilized in Sc-CO2 Brayton cycle in nuclear power 

plant, as shown in Figure 1.4, the operation temperature can be increased to above 500 °C which 

would finally lead to higher net thermal efficiency for nuclear power plant, greater than 50% [1, 

4]. 

 

 
 

Figure 1.4 Simplified diagram of heated supercritical CO2 Brayton Cycle. 

 

Sc-CO2 Brayton cycle takes advantages of both steam Rankine cycle and gas turbine 

system. Implementation of the Sc-CO2 Brayton cycle also reduces the size of the 
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turbomachinery; therefore, the overall facilities size for the power cycle system can be four times 

smaller than conventional nuclear plant [4]. The residue of CO2 is low at the operating pressure 

so purification facilities for the system will not be as complicated as in the traditional plant. It is 

also ideal for use since CO2 is a more inert, more reliable and less contaminant media compare to 

other transfer media [2-5]. 

1.3. Corrosion issue caused by Sc-CO2 

 
With the development of applications which depend on Sc-CO2, one significant factor 

that may affect its future implementation is corrosion issue. Over three percent of the Gross 

Domestic Product (GDP) is wasted on corrosion among all industrial countries each year [2]. 

Serious corrosion leads to not only the increase of facility cost but is also a potential safety 

hazard. Similar to other types of fluids, Sc-CO2 also causes corrosion and aging problems. Since 

Sc-CO2 creates a new environment, conventional corrosion resistant material possibly fail to 

provide similar corrosion/aging resistance as in air. The difference between well-known oxidized 

corrosion that occurs in air or water is that in Sc-CO2 environment, high temperature 

carburization is another corrosion/aging mechanism that may cause localized corrosion or aging 

[2]. That is also called environment-assisted cracking (EAC). Previous studies have focused on 

material corrosion performance in Sc-CO2 for oxidation and carburization and often focus on 

common industrial material, such as stainless steel, mild steels, aluminum base alloys and Ni  

base alloys [2].  

Experimental analysis based on steels is more complete than on other metals since steel is 

usually considered the main material for structures and facilities. F. Rouillard, F. Charton and G. 

Moine discuss four types of steels corrosion in Sc-CO2 environment: T91, 316L, 253MA and 



7 

 

 

Alloy 800 [6]. These four types of alloys largely differ by their content of Ni and Cr, as shown in 

Table 1.1. 

 

Table 1.1 Main compositions of four types of alloys in weight %.  

 T91 316L 253MA Alloy 800 

Fe Balance Balance Balance Balance 

Cr 8.63 17.4 20.75 19.95 

Ni 0.23 11.1 10.97 30.9 

C 0.1 0.02 0.089 0.04 

Mn 0.43 1.39 0.5 0.71 

Si 0.31 0.63 1.61 0.39 

Mo 0.95 2.05 0.33 -- 

Ti 0.003 -- -- 0.46 

N 0.03 0.064 0.157 -- 

S 0.006 0.001 0.001 0.004 

P 0.02 0.032 0.02 -- 

Cu 0.046 -- 0.11 0.08 

 

 

Based on the mass gain and Glow Discharge Optical Emission Spectroscopy (GDOES) 

analysis of all samples, the authors found that the enrichment of Ni and Cr in the alloy 

significantly increases the corrosion resistance of the material. One another observation from the 

GDOES analysis of the four samples shows that for the outer oxide layer, Cr has the highest 

intensity while Fe has relative low intensity indicating that the outer oxide layer is enriched by 

Cr [6]. Furthermore, Field Emission Scanning Electron Microscope (FESEM) analysis shows 

that for T91, which contains less than 9wt% Cr, exhibits porous Cr-rich outer oxide layer where 

according to GDOES analysis C has diffused to deeper layers; however, 316L, 253MA and 

Alloys 800 exhibit a dense surface oxide layer [6]. They found that at least 17wt% of Cr in the 

alloy is needed for it to perform better and prevent the material from Sc-CO2 corrosion. This is in 
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good agreement with other studies of the minimal Cr ratio in Ni-Cr alloy required for good 

corrosion resistance [3]. 

Similar conclusion regarding high Cr ratio in alloys for improved corrosion resistance, is 

obtained by Firouzdor et al. in their high temperature corrosion experiment (20 MPa CO2, 

650 °C for 500h, 1000h, and 3000h) [7] and Pint et al. in their wide temperature range 

experiment (20 MPa CO2, up to 750 °C for 500h) on alloys [5]. Other potential corrosion factors 

of metal interface elements are through carbide formation but carburization depassivates the 

oxide layer covering the bulk metal [5, 7]. Firouzdor et al. state that the protective passive layer 

for alloys mainly consists of Cr oxide in Sc-CO2 environment [7]. Since Cr has an important role 

in corrosion prevention, three types of Ni-based alloys were investigated experimentally in the 

paper by Firouzdor et al.: PE16, Haynes 230 and Alloy 625. The composition of these three 

alloys is shown in the Table 1.2. 

 

Table 1.2 Main components of three types of Ni-based alloys in weight %.  

 PE16 Haynes 230 Alloy 625 

Ni 43.8 52.7 57.9 

Fe 33.6 3 5 

Cr 16.7 22 21.5 

Mo 3.4 2 9 

Co -- 5 1 

W -- 14 -- 

Mn 0.13 0.5 0.5 

Si 0.2 0.4 0.5 

Al 1.1 0.3 0.4 

Ti 1 -- 0.4 

Cb+Ta -- -- 3.7 
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X-ray Diffraction (XRD) and X-ray Photoelectron Spectroscopy (XPS) analysis 

reveals that the oxide layer is Cr-rich and the main component of the layer is Cr2O3 [7]. Besides 

Cr2O3, other minor metal oxides were found on the surface. XRD shows that the oxide layer on 

PE16 also contains Cr1.4Fe0.7O3 and NiCr2O3 phase while the oxide layer on Haynes 230 contains 

a NiCr2O4 phase [7]. Experiments conducted by Pint et al. came to a similar conclusion and 

further stated that the impurities, such as O2 and H2O, have little effect on the carburization 

compare to CO2 on alloy surface at long exposure times [5]. 

Sarrade et al. summarized previous experimental data and obtain a maximum operating 

temperature for various alloys under Sc-CO2 condition [2] as shown in Table 1.3.  

Table 1.3 Alloys and their highest operation temperature. 

Alloy type Mild Steel 9Cr -steel 316H steel NiCr alloy Ni Aluminum 

alloy 

Operation 

temperature 
350 ÁC 450 ÁC 650 ÁC 650 ÁC -750 ÁC >750 ÁC 

 

According to their conclusion, Ni-based alloy is the only alloy that shows great corrosion 

resistance in Sc-CO2 environment at high temperature. For Ni-Cr alloys, above 650 °C, the 

formation of Cr oxide protects the alloy from corrosion. The oxide passive layer forms easily and 

can resist the carburization better than that on steel. When operating temperature is above 

750 °C, Ni-aluminum alloys can be ideal candidates for corrosion resistant material [2]. 

1.4 Carburization corrosion mechanism 

 

The mechanism of carburization is of fundamental importance when designing corrosion 

resistance materials in Sc-CO2 environment. Carburization is the formation of metal carbides 

when the material is exposed to carbon environment [6-9]. For pure metal in Sc-CO2 

environment, Sc-CO2 is the only source of carbon so the carbon that forms carbides can only 
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come from Sc-CO2. The major source of carburization and the formation of carbides are initiated 

from the dissociation of CO2 and carbon diffusion into the interface of the material.  

Gheno et al. studied the carburization of ferritic Fe-based alloys containing Cr 

experimentally [8] and suggested the following reaction steps for CO2 dissociation and metal 

carbide formation [8]: 

CO2  ͠CO + 0.5 O2                                                            R1 

2CO ͠  CO2 + C                                                                 R2 

The aggregation of Cr oxide for high Cr alloys, mainly Cr2O3, is also observed. The 

oxidation step for Cr is [8] 

2Cr + 1.5O2  ͠Cr2O3                                                             R3 

The first step, where CO2 directly decomposes into CO and O, is also acknowledged by 

other authors [9-14]. 

As specifically described in these papers, elementary steps of CO2 dissociation to CO and 

O on metal or alloy surfaces can be separated into two processes: 

Adsorption for CO2 on the surface: 

CO2 + *  ͠CO2
*                                                                  R4 

CO2 dissociation to CO and O: 

CO2
* + *  ͠CO* + O*                                                            R5 

whereas * stands for adsorption sites. 

Elementary step for CO dissociation is  

CO* + CO*  ͠CO2* + C*                                                       R6 

The other possible step mentioned in the literature is the direct dissociation of CO [12, 13, 15]: 

CO* + *  ͠C* + O*                                                           R7 
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There are limited studies investigating the CO2 dissociation step on Ni and its alloys 

surface. The process is often referenced to studies of Water Gas shift (WGS) reaction on Ni  

surface. Catapan et al. studied reactions R5-R7 using density functional theory (DFT) as a part of 

their research on WGS and Coke formation on a Ni surface. Activation energy for these two 

steps is compared and they concluded that the activation energy for R6 is higher than R7 on Ni 

surface [12]. Blaylock et al. came to a similar conclusion that CO dissociation always follows R7 

reaction route to form C and O rather than R6 on Ni surface [13] and other studies also came to 

the identical conclusion [15, 16]. 

1.5  Ni and Ni-based alloys 

Ni has a face-centered cubic (fcc) crystal structure in its solid phase. Unlike cobalt, fcc 

structure is the only stable crystal structure for Ni below its melting point (1455 °C). Therefore, 

Ni maintains an fcc crystal lattice structure during the CO2 dissociation process at all 

temperatures below its melting point. 

Ni-based alloys will basically keep its fcc structure but their properties vary with the 

alloying element [2, 7, 17-26]. Zhang et al. investigated the behavior of Ni-iron and Ni-copper 

alloy in CO2 environment [17]. Compared to the Ni (111) surface, Ni-iron alloy will increase the 

adsorption ability of carbon and oxygen while alloying with copper weakens it [17]. Also, Ni-

iron is not favorable for decarburization while Ni-copper alloy is favorable [17]. They also state 

that by greatly decreasing carbon deposition the Ni-copper alloy has a good carbon resistance at 

room temperature [17]. Ni-cobalt alloy is other well studied alloy. Liu et al. stated that Ni-cobalt 

alloy coating has an excellent wear and corrosion resistance to oxidation in air environment 

when the coating is produced by electro-deposition in Sc-CO2 environment [18]. During the 

processing of the coating, Sc-CO2 corroded the surface so that the surface was brighter and less 
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rough indicating that Ni-cobalt alloy is not an ideal candidate for high temperature Sc-CO2 

corrosion resistance [18]. 

For Ni alloy properties in high temperature Sc-CO2 Ni-Cr alloy is an ideal candidate 

among  alloys that they were studied according to Sarrade et al. and Das et al. [2, 19], because of 

the excellent resistance to carburization of Cr in steels and other types of alloys at high 

temperature. Das et al. conclude that a quite strong bond formed between Cr and oxygen and the 

bond distance between these two atoms is small, which can be considered as the initial state of 

protective Cr oxide layer [19]. Kumar et al. studies, based on Alloy 800 with quantum molecular 

dynamics approach, also supports that point that the Cr component will aggregate to the surface 

when the surface is exposed to water [20]. 

Previous studies have shown that at least 17% of Cr is essential for corrosion resistance 

[6, 7]. Therefore, Ni-Cr alloy in this study is designed with the Cr content of nearly 20%. Since 

Cr has a body-centered cubic (bcc) crystal structure, according to the Ni-Cr phase diagram 

shown as Figure 1.5, two possible crystal structures exists for Ni-Cr alloy.  

 
 

Figure 1.5 Ni-Cr phase diagrams according to mole fraction of Ni. 
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At nuclear power plant operation temperatures, around 700°C -1000°C, fcc structure is 

the main structure of the Ni-rich alloy [23-26]. This is consistent with Breidi et al. studies on 

energetic modeling of Ni-Cr alloy and Petroviĺ et al. investigation on Ni-Cr thin film 

characterization [21, 22]. Rahaman et al. investigated the possible proportion of Ni to Cr 

theoretically and indicate that Ni6.66Cr3.33, Ni7.5Cr2.5, Ni8Cr2, Ni8.33Cr1.67 and Ni9Cr are several 

possible selections for the Ni-Cr alloy [23]. Similar conclusions is also reached in other studies 

[2, 7, 17-22̆ 24, 25]. Furthermore, Connétable et al. discussed the possible structures for the Ni-

Cr alloy based on theoretical calculation. They state that alloy type X3Y-L12, similar to Cu3Au 

alloy, is the only stable structure for the Ni7.5Cr2.5 [26], that structure is shown in Figure 1.6. 

 

  

 

Figure 1.6 Crystal Structure for Ni3Cr, z-y-x view. Ni atoms are shown in green and Cr atoms in 

grey. 

 

They calculated the formation energy for the alloy to be -0.038 kJ/mol with the lattice 

constant of 3.565 Å [26]. As for the atomic order, Rahaman et al. and Zhang et al. obtained that 

the atomic order for Ni-chromium alloy to be random [23, 24]. 

1.6  Motivation  

To date experiments have indicated some common commercial alloy, such as 9Cr-1Mo 

steel, 316H steel, Alloy 625 and Alloy 690, which shows great potential in corrosion resistance 

under specific conditions; however, as Sarrade et al. pointed out, only arbitrary conclusions can 
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be obtained for a specific alloy owning great resistance in a specific temperature range [2]. Only 

Ni-based alloys showed great resistance at operating temperatures over 650 °C. Also, Sarrade et 

al. suggested that Ni-Cr and Ni-Al  are two ideal candidates at this temperature range [2]. 

Experimental characterizations including XRD, XPS and GDOES have been conducted 

on corrosion resistance providing some intuitive insights such as the composition of the passive 

layer. The corrosion resistance of three types of commercially available Ni-based alloys, PE16, 

Haynes 230 and Alloy 625 have previously been studied experimentally [7]. These alloys have 

similar Ni and Cr ratios, Ni7Cr3. The ratio of Ni to Cr for Ni-based alloy where the crystal 

structure still follows fcc structure ranges from Ni5Cr5 to Ni9Cr. Experiments based on these 

common materials gives great insight into corrosion resistance of these alloys but fail to cover 

different ratios of alloying elements. Experimental studies of different alloying ratios are 

expensive and time consuming, computational methods can be fast and affordable and provide 

complimentary information of the system, in particular electron structure calculations can 

provide insights into atomic interactions and details of the reaction kinetics and potential energy 

surface of the system. 

To the best of the authorôs knowledge, detailed information about the mechanism of the 

corrosion process for metals or alloys in Sc-CO2 environment have not yet been determined. 

Using theoretical approach, we can determine the reaction mechanism and study the effects of 

different alloying ratios on the corrosion resistance. The calculation process is based on highly 

simplified systems, which can help decouple the different components of a complex reactions 

included in corrosion. Although it might fail to represent the macroscopic corrosion 

phenomenon, theoretical results provide an insight into the microscopic processes such as 

reaction kinetics, ligand and coverage effects. Theoretical calculation also save time and are 
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relatively inexpensive. Hence, the overall objective of this study is to investigate Ni and its 

alloyôs performance in Sc-CO2 environments theoretically method based on DFT, and 

determines alloys that have higher resistance to carburization in Sc-CO2. 

2 Theoretical Background 

 

2.1  Density Functional Theory (DFT) 

 
Everything in the world, no matter their size, shape, phase or mass, are composed of 

atoms and molecules. Therefore, it is atoms and molecules that control the properties of matter 

and understanding their interaction is fundamental for the progress in science and technology. 

DFT method [27, 28] is a theoretical approach that focuses on the atomic and electron structure 

that allows humankind to study not only the intrinsic properties but also series of more 

complicated physical and chemical processes. DFT calculations have attracted more and more 

attention in the last few years with its reliable results, progress in cluster computing has made it 

possible to study more complex systems at low cost compared to conventional experimental 

method [27-32]. 

In order to understand properties of matter, which is a collection of atoms, the 

fundamental thing that needs to be studied is the formation energy of a substance [27]. In order 

to understand the chemical or physical properties of a material, the corresponding position of 

atoms, as well as the position of their nucleus and electron, also needs to be studied [27]. 

Calculating the energy and position of atoms can be divided into solving those for electrons and 

nucleus separately. This is known as the Born-Oppenheimer approximation [29]. The lowest 

energy state, the ground state of electrons, is described through the approximation of a set of 

electrons moving as a function of set of nuclei [27]. This is known as adiabatic potential energy 

surface [27, 28]. Hence, it is the difference in ground-state energy between two matters that 
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make them differ from each other. Since the ground-state energy is time independence, the 

simplified form of Schrödinger equation, as shown in Eq. 2.1, is applied in the calculation [27, 

28]. 

  

Hɣ = Eɣ                                                          Eq. 2.1 

 

Where H is the Hamiltonian operator, ɣ is set of solutions, or eigenstates, of the 

Hamiltonian, E is the energy of the state ɣ. The Hamiltonian operator in Eq. 2.1 for a collection 

of electrons can be written as series of interaction energies, shown in Eq. 2.2 [27]: 

В ᶯ  В ὠὶ В В Ὗὶȟὶ ‪ Ὁ‪                 Eq. 2.2 

 

Where m is the mass of the electron, the three terms in the bracket represent the kinetic 

energy of the electron, the interaction between the electron and the nuclei and the interaction 

between two electrons. E is the ground state energy of all electrons in the system and ɣ is the 

electronic wave function [27, 28]. The wave function, ɣ, can be approximately expanded as 

Hartree product, Eq. 2.3 [27]. 

ɣ =ɣ1(r) ɣ2(r)éé.ɣN(r)                                            Eq. 2.3 

 

Based on the Schrödinger equation, Kohn and Hohenberg came up with two 

mathematical theorems that are seen as the foundation of DFT [27, 28]. 

 

Theorem 1: ñThe ground-state energy from Schrºdingerôs equation is a unique functional of the 

electron density.ò 

 

Theorem 2: ñThe electron density that minimizes the energy of the overall functional is the true 

electron density corresponding to the full solution of the Schrºdinger equation.ò 

 

Theorem 1 indicates that the ground-state energy and ground state electron density has 

function-like correlation. Therefore, the properties of a substance can be determined by ground-

state electron density. With this correlation, the dimension of Schrödinger equation is simplified 
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from 3N to 3, as Figure 2.1 shows. Moreover, the ground state energy is the solution of 

Schrödinger equation. 

 

 
Figure 2.1 Ill ustration of DFT. Determining the ground-state electron density instead, the 

dimension of Schrºdingerôs equation can be simplified from 3N to 3. 

 

Theorem 2 is the compensation on the basis of Theorem 1 with the additional description 

of the functional. The theorem indicates that the electron density that minimizes the functional is 

the true electron density and corresponding to the solution of the Schrºdingerôs equation. 

The functional in the two theorems can be described as wave functions for single 

electrons in Hartree products (Eq. 2.3), ɣi(r) [27]. Recalling electron density is function of ɣi(r), 

Theorem 1 can be written as a function [27]: 

E[{ɣi}] = Eknown[{ɣi}] + EXC[{ɣi}]                                      Eq. 2.4 

The first term, Eknown[{ɣi}], describes interactions and kinematics of electrons. Its form is shown 

in Eq. 2.5 [27]: 

% ʕ  Вʕᶻ᷿ɳ ʕÄÒ  ᷿6ÒÎÒÄÒ  Ḁ
ȿ   ȿ

ÄÒÄÒ  %     Eq. 2.5 

 

The first term in Eq. 2.5 is the kinetic energies of electron; second is the Coulomb 

interactions between electrons and nuclei; third is the Coulomb interactions between two 

electrons and the last term is the Coulomb interaction between two nuclei [27]. 
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In Eq. 2.4, the second term, EXC [{ɣi}], is the exchange-correlation functional which 

defines all other mechanical effects excluded by Eknown [{ɣi}]. The difficulties in solving Eq. 2.4 

are still huge. However, with Kohn-Sham equations [32], as shown in Eq. 2.6, Eknown [{ɣi}] can 

be obtained. 

 

ᶯ ὠὶ ὠ ὶ  ὠ ὶ ʕ ὶ  ‐‪ ὶ                       Eq. 2.6 

 

V(r) is the potential describing the interaction between electron and nuclei [27, 32]. VH(r) is 

Hartree Potential that defines the Coulomb repulsion between electrons and overall electron 

density with the form in Eq. 2.7 [27, 32]: 

 

ὠ ὶ  Ὡ
ȿ᷿   ȿ

Ὠὶᴂ                                                Eq. 2.7 

 

VXC(r) is the functional derivative of the exchange-correlation energy, as Eq. 2.8 shows [27, 32]. 

 

6 Ò                                                       Eq. 2.8 

 

Having solved the Eknown [{ɣi}] in Eq. 2.4, the other term, the exchange-correlation 

functional EXC [{ɣi}], can be obtained using the uniform electron gas approximation for the 

whole system. In this case, the exchange-correlation potential can be written as the form in Eq. 

2.9: 

6 Ò  6  ÎÒ                                         Eq. 2.9 

 

The exchange-correlation energy can then be defined in the form Eq. 10: 

 

% ʕ  ᷿ÒʕÒʀ ʕÄ                                     Eq. 2.10 

 

Then the approximation that defines the exchange-correlation functional is based only on 

the local density, the method is called local density approximation (LDA) [27, 33]. However, this 

approximation has limitations. For systems with slowly varying charge densities, LDA is quite 
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accurate. However, for systems that are strongly correlated, the independent particle pictures 

break down and LDA become less accurate. Based on LDA, generalized gradient approximation 

(GGA) [27, 34] was proposed with more physical information involved in the equation, as shown 

in Eq. 2.11. 

 

% ʕ  ᷿Ò ʕÒʀ ʕȟɳ Ä                                     Eq. 2.11 

 

Therefore, the exchange-correlation functional considers the local electron density and the 

gradient in electron density, as Eq .2.12 shows. 

 

ὠ ὶ ὠ ὲὶȟɳὲὶ                                           Eq. 2.12 
 

This equation considers the spatial variation of the electron density, ɳὲὶ, so the 

approximation provides more flexibility while describing real material [27]. 

There are many nonempirical functional that can be applied in calculation to perform 

GGA two commonly used are: Perdew-Wang functional (PW91) [35] and Perdew-Burke-

Ernzerhof functional (PBE) [36].  

To solve those equations described above, thousands or hundreds of thousands of 

calculations are needed. The development of high performance computer provides an 

opportunity to accomplish this process. Vienna Ab initio Simulation Package (VASP) [3] is one 

of the widely applied software used for density functional theory calculations. VASP was 

initially written by Mike Payne in 1980s and it has been maintained and developed by Jügen 

Hafner, Georg Kresse and Jügen Furthmüller since 1989. The software is able to solve many-

body Schrödinger equations using density functional theory (DFT). Using DFT as its basic 

methodology, it solves the Kohn-Sham equations (Eq. 2.6) using either the LDA or the GGAs 

approach [27, 33]. It can also calculate the forces and stress tensor for DFT, Hartree-Fock and 
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Hybrid functional. Also, it can also calculate the dynamics of a chemical or physical process. It 

can also be used to calculate magnetism, linear response to electric fields and ionic 

displacements. VASP extracts the needed pseudo potentials and electronic data from its database 

specified by user. 

2.2 Nudged Elastic Band (NEB) Method 

In section 2.1, one of the applications for VASP is to calculate the dynamics of a 

chemical or physical process. Nudged Elastic Band (NEB) Method [27, 38-40] is the approach 

used here to investigate the CO2 dissociation. NEB method introduces a set of states, shown as a 

set of images in the calculations, and relaxes these states toward the minima energy path [27, 

40]. Hence, an energy connection between two energy minima is established. NEB method is 

based on optimizing images of the reaction or diffusion path between the initial and final state to 

determine the potential energy system and the transition state. The optimization is done by 

projecting out the component of the force due to the potential perpendicular to the band and 

adding spring forces along the band between two images [27]. That is, NEB calculation applies a 

force projection scheme where the real forces works perpendicular to the band and the spring 

forces works parallel to the band. To obtain the image at the saddle point, in the calculation, the 

image tries to maximize the energy along the band and minimize that in all other directions [27, 

31, 32]. After the force converges for each state, the saddle point is obtained, as shown in Figure 

2.2 [27, 31]. Also, the other images on energy path find their lowest energy while maintaining 

equal space to adjacent images, as shown in Figure 2.2 [27, 31]. 
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Figure 2.2 Illustration of the method behind NEB calculation. The black curve between the 

initial and final states is the minimized energy path for the process. The points above are the 

initial setting for the energy path. In NEB calculation, these points are converged and approach 

to the real minima energy path.  

 

Based on the minimum energy path, we can obtain the following information about the 

process: the activation energy for both forward and reverse reaction, energy difference between 

initial and final states, and the position and nature of the transition state. For instance, Figure 2.3 

shows the minimum energy path for the diffusion of an oxygen atom between different sites on a 

Ni surface. 
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Figure 2.3 Minimum energy paths for O atom diffusing from a hcp site, over a bridge site to a 

fcc site on a Ni (111) surface 

 

The energy path curve between the initial state and final state is obtained via NEB 

calculation [27]. Here the initial, final and transition states are identified and best linear fit is 

used between them, the line is here therefore is only a guide to the eye but not the real energy 

path. According to the figure, the difference between the initial and final state is the reaction 

energy and shows that this diffusion path is exothermic. The difference between the transition 

state and initial state is the forward activation barrier and that energy difference between the final 

state and transition state is the reverse activation barrier. From the value of energy difference 

between the initial and the final state, the thermodynamic of the process, endothermic or 

exothermic, can be obtained. For the process shown in Figure 2.3, the diffusion of an oxygen 

atom from hcp site to fcc site is exothermic. Also, comparison between forward and backward 

activation energy can provide information about the process. In this example, the fcc site is more 

stable for oxygen atom adsorption so the backward activation energy is higher than the forward 
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activation energy. Furthermore, for a process with multiple elementary steps, such as the 

synthesis of ammonia, comparing the activation energy between different steps can help 

determining the rate-limiting step for the whole process. 

3. Computational Modeling and Results 

3.1. Surface Slab Setup 

Previous studies have shown that at high temperature, addition of Cr to Ni exhibits 

significant corrosion resistance in Sc-CO2 environment [2, 5-9, 17-25, 41-43]. In this study, CO2 

direct dissociation process on Ni and Ni-Cr alloys surface is investigated theoretically using DFT 

calculations. Experiments have shown that Ni is fcc-structured metal and Cr is bcc-structured 

metal [10-15, 22-25, 39, 45-48, 55]. In this study, we first determine the lowest energy of Ni and 

Cr in different crystal structure to benchmark our approach. XRD characterization of Ni-Cr alloy 

showed that Ni (111) and Cr (110) facet have the highest intensity. CO2 adsorption and 

dissociation on Ni (111) has been studied in details previously [10-14, 17, 19-26, 41-44]. Zhang 

et al. studied the different facets of fcc crystal structured metal and concluded that the (111) facet 

has the lowest surface energy comparing to other surface such as (100), (110) and (211) [45]. 

They also calculated the surface energy for bcc crystal structure and concluded that the (110) 

plane is the thermodynamically most stable surface among the Ni bcc closed packed surface 

structures [46-48]. In this study, CO2 adsorption and dissociation is studied on Ni (111) and Cr 

(110) surfaces as well as on Ni-Cr alloys.  

3.1.1. Ni (111) surface 

A six layers slab is established with 5 Å vacuum space on each end leading to an overall 10 Å 

vacuum space between two slabs in z-direction a commonly applies vacuum space in DFT 
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calculations for metal slabs[10, 11, 13, 49-54]. The bottom two layers are fixed with the 

remaining four layers relaxed. The surface slab is shown in Figure 3.1. 

 
 

 

Figure 3.1 Relaxed Ni (111) surface with 5 Å vacuum space on each end, overall 10 Å vacuum 

space between two slabs along the z-axis for the simulations cell. The bottom two layers are 

fixed with the top four layers relaxed. 

 

After relaxation, the distance between the first and second layer is increased by 0.24 Å, 

compared to the bulk structure, while the distance between the second and third layer is 

increased by 0.18 Å. Layers below the third layer show less variation for these two models. The 

Ni (111) surface has four available adsorption sites for mono-atom adsorption: bridge site, fcc 

site, hcp site and ontop site. Bridge site is the site between two closest adjacent atoms. Ontop site 

is located perpendicular over the surface atom. Fcc site and hcp site are generally called hollow 

site but for the Ni (111) structure, there are two types of hollow site that differ by the second 

layer atom location. The four-adsorption sites are shown in Figure 3.2. 
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Figure 3.2 Four adsorption site on a Ni (111) surface: ontop, hcp, fcc and bridge site, 

respectively. 

 

3.1.2 Ni-Cr alloy 

Few theoretically studies have focused on the structure of the Ni-Cr alloy system for 

different Ni-Cr ratios either as large ratios or Cr doped Ni [19-21, 23, 24, 26, 41-43, 55]. For the 

doped Ni alloys, one Ni atom in the top layer is replaced with one Cr atom [19, 42]. For the 

structure of Ni-Cr alloy with Ni as dominant ratio, Breidi et al. and Ortiz-Roldan et al. found that 

the crystal structure will keep an fcc structure [21, 41] in good agreement with the phase diagram 

shown in Figure 1.5. Das et al. studied water and oxygen adsorption on Ni (111) and fcc 

structure Ni-Cr (111) surface and they applied three models of the alloy in their study: single Cr 

atom substitution in the top layer of Ni (111), two Cr atoms substitution in the top layer of Ni 

(111) and replacement of one Ni atoms in a top layer and one in the second layer [19]. They 

build a 2x2x4 surface so the Ni-Cr alloy model has three different proportions: Ni9.4Cr0.6, 

Ni8.8Cr1.2 and Ni7.5Cr2.5, respectively. Their models are shown in Figure 3.3. 
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NiCr-1T NiCr-2T NiCr-1T1S 

   
 

 

Figure 3.3 Schematic of Ni9.4Cr0.6, Ni8.8Cr1.2 and Ni7.5Cr2.5 based on the models in reference 

[19]. Ni atoms are shown in green and Cr atoms in grey. 

  

 

They calculate the bulk energy for each alloy model. The bulk energy difference between 

the alloy surface and pure Ni (111) for one Cr substitution (NiCr-1T) is -6.31 eV and for the 

model with two alloying atoms in the top layer (NiCr-2T) is -6.86 eV [19]. The bulk energy for 

the model with one alloying atoms in top layer and one in the second layer (NiCr-1T1S) is -6.17 

eV [19]. All these three models have lower energy than pure Ni bulks. Compared to the other 

two structures, NiCr-2T configuration has the lowest energy indicating that this structure is the 

most thermodynamically favored. This structure is also consistent with experimental results 

which show that Cr tends to aggregate to the surface to form Cr oxide protective film to resist 

further corrosion [2, 6-8, 22]. Das et al. further investigated Ni-Cr alloy following the Ni-Cr ratio 

in an Alloy 600, Ni7.1Cr1.6Fe0.6 [20]. For their Ni-Cr only calculations, they studied the ratio of Ni 

to Cr from 8.4 to 1.6 via a substitution model. The model consisted of total of 48 atoms (2x4x6 

slab) with 7 Ni atoms substituted by Cr following the designed ratio. Cr atoms were placed in 

every layer with two atoms in the third layer. The position of the Cr atoms in each layer is 

arbitrary [20]. Their study focused on the mechanism of the Ni-Cr alloy oxidation process. They 
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concluded that the reason of the great corrosion resistance of Ni-Cr alloy is the formation of 

oxide passive layer on the alloy [20]. Since their computational tool is quantum chemical 

molecular dynamics (QCMD), the final stage of their model was a great starting point for the 

current study. After 1000fs, the length of their simulations, the Cr atoms have aggregated to the 

surface and formed a Cr-O passive film on the surface [20]. The final surface does not only have 

Cr-O bond but also Ni-O bonds indicating that Ni is also one of the components of the oxide 

passive layer. This result is consistent with experimental observation [5, 7]. It can be concluded 

from their results that the top layer is composited by Cr, Ni and O but the bonds on the surface 

are mostly Cr-O bond [20]. This is also consistent with the experiment conclusion that Cr2O3 is 

the main protective layer for Ni-Cr alloy in corrosion [22]. A similar study was also done by Kim 

et al. based on same type of alloy, alloy 600 [55]. They used a 2x2x4 Ni model with four Ni  

atoms replaced by Cr atoms in each layer, as shown in the Figure 3.4 [55]. This is represented in 

current DFT calculations by modeling the surface with the higher concentration of Cr. Cr is not 

the only element interacting with O in the top layer but Ni is also presented on the surface. 

 

   
  

Figure 3.4 2x2x4 Ni-Cr (111) alloy surface with four Ni atoms replaced by Cr atoms in each 

layer based on models from reference [55]. 
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Breidi et al. studied the lattice parameter and formation enthalpy of pure Ni, pure Cr and 

Ni-Cr with the Exact-Muffin-Tin-Orbitals (EMTO) method and found that the lattice parameter 

increases with increasing Cr ratio [21]. Although Cr is a well-known to be a bcc structured metal 

in nature, theoretically calculation for fcc structure Cr indicates that it has larger lattice constant 

than fcc-Ni. When Cr atoms substitute Ni atoms in the fcc bulk structure, the lattice constant will 

shift from fcc-Ni closer to fcc-Cr. 

Rather than doped and substitution model, some studies investigated and determined the 

most stable structure for Ni-Cr alloy with specific alloy configuration group [23, 26, 43]. A 

group of alloys that have same type of crystal structures is classified to an alloy configuration 

group with a specific name such as L10, L12, DO60 and D1a [23]. Rahaman et al. studied the 

atomic ordering of Ni-Cr alloy in the fcc structure with the screened generalized perturbation 

method (SGPM) and PAW method [23]. They concluded that for the Ni to Cr ratio of one, type 

L10 structure was the most stable bulk structure, shown in Figure 3.5 [23]. 

 

  
 

 

Figure 3.5 Schematics of type L10 crystal structure of Ni5Cr5 alloy. 
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But for the Ni6.7Cr3.3 alloy, the most stable atomic order of the Ni-Cr alloy is same as the 

Pt2Mo alloy, shown in Figure 3.6 [23]. 

 
 

 

Figure 3.6 Schematics of the most stable bulk crystal structure of Ni6.7Cr3.3 alloy. 

 

 

For the Ni to Cr ratio of 7.5 to 2.5, type DO60 bulk structure is the most stable structure, 

shown in Figure 3.7 [23]. 

  
 

Figure 3.7 Schematics of type DO60 bulk crystal structure of Ni7.5Cr2.5 alloy. 

 

 

For the 8 to 2 Ni to Cr ratio, type D1a bulk structure is the most stable structure, which is 

in the same crystal structure as Ni4Mo alloy, shown in Figure 3.8 [23]. 
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Figure 3.8  Schemitic of type D1a bulk crystal structure of Ni8Cr2 alloy. 

 

Connétable et al. studied the formation enthalpies of series of Ni based alloy to determine 

the most stable crystal structure for Ni-Cr alloy at different Ni-Cr ratio [26]. They determined 

that there are seven possible configurations that can appear in Ni-Cr alloys at different ratios 

based on the investigation of alloy Inconel 718 during the solidification process [26]. These 

possible stable configurations and their corresponding alloys are D0a, DO60, L12 for Ni7.5Cr2.5, 

D85 for Ni5Cr5 and C14, C15, C36 for Ni6.7Cr3.3 [26]. They employed DFT calculations to 

determine the most stable configuration of each alloy and concluded that for Ni7.5Cr2.5, L12 is the 

only stable structure, shown in Figure 3.9. 
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Figure 3.9 Schemitic of L12 bulk crystal structure of Ni7.5Cr2.5 alloy. 

The Connétable et al. study did not consider the D060 structure while few years later 

Rahaman et al. studied different Ni7.5Cr2.5 alloy structure including the D060 and found the D060 

to be more stable than L12 for Ni7.5Cr2.5. Comparing Figure 3.7 and Figure 3.9, the difference 

between DO60 and L12 is the distribution of Cr in the Ni bulk. DO60 has 9 Cr atoms substitute Ni 

atoms in two adjacent Ni unit cells in z direction while L12 has 8 Cr atoms substituted Ni atoms 

in one unit cell. Each Ni atom in L12 configuration interacts with four Cr atoms and eight Ni 

atoms. The Ni-Cr bond is more complicated in DO60 structure; DO60 can be considered a 

combination of two L12 alloy combination with substitution of a Ni atom in the third layer with 

Cr atom. As Figure 3.7 shows, Ni atom on the top layer interacts with four Cr atoms and eight Ni 

atoms which are identical to the L12 configuration but the Cr atom in the third layer interacts 

with 12 Ni atoms. These two conflicting conclusions need further investigation. Connétable et al. 

also did not determine the thermodynamically stable structure for Ni5Cr5 and Ni6.7Cr3.3 [26] but 

the conclusion can be compensated by Bai et al. study which calculated the bulk energy and 

lattice constant of Ni6.7Cr3.3 [43]. Their model is the same as the configuration shown in Figure 

3.6. 

In current study, we include two different Ni-Cr alloys with Ni-Cr ratios: 5 to 5 and 1.67 

to 8.33. For the 5 to 5 ratio, which represents surface enrichment, four models, called Model I, II, 
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III and IV are tested: in  Model I 12 Cr atoms substitute all the fcc-Ni atoms in the top three 

layers; Model II follows the L10 structure in the (111) direction. Model III has 12 Ni atoms 

substituting all the bcc-Cr atoms in every other layers starting in the second layer and Model IV 

is 12 Ni atoms substituting all the bcc-Cr atoms in the top three layers. The four different models 

are shown in Figure 3.10 (a-d), respectively. We calculate and compare the lattice constant and 

lowest bulk energy for all the models. The comparison of the lowest bulk energy will help us 

determining the most stable configuration of the Ni5Cr5 alloy. The computed results are shown in 

Table 3.1. 

a. Model I b. Model II c. Model III d. Model IV 

    
 

Figure 3.10 Schematics of Ni5Cr5 alloy. Model I, a) 12 Cr atoms substitute all fcc-Ni atoms on 

top three layers. b) Model II, follows L10 alloy structure, 12 Cr atoms substitute 2 fcc-Ni atoms 

in each layer. c) Model III, 12 Ni atoms substitute all bcc-Cr atoms in separated layers. d) Model 

IV, 12 Ni atoms substitute all bcc-Cr atoms in the bottom three layers. 

 

 

 

 

 

 



33 

 

 

Table 3.1 The lattice constant of Model I to IV of Ni5Cr5 alloy 

 Lattice Constant (¡) Bulk Energy comparing to 

Model I (eV) 

Model I 3.55 0 

Model II 3.60 -15.73 

Model III 2.82 -1.56 

Model IV 2.83 -15 

 

 

We conclude that Model I configuration is the least stable structure while the bulk energy 

of Model II is the lowest among the four models. We conclude that Model II, L10 structure is 

thermodynamically most favored of these models that are consistent with previous study [23]. 

We relaxed the volume of all four models and found that only Model II configuration changed 

significantly. We compared the lowest bulk energy of the changed configuration of Model II, 

called Model II-a, with the initially designed Model II and find the Model II-a to be more stable. 

The two models are shown in Figure 3.11. 

Model II Model II-a 

  

 

Figure 3.11 Schematics of Model II and Model II-a, the L10 structure after relaxed volume.  

 

We compare the configuration of Model II and Model II-a and found the difference 

between two models are the atomic ordering in the top and bottom layers but because of the 


