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Abstract 

Chromium carbide is used as a protective coating on various industrial tools and 

components due to its hardness, toughness and chemical stability. The wear resistant 

properties of chromium carbide materials have been known but the corrosion 

resistance of chromium carbide as a coating agent is yet to be considered. Also, during 

surface coating, diffusion of Fe (base metal) into the chromium carbide surface takes 

place. Thus, considering these two phenomena, this project has been aimed towards 

the investigation of the surface oxidation phenomenon on the chromium carbide 

surface and Fe-substituted chromium carbide surface. Using molecular modelling 

approach based on Density Functional Theory (DFT), the electronic and structural 

properties of the bulk and surfaces of chromium carbide and Fe-substituted chromium 

carbide has been investigated.  

It has been widely known that Cr23C6, Cr7C3 and Cr3C2 are the three stable 

crystallographic phases of chromium carbide materials and Cr3C2 is the most stable 

phase. Using electronic and structural properties obtained from computational 

calculations, the chromium carbide phases were revaluated and Cr3C2 was found as the 

most stable chromium carbide bulk phase which is in line to information available in 

the literature. Additionally, the stability and surface free energy values of different 

Cr3C2 surfaces, when determined, revealed Cr3C2 (1 1 1) as the most stable surface. 

Three different Fe-substituted chromium carbide bulk systems, Cr2Fe1C2, Cr2Fe2C2 

and Cr2Fe3C2 were also studied using DFT calculations. Cr2Fe3C2 was found to be the 

most stable system.  Further, various surfaces of Fe-substituted chromium carbide 

systems were also investigated. Based on stability and surface free energy values, 

Cr2Fe3C2 (1 1 1) was obtained as the most stable Fe-substituted chromium carbide 

surface.  
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The process of surface oxidation was then investigated using stepwise adsorption 

method on Cr3C2 (1 1 1) and Cr2Fe3C2 (1 1 1) surfaces. It was determined that O2, 

followed by H2O and CO2 oxidants, is the adsorbent primarily responsible for 

degrading these surfaces at room temperature and normal pressure. The influence of 

temperature, oxygen partial pressure and chemical potential on the stable oxygen 

coverages on Cr3C2 (1 1 1) and Cr2Fe3C2 (1 1 1) surfaces was also obtained. 

Additionally, on the basis of phase diagrams, the stable oxygen coverage at different 

oxygen partial pressure and temperature values was easily identified. It was revealed 

that diffusion of Fe into the hard-facing surface, enhanced oxidation and reduced the 

strength of the surface coating. 
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CHAPTER 1 

INTRODUCTION 

 

This chapter outlines the background (section 1.1) associated with the project. A brief 

review of the literature related to chromium carbide and Fe-substituted chromium 

carbide has been provided in section 1.2. This section also contains the literature on 

the experimental and theoretical studies of chromium carbide and Fe-substituted 

chromium carbide systems. Section 1.3, 1.4 and 1.5 describes the research problem, 

hypotheses and the primary aims related to this project. In section 1.6, structure of the 

thesis has been provided.  

 

Keywords: Chromium carbide, Fe-substituted chromium carbide, phases, electronic, 

structure, surface interaction, etc.  

 

1.1 Background 

 

Surface oxidation has been cited to be one of the major causes for structural 

deterioration, asset degradation and financial losses [1-3] in marine and off shore 

industry [4, 5], underground mining [6, 7], steel [8, 9], oil and gas processing [1, 10] 

industry and many other large and small scale industries worldwide. Surface oxidation 

appears  in the form of pitting [8, 11], cracking [6, 9] or fatigue [4, 12]. In 2009 report, 
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the World Corrosion Organization estimated the annual loss due to corrosion 

worldwide to be around 1.8 trillion US dollars (3.1 % of the World’s GDP) of 

industrialized countries [2].  

In the mining industry, hard-facing is a surface engineering technology that has been 

applied to deposit hard materials by welding onto a base metal [13-16]. To execute 

various industrial operations like dredging, drilling and mining; machineries such as 

dredging teeth, mixing blades, hammers, rock bolts, cutter heads and bucket teeth are 

used [4, 6, 9, 15]. These are mostly coated with hard-facing materials based on carbides 

of Cr, Ti, Ni [13, 15, 17] etc. as these materials have high wear resistance.  

However, under oxidising condition, metal (such as Cu, Cr, Al, Mg) and metal carbides 

(WC, TiC, ZrC, VC) form metal oxides and metal carboxides respectively [18-26]. 

 

For metals:       Metal matrix  (−M − M − M −) + O2  → MxOz                                         (1.1)  

For metal carbides:   Metal carbide matrix MxCy + O2  → MxCyOz                       (1.2)                          

where x, y and z represent the different stoichiometric ratios between metal, C and O. 

When metal carbide matrix (WC, Mo2C, TiC, VC) interacts with adsorbents like H2O 

and CO2 in the surrounding atmosphere, it degrades to their respective metal 

carboxides and releases H2 [27] and CO [28] gas as a by-product.  

The surface oxidation reaction can be expressed by the following equations. 

Metal carbide matrix MxCy  + H2O → MxCyOz + 𝑎 H2                                                             (1.3) 

Metal carbide matrix MxCy  + CO2 → MxCyOz + 𝑏 CO                                          (1.4) 
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where x, y and z represent the different stoichiometric ratios between metal (M), C and 

O. a and b are arbitrary numbers, required to balance the Equations, 1.3 and 1.4 

respectively.  

 

“Surface oxidation is often described as a process involving chemical reactions 

occurring at the interface between a material and its surroundings, resulting in 

modification and depletion of that material by its surroundings” [21]. 

 

 

1.2 Literature Review 

 

1.2.1 Chromium and chromium compound systems 

 

Generally, chromium [29, 30] metal and its various compounds, the chromium boride 

[31, 32], the chromium nitride [33] and the chromium carbide [34] systems are 

indicated among the most probable super-hard material to exist. In recent literature, 

some of the theoretical studies on nitrides and borides of chromium stated that CrB4 

and hypothetical metastable CrN2 can have hardness of 47 GPa [31, 32] and 46 GPa 

[33] respectively. Chromium metal and its compounds are used in a wide range of 

applications mainly related to wear-resistant coatings [35, 36], cutting tools [37, 38] 

and metal forming and plastic molding applications [39]. CrN systems are often used 

in medical implants and tools as a coating agent due to its good wear, oxidation, and 

corrosion resistance [35, 40-42]. CrB systems have also been reported to demonstrate 

good corrosion resistance and abrasion resistance to wear as a coating material. CrC 

are known to be good hard-facing alloys and are used as a coating agent over metal 

surfaces due to its resistance towards wear and surface smoothness [15, 43]. 
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1.2.2 Chromium carbides and Fe-substituted chromium carbides 

 

In various industries, chromium carbides are mainly used as thermal spray powder, 

hard-facing welding electrodes [44, 45], additives for strengthening, substitute for hard 

chromium coating [46] and for enhancing wetting process with the metal [47]. They 

are also considered as a possible replacement for conventional coatings, such as 

electrochemical hard chrome used in molding [48]. In literature, three stable phases of 

chromium carbide, Cr23C6, Cr7C3 and Cr3C2 [49-54] have been determined using 

different methods such as X-ray microanalysis [53], neutron diffraction method [55] 

and diffraction patterns [56]. The narrow homogeneity range of these phases has been 

assessed by Massalski [54] (Figure 1.1) through phase diagram. Recently, Varmaa et 

al. [57] also determined the stable phases for different chromium carbides using 

Pourbiax diagram.  

 

 

 

 

 

 

 

 

 

Figure 1.1: Phase diagram of Cr-C system with data for homogeneity ranges of 

chromium carbides [54]. 
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The high temperatures used in hard coating chromium carbides on the base metal, Fe, 

produces Fe-substituted chromium carbides such as (Cr,Fe)23C6 and (Cr,Fe)7C3  [58, 

59]. Thus, significance of Fe-Cr-C alloys as precipitated carbides is also well known 

in several industries, like drilling [4, 5], mining [6, 7], oil and gas [1, 10] and in fuel 

cells [60, 61].  

 

1.2.2.1 Experimental findings of chromium carbides and Fe-

substituted chromium carbides 

 

Previous experimental studies [62] have indicated Cr3C2 to have the highest stability 

among the three chromium carbide phases. It was also determined that due to higher 

bulk and sheer moduli, Cr3C2 exhibits larger hardness than Cr7C3 and Cr23C6 phase 

[49]. Additionally, Dynamic SIMS (Secondary-Ion Mass Spectroscopy) studies have 

also revealed that the surfaces formed during sputtering (an experimental technique 

for making chromium carbides) are similar for all the three stable states of chromium 

carbides [63] i.e. Cr7C3, Cr3C2 and Cr23C6. The surface-concerned is built mostly of 

the neutral molecules with only 1% interacting at the surface as ions, hence the 

surfaces have the same properties regardless of the compound’s stoichiometry [63].  

Recent studies on the formation of surface coating of chromium carbides [64-66] 

highlighted how the stability of chromium carbide changes with change in Cr : C ratio. 

Also, using several experimental studies on the corrosion resistance of chromium 

carbide in various media (alkaline, acidic, etc), Varmaa et al. [57, 67] found that 

chromium carbide became unstable at certain electrode potentials and pH.  
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It is also revealed that the high temperatures used in hard coating chromium carbides 

on the base metal, Fe, often leads to the production of Fe-substituted chromium 

carbides such as (Cr,Fe)23C6, (Cr,Fe)7C3, etc. [68-73]. But no investigations regarding 

how the microstructure, crystallography and other chemical properties of these 

systems differ from the Cr3C2 system have been reported yet. 

 

1.2.2.2 Theoretical findings of chromium carbides and Fe-substituted 

chromium carbides 

 

Different computational techniques such as DFT [74-82], atomistic thermodynamic 

modelling, reactive force field (ReaxFF) molecular dynamics [83, 84], etc. have been 

used to study different metal carbides (MX= ZrC, TaC, VC, WC, NbC, SiC, TiC, etc.) 

bulk and surfaces. ReaxFF molecular dynamics simulations are used to perform 

reactive simulations of various metal carbides (e.g. SiC) [83, 84] whereas DFT have 

been used to study the bulk electronic and structural properties of several transition 

metal carbides such as TiC, VC, ZrC, NbC, CrC, TaC, etc. [75-82]. DFT calculation 

values showed good agreement with the experimental measurements concerning, 

stability, bond distances and atomic coordination of complex metal carbides. 

Theoretically, limited studies have been carried out on the stabilities of chromium 

carbide bulk phases and surfaces. In literature, employing computer-operated 

optimization program, various evaluations and assessments of thermodynamic 

properties such as enthalpy of formation, cohesive properties and vibrational entropy for 

different chromium carbide phases have been reported [85-89], which indicated Cr3C2 

phase to be highly stable which is also in good agreement with the experimental 

findings.  
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Employing DFT, the structural and electronic properties of Cr3C2, Cr7C3 and Cr23C6 

[34, 68, 90-98] have been investigated. Phase stability, formation energies, cohesive 

energies and other thermodynamic properties of chromium carbides have also been 

obtained by using DFT calculations [34, 68, 92-94, 96, 97, 99, 100]. Lately, Jiang [98] 

and Li et al. [34] separately investigated the structural and electronic properties of 

chromium carbides by using DFT method. They indicated that Cr3C2 is the most stable 

bulk phase. Using a different software, the stability order of the chromium carbide bulk 

phases will be reviewed for this project. Additionally using DFT in CASTEP 

(CAmbridge Serial Total Energy Package), Gu et al. [101] recently reported the 

structural and electronic properties of orthorhombic Cr3C2 (0 0 1). They have 

separately investigated the interfacial structure, work of adhesion, bonding nature and 

electronic property of diamond (0 0 1)/Cr3C2 (0 0 1) interface using DFT [102]. 

For Fe-substituted chromium carbides, the stability order of various systems is yet to 

be established. Using computational approach, Fors et al. [103] have showed (similar 

to Varmaa’s [57] findings) that Cr: Fe ratio is 2:1. Computational studies on the 

structural, thermodynamic, electronic properties of Fe-substituted Cr23C6 [90, 104-

106] and Fe-substituted Cr7C3 [92, 107] systems using DFT have been investigated by 

utilising various techniques. Additionally, investigation on the impact of carbon on 

radiation damage phenomena in steels [M23C6 (M = Cr, Fe)] systems using VASP 

(Vienna Ab-initio Simulation Package) has also been reported [108]. No studies on 

Fe-substituted Cr3C2 employing DFT have yet been reported in the literature. 
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1.3 Research Problem 

 

Chromium carbide is a hard-facing alloy used as a coating agent in industry. The wear 

resistance properties of this material have been extensively investigated and 

confirmed, but studies on oxidation resistance properties at the surfaces for chromium 

carbide has been sparsely carried out. Surface oxidation mechanism changes with 

different environment and factors are influenced by the adsorbents present in the 

surrounding for e.g., O2, H2O and CO2.  

In literature, three stable phases of chromium carbide crystallographic phases — 

Cr23C6, Cr7C3 and Cr3C2 have been reported. Of the three phases, Cr3C2 was found to 

be the most stable phase for the bulk, both experimentally and theoretically. In this 

project, initially, it has been aimed to revaluate the most stable chromium carbide 

phase using computational approach. Further, using the same tool, the stability order 

of the chromium carbide surfaces will be determined to then study the interactions of 

the adsorbents. 

During coating of chromium carbide over Fe (base metal), Fe diffuses into the 

chromium carbide surface. And on surface oxidation, Fe interacts with the adsorbents 

along with the surface coating. Using computational technique, the interactions 

responsible for degrading the hard-facing metal and how Fe influences on the surface 

oxidation will be investigated.  

The interactions of adsorbent like O2, H2O and CO2 over the metal (Cr/Fe) carbide 

surface will also be considered. Utilising the computational tool, the process via which 

the hard-facing surface begins to deteriorate and thus, leading to the damage of the 

surface coating will also be probed. 
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1.4 Hypotheses 

 

The hypothesis for this study is as follow: 

 

 

(a) Chromium carbide surfaces are resistant to surface oxidation.  

(b) DFT can be used to predict the surface interaction of chromium carbides by various 

gaseous adsorbents such as O2, H2O and CO2.  

(c) Diffusion of Fe into the chromium carbide surface leads to a change in the amount 

of surface oxidation. 

 

1.5 Specific Aims 

 

(a) To determine the stability order of chromium carbide bulk phases and Fe-

substituted chromium carbides systems.  

(b) To determine the stability order of chromium carbide and Fe-substituted chromium 

carbide surfaces. 

(c) To study the surface interaction of chromium carbides and Fe-substituted 

chromium carbides with gaseous adsorbents like O2, H2O and CO2. 

 

1.6 Structure of the Thesis  

 

In this thesis, DFT has been applied as a tool to investigate the electronic, structure 

and bonding properties for chromium carbide bulk phases and Fe-substituted 

chromium carbide systems. Using DFT calculations, the stability order of chromium 

carbide phases and Fe-substituted chromium carbide system have been evaluated. The 
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thermodynamic properties for the chromium carbide phases and Fe-substituted 

chromium carbide systems have also been obtained.  

Then, based on their slab sizes, stability and surface energies of different surfaces of 

Cr3C2 and Fe-substituted chromium carbides have also been investigated. 

Additionally, the structural changes within the bulk and at the surface of the various 

slabs and surfaces of Cr3C2 and Fe-substituted chromium carbide systems were also 

obtained. Combining both the information, the relative stability order of the Cr3C2 and 

Fe-substituted chromium carbide surfaces was obtained. Cr3C2 (1 1 1) and Cr2Fe3C2 

(1 1 1) surface were determined as the most stable chromium carbide and Fe-

substituted chromium carbide respectively. 

Further, using stepwise adsorption technique, the interaction of O-atoms with the 

Cr3C2 (1 1 1) surface and Cr2Fe3C2 (1 1 1) surface has also been studied. Here, the 

primary aim was to study the behaviour of these surfaces during different oxidation 

conditions such as O2, H2O and CO2. It was determined that O2 is the main adsorbent, 

followed by H2O and CO2 oxidants, responsible for degrading the Cr3C2 (1 1 1) and 

Cr2Fe3C2 (1 1 1) surfaces. The influence of temperature, oxygen partial pressure and 

chemical potential on the stable oxygen coverages on Cr3C2 (1 1 1) and Cr2Fe3C2 (1 1 

1) surfaces has also been reported.  It has been revealed that diffusion of Fe into the 

hard-facing surface increased the surface oxidation on the coating. 

 

In the following chapter, the computational tools and techniques used in this project to 

investigate chromium carbides and Fe-substituted chromium carbides bulk and 

surfaces have been provided.  
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CHAPTER 2 

METHODOLOGY 

 

In this chapter, the primary aim is to describe the computational approach that has been 

employed to investigate the chromium carbide and Fe-substituted chromium carbide 

bulk and surfaces. Utilising the available literature, it has been further attempted to 

justify why this method is suitable for this project. Additionally, investigation on the 

interaction of the surfaces with oxygen as adsorbent has also been carried out. All the 

calculations performed in this project are based on DFT and Dmol3 has been employed 

for the research.  

 

Keywords: Molecular modelling, Density Functional Theory, Schrödinger Equation, 

Kohn-Sham Equation, Generalized Gradient Approximation, PBE, RPBE, Hubbard U, 

Basis Set.  

 

2.1 Theoretical Molecular Modelling 

Theoretical Molecular Modelling [1-5] is a less expensive yet powerful tool than 

experimental methods that can be used to understand the different electronic 

interaction and the influence of external factors on the stability of  hard-facing alloys. 
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Using this tool, a microscopic view of the phenomena occurring at the interface of 

different systems can be achieved [7-10]. Once this information is known, predictions 

on long-term stability of the hard-facing alloy under different oxidation conditions 

(e.g. in O2, CO2, H2O) can be determined and hard-facing material with better 

corrosion and wear resistance can be developed [1, 7, 8, 11, 12].  

Surface oxidation of metal carbides is a real phenomenon where the surface is in 

contact with the surrounding (atoms and molecule-rich environment) [14]. Our 

knowledge at the on-going chemistry at the surface-interface is sparse and needs to be 

investigated. The reason perhaps for this non-conclusive knowledge is primarily due 

to the length-time scale involved [2, 7, 15]. 

At the molecular level, reactions on surfaces occur on a length scale of 0.1 nm (10-10 

m) and involve electronic perturbations on time scale in femto (10-15) seconds and 

atomic vibrations in the pico (10-12) seconds. However, in real time approach, since 

several molecular processes occur simultaneously for surface reactions, the relevant 

time scale is estimated to be of the order of micro-seconds or seconds [7]. 

In order to evaluate the turn-over rates of these molecular processes, a statistical 

average of the surface reactions is performed, implying that in total, a theoretical 

simulation must span a time period of several microseconds. During corrosion or 

catalytic studies at the surfaces in real time, the typical time period is considered even 

longer because the theoretical calculations involve phase transitions and cleavage or 

binding of atoms.  

So, for better correlation of theoretical modelling with real-time phenomenon, it is 

required to go to the meso- or even macroscopic regime (Figure 2.1). Hence, the 

calculations should be done for a longer period of time and are often categorised as 
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mesoscopic or microscopic [7, 9]. The primary limitation in this approach is in the 

time scale. Here, 12 orders of magnitude have to be bridged, i.e. from 10-12 s to 

seconds. Obviously, this cannot be achieved appropriately by simply using more 

powerful computer, since the typical dynamic forces involved in the electronic regime 

vary significantly from the governing dynamics in the mesoscopic or microscopic 

regimes. In the electronic regime, mainly, the nature of the chemical bonds is dealt 

with, which further provides information about the behaviour of the electrons and the 

interactions between atoms and molecules.  

However, the mesoscopic and microscopic regions are primary governed by 

electronically determined microscopic parameters along with the laws of 

thermodynamics and statistical mechanics. Further, the probability of a molecular 

process can be predicted using the electronic approach, but the feasibility of that 

possible molecular process can only be verified realistically at mesoscopic or 

microscopic level [7].  Thus, to solve this limitation, a theoretical approach, combining 

electronic-structure theory with a proper treatment of statistical mechanics is adopted 

in this study.  

Theoretical approach correlates electronic interactions with mesoscopic approach and 

help to observe the phenomenon at a macroscopic scale [7, 9]. The behaviour of a 

system involves electronic and atomic interactions and also molecular processes, but 

the observable effects only develop after mesoscopic and macroscopic lengths and 

times [7, 9] (Figure 2.1). Thus, this approach will be availed to systematically study 

the electronic effects of surface oxidation on our models in this project. 
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Figure 2.1: Schematic presentation of the time and length scales relevant to surface 

oxidation.  

 

Density Functional Theory  

In literature, atomistic modelling techniques like Hartree-Fock approach, Density 

Functional theory (DFT) are used [1, 7, 16-18] to study different compounds and 

complexes. Other methods such as the semi-empirical approaches like MNDO, AM1, 

PM3 are used  have limitations due to their high inaccuracies during parametrization 

of the materials and molecules [16, 19-21]. 

In this project DFT has been used due to the low computational cost and accuracy. 

Additionally most of the electronic and structural properties of a material or molecule, 

such as bond lengths, bond angle, all reaction energies, etc. can be estimated almost 

accurately using the DFT approach [16, 18, 19]. DFT is a computational quantum 

https://en.wikipedia.org/wiki/Quantum_mechanics
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mechanical method which is used to obtain an approximate solution to the Schrödinger 

equation [16, 18, 22] of a many-body system.  

 

Schrödinger Equation 

𝑖ħ 
𝜕

𝜕𝑡
𝜳 =  −

ħ2

2𝑚
∇2𝜳 +  𝑉𝜳                                                                                                            (2.1) 

where iħ 
∂

∂t
𝜳 is the total energy of the particle, −

ħ2

2m
∇2𝜳 is the kinetic energy of the 

particle and 𝑉𝜳 is the potential energy of the particle.  

Here, i is the imaginary number √−1, ħ is Planck’s constant divided by 2π = 1.05459 

x 10-34 J-s. Ψ (r, t) is the wave function defined over space and time. m is the mass of 

the particle. ∇2 = 
𝜕2

𝜕𝑥2 +
𝜕2

𝜕𝑦2 +
𝜕2

𝜕𝑧2 is the Laplacian operator.  

DFT is a ground-state theory which in principle includes correlation explicitly in the 

total energy and one-body potential [16, 23, 24]. Within DFT, exchange and 

correlation are treated together in the local spin density approximation [16, 25]. 

Further, DFT computational codes can be used to investigate the structural, magnetic 

and electronic properties of molecules [26, 27], materials [28, 29] and defects [30-32].  

In the many-body approach, like Hartree-Fock (HF) method considers, electronic 

wave-function is a function of 3N variables (the coordinates of all N atoms in the 

system) [33, 34], whereas the DFT method is based on the theory (Kohn-Sham theory 

[23, 35-37]) that the electron density is only a function of three variables - x, y and z 

and the total energy of the system can be calculated precisely using Born-Oppenheimer 

(B-O) approximation [18, 38]. The non-interacting Kohn-Sham (K-S) electrons are in 

https://en.wikipedia.org/wiki/Quantum_mechanics
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an external field such that their density can be mapped to those of the fully interacting 

particles [38, 39]. 

 

Figure 2.2: One to one mapping of the non-interacting K-S electrons to interacting 

particles. 

 

Kohn-Sham Equation for interacting system is as follows. 

𝐸[𝜌] = 𝑇𝑠[𝜌] + ∫ 𝑑𝑟 𝜐ext (r)𝜌(𝑟) + 𝐸𝐻[𝜌] + 𝐸𝑥𝑐[𝜌]                                                    (2.2) 

where 𝐸[𝜌] is the total energy of the interacting system, 𝑇𝑠[𝜌] is the K-S kinetic energy 

which is expressed in terms of the Kohn–Sham orbitals, 𝜐ext (r)𝜌(𝑟) is the external 

potential acting on the interacting system, 𝐸𝐻[𝜌] is the Hartree or Coulomb energy 

and 𝐸𝑥𝑐[𝜌] is the exchange correlation energy which has to be approximated. 𝐸𝑥𝑐[𝜌] 

may be further separated into a correlation and an exchange term: 𝐸𝑥𝑐[𝜌] = 𝐸𝑐[𝜌] +

𝐸𝑥[𝜌] where 𝐸𝑐[𝜌] and 𝐸𝑥[𝜌] are correlation and exchange components in the Kohn-

Sham approach [18, 35-38].  

The K-S approach uses BO approximation on Schrödinger equation to separate atomic 

nuclei and electron in the system. The B-O approximation generates the number of 

degrees of freedom of the system reducing it as far as possible. By using the electron 

density, DFT significantly speeds up the calculations whereas lack of B-O 
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approximation in H-F approach makes self-consistent calculations tedious. Since, both 

the methods give similar output, DFT method is generally opted by investigators [18, 

33, 38, 39].  

Out of all the pieces of K-S DFT energy, every piece except the exchange correlation 

potential can be computed due to its complexity and lack of computational viability. 

Thus, various approximate exchange correlation functionals are used for the 

calculations [33, 36, 39].  

In case of DFT, the total ground state energy of a many-electron system is a functional 

of the density. So, if the electron density functional is known, the total energy of the 

system [18, 33].  

 

There are 2 major approaches in DFT- LDA and GGA. 

Local Density Approximation (LDA) 

In LDA [40-43], they approximate the functional with a function of the local density 

of electrons,  𝜌(r). This is also known as Slater’s local exchange. Within the LDA, the 

exchange correlation energy, 𝐸𝑥𝑐[𝜌] only depends on the electron density and can be 

expressed as  

𝐸𝑥𝑐
𝐿𝐷𝐴[𝜌] = ∫ 𝜌(𝑟) Є𝑥𝑐

𝐿𝐷𝐴 (𝜌(𝑟))𝑑3𝑑𝑟                                                                           (2.3)             

where Є𝑥𝑐
𝐿𝐷𝐴 (𝐸𝑥𝑐[𝜌] per volume) is a function of the electron density 𝜌(r) and is given 

by Є𝑥𝑐
𝐿𝐷𝐴 = −(

3

4
)(

3

𝜋
)1/3𝜌4/3.  
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Generalized Gradient Approximation (GGA)  

The GGA [40, 44-46] consists of a set of approximations where the exchange 

correlation energy, 𝐸𝑥𝑐[𝜌]  can be expressed as 

 𝐸𝑥𝑐
𝐺𝐺𝐴[𝜌]=∫ 𝜌(𝑟)Є𝑥𝑐

𝐺𝐺𝐴 (𝜌(𝑟), 𝛻𝜌(𝑟))𝑑3𝑑𝑟          (2.4) 

where the exchange-correlation functional is written as a function of the local density 

𝜌(𝑟) and the local gradient of the density, 𝛻𝜌(𝑟), usually as an “enhancement factor” 

multiplied with the homogeneous electrons.  

The relationship between the exchange correlation energies, 𝐸𝑥𝑐[𝜌] for the LDA and 

the GGA approach have been summed up using the following equation 

𝐸𝑥𝑐
𝐺𝐺𝐴[𝜌] = ∫ 𝜌(𝑟)Є𝑥𝑐

𝐿𝐷𝐴 (𝑟𝑠(𝑟)) 𝐹𝑥𝑐(𝑟𝑠(𝑟), 𝑠(𝑟)) 𝑑3𝑑𝑟                                                        (2.5) 

where 𝐹𝑥𝑐(𝑟𝑠, 𝑠) = 𝐹𝑥(𝑠) +  𝐹𝑐(𝑟𝑠, 𝑠) is the enhancement factor. 𝑟𝑠=(
3

4𝜋𝜌
)1/3 is the 

Wigner-Seitz radius and s = |𝛻𝜌(𝑟)|/ [(22/3𝜋2/3𝜌4/3] is the reduced density gradient. 

Based on the local nature of the functionals, often binding energies are overestimated 

as lattice constant and bond lengths are either underestimated or overestimated based 

on the nature of the selected functional [47-51]. In the creation of exchange correlation 

functional, there are two distinct viewpoints.  

Perdew’s approach insists that the functionals should be derived non-empirically using 

methodical quantum-mechanical principles and exact conditions whereas Becke’s 

method stresses on the semi-empirical approach in which a general functional form 

containing free parameters is proposed. In Becke’s method, the proposed free 

parameters are then fitted to minimise the error in exact physical properties [18, 52, 

53]. Both these viewpoints were assessed and the Perdew-Burke-Ernzerhof (PBE) 

exchange-correlation functional [53] was proposed. 
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PBE (Perdew-Burke-Ernzerhof) functional 

The PBE functional form [40, 53-55] is based on a numerical GGA where a model of 

the exchange correlation hole was constructed to satisfy known exact hole constraints. 

In PBE, on construction various physical constraints such as normalisation condition 

and exchange correlation hole are preserved from LSD (Local Spin Density) 

approximation. Further for PBE, physical constraints are satisfied using the 

dependence on the reduced density gradient, s (Equation 2.4). The GGA-PBE [18, 38, 

40, 54-56] exchange correlation energy depends on 𝜌, s, and 𝜁. 

𝐸𝑥𝑐
𝐺𝐺𝐴−𝑃𝐵𝐸[𝜌] = ∫ 𝜌(𝑟)Є𝑥𝑐

𝐿𝐷𝐴 (𝑟𝑠(𝑟))𝐹𝑥𝑐(𝑟𝑠(𝑟), 𝑠(𝑟))𝜁(𝑟) 𝑑3𝑑𝑟                                        (2.6) 

where 𝜁 is the spin polarisation and 𝑟𝑠 is the Wigner-Seitz radius. For PBE [18, 55, 56] 

the enhancement factor is given as  𝐹𝑥𝑐(𝑟𝑠(𝑟), 𝑠(𝑟)) = 1 + κ (1 – 
1

1+𝒙/𝛋
)                         (2.7) 

where κ = parameter in the damping function, x = µp and p = s2. Here, µ = parameter 

for the long-range correction scheme and s= reduced density gradient.  

 

In case of PBE, κ = 0.804 is set to the maximum value allowed by the local Lieb-

Oxford bound [54, 57-59] on Exc and µ = 0.21951 is set to recover the linear response 

of the uniform gas such that the effective gradient coefficient for exchange cancels that 

for correlation. Revised PBE functional is built involving a softening of one of the 

criteria used in the construction of the PBE functional [40, 54, 59]. 

 

In case of revised PBE, κ = 1.245 instead of κ = 0.804 for PBE is used [40, 54, 60]. 

The Lieb–Oxford inequality criterion [57, 61, 62] in reference to the correction term 

of the Coulomb energy of a configuration of charged particles, states that the 

https://en.wikipedia.org/wiki/Coulomb_energy
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difference between the true energy IP and its semiclassical approximation D(ρ) is 

bounded from below as  

 

EP = IP − D(ρ) ≥ − C |𝑒|2/3 ∬ |𝜌(𝑥)|4/3𝑑3 𝑥                                                                            (2.8) 

where C ≤ 1.68 is a constant independent of the particle number N. EP is referred to as 

the indirect part of the Coulomb energy and in DFT more commonly as the exchange 

plus correlation energy.  

 

A similar bound exists if the particles have different charges e1, ..., eN. No upper bound 

is possible for EP. 

To avoid the uncertainty with respect to the fulfilment of the Lieb-Oxford criterion 

associated with the use of the revised PBE, an alternative functional “RPBE” was 

developed [40, 47].  RPBE does not involve fitting of parameters and it fulfils the Lieb-

Oxford criterion by construction.  

 

In case of RPBE,   

𝐹𝑥𝑐(𝑟𝑠(𝑟), 𝑠(𝑟)) = 1 + κ (1 – 𝑒𝑥/κ)                                                                                                      (2.9) 

where κ = parameter in the damping function = 0.804, x = µp and p = s2. Here, µ = 

parameter for the long range correction scheme and s = reduced density gradient [40]. 

                                                 

 

Hubbard U  

Hubbard parameter, U for multi orbital system represents the spherically averaged 

onsite coulombic interaction between electrons in the same and different atomic 

orbitals. U is defined as the average intra-orbital and inter-orbital coulomb matrix 

elements [63]. These matrix elements of the effective partially screened interaction are 

identified with the Hubbard interaction matrices for the low-energy Hamiltonian and 

https://en.wikipedia.org/wiki/Density_functional_theory#Derivation_and_formalism
https://en.wikipedia.org/wiki/Density_functional_theory#Derivation_and_formalism
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the corresponding parametrizations in terms of Hubbard U are explicitly derived from 

them [63, 64].  

Historically, in the single orbital Hubbard-Kanamori-Gutzwiller model the Coulomb 

energy cost for placing two electrons on an atomic site within a solid (the Hubbard 

interaction U) was introduced. Physically, U relates to the difference between the 

electron affinity and the ionization energy when respectively an electron is added and 

removed on the correlated shell. For e.g., in the d-shell of a given atom:  

U = E (dn+1) + E (dn-1) − 2E (dn),                                                                                                     (2.10) 

where E (dn) is the total energy of the system for which n electrons fill a given d shell 

on a given atom [65].  

 

Basis Sets 

A collection of vectors which spans or defines a space to solve a problem is generally 

called a basis set. Specifically, the basis sets usually are a collection of non-orthogonal 

one particle functions of electrons within atoms used to build molecular orbitals. These 

basis functions are generated as values on an atomic-centered spherical-polar mesh, 

rather than as analytical functions (i.e., Gaussian orbitals). The angular portion of each 

function is the appropriate spherical harmonic Ylm (θ, ϕ). The radial portion is 

estimated by statistically solving the DFT equations, which along with the – (∇2/2) 

term (required for the assessment of the kinetic energy term in the Schrodinger 

Equation) are represented as a set of cubic spline coefficients, making them piecewise 

and systematic derivatives of the basis functions [66].  
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When numerical orbitals are used for the basis functions in calculations, each one 

corresponds to an atomic orbital [66]. The compactness and rapid convergence in DFT 

calculations enhances the utility value of the Numerical atom-centered basis sets 

(orbitals) (NAO) [67, 68]. Of the different type of basis sets (atomic orbitals) used by 

DMol3 [69, 70] to expand the molecular orbitals, minimal, double numeric (DN, 

DND, or DNP) and triple numeric (TNP) parametric values are set [69, 71, 72]. The 

minimal basis set uses one atomic orbital for each occupied orbital in the free atom. 

Minimal basis sets are generally inadequate for quantitative analysis approximately 

two atomic orbitals for each one occupied in free atom [73, 74].   

The Double Numeric basis set uses approximately two atomic orbitals for each 

occupied orbital in the free atom. The DNP basis set uses double-numerical basis 

functions together with polarization functions, i.e., functions with angular momentum 

one higher than that of the highest occupied orbital in the free atom. This set contains 

a polarization d function on heavy atoms and a polarization p function on hydrogen 

[72]. The DND basis set is identical to DNP except that it has only d polarization [71].  

The basis set DND and DNP are comparable to Gaussian 6-31G (d) and 6-31G (d, p) 

basis sets, but numerical basis sets of a given size are much more accurate than 

Gaussian basis sets of the same size  [69, 71, 72, 75]. It has been also reported that the 

numerical basis sets can predict geometries as accurately as the Gaussian bases whose 

sizes are much larger than the numerical bases [76]. The basis set TNP is an extended 

version of DNP using triple numerical quality basis sets with double polarization 

functions [66]. TNP basis sets include additional sets of d-type polarization functions 

on all atoms unlike the DND basis set which include a d-type polarization function to 

the heavy atoms [77]. 
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A specific concern for the overlapping atom-centered basis sets has been the prospect 

of the basis set superposition errors or BSSE [68]. BSSE, in a molecule (or system) is 

defined as the lowering of the energy when the electrons of each atom spreads into the 

basis functions provided by the other atoms due to an incomplete basis set [78]. 

Depending on the basis set, it has been revealed that BSSE also relies on the structure 

of an atom, i.e., denser structures typically suffer a larger BSSE than sparser ones [68].  

In contrast to the Gaussian basis sets in which BSSE can be a serious problem, it is 

believed that the numerical basis sets implemented in DMol3 minimize or even 

eliminate the BSSE [78]. Additionally, it was revealed that a smaller number of 

numerical basis set in DMol3 describe the radial dependence (DMol3 uses exact DFT 

spherical-atomic orbitals that are generated numerically) more precisely than that of 

Gaussian basis set. Within the limitations of DFT, this led to the interpretation that the 

magnitude of BSSE in the numerical basis set within DMol3 is minimal in comparison 

with Gaussian basis set when the former is compared with the latter by the same basis 

set size [76].  

During the assignment of the basis sets in DMol3, one imperative and adjustable 

parameter is the global orbital cut-off (or the real space cut-off) value. The global 

orbital cut-off is applied to the generation of the numerical basis sets to limit the range 

of the numerical integrations and reduce the computational cost because the charge 

density decreases quickly as the distance from an atomic nucleus increase. Thus, the 

global orbital cut-off values are important to the accuracy of the atomization energies 

(D0) [66].  

Within the accuracy threshold defined for the quality levels, coarse, medium and fine 

are assumed within the range of 1.0 eV atom-1, 0.3 eV atom-1 and 0.1 eV atom-1 
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respectively as real space cut-off for elements leading to the atomic energies differ 

from the reference energy [79]. The maximum global space cut off is given as 6.5 Å 

[66, 79].  

There are two criteria that essentially guides the selection of basis functions [69]:  

          (a) The total energies of a reference set of molecules should be minimized for a given 

basis set size. 

(b) The basis functions must not give rise to a near singular overlap matrix or have 

otherwise unreliable properties.  

 

These can be satisfied by deriving the variational basis function set from the neutral 

atom and from positive ions, which can be achieved by imposing pseudopotentials.  

To define the scattering properties of the pseudopotential, as atomic reference 

configurations, the same neutral and ionic states that are useful for generating basis 

functions [80]. The core treatment parameter controls how electrons in the lowest lying 

atomic orbitals are treated.   

 

Electron Treatments 

There are several electron treatments such as Electron Core treatment (ECP), Density 

functional semicore pseudopotentials (DSPP), etc. which treat the core electrons in 

different ways [80, 81].  

ECPs essentially replaces the chemically inert core electrons with an effective 

potential and can be used to incorporate the dominant effects of relativity. They have 

the advantage of significantly reducing the size of the basis set needed to treat the 

molecule. ECPs are mainly used in Hartree Fock calculations [82].  
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DSPP is a tool for assessing how the core electrons are to be treated during a 

calculation. It  adopts the local orbital approach permitting the core electrons to keep 

semicore states as valence functions and has a semilocal cuspless form [80].  

 

DSPP consists of hard pseudopotentials emphasising on accuracy, such that for smaller 

molecules semicore states are left as valence states to a large extent. The DSPPs have 

been specifically designed to replicate accurate DMol3 calculations as they were 

generated by fitting all-electron relativistic DFT results [79, 80]. 

Additionally, model core density correction is used to maintain a realistic total density 

profile near the nucleus. This helps to make gradient dependent functionals behave 

well. For good portability among different ionic states, hardness conservation is built 

in by optimizing the PP for an atomic configuration and at least one ionic 

configuration. For portability between functionals, two representative functionals are 

often used in the construction process for a single PP enhancing its flexibility [80, 83].  

 

 

Mixing scheme, Preconditioning and Smearing 

A parameter essential to attain economic convergence is Direct Inversion in the 

Iterative Subspace (DIIS) is a density mixing scheme. The DIIS method introduced by 

Pulay optimises the linear coefficients of each density matrix by minimizing the orbital 

rotation gradient based on the commutator matrix of the Fock and density matrices in 

the orthonormal basis space [84]. The standard SCF iterative procedure with the DIIS-

based methods involves two separate steps.  

The first step is to diagonalize the Fock matrix in order to construct a new density 

matrix. The second step is to improve the new density matrix using the DIIS scheme 
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to combine linearly this new density matrix with the density matrices obtained from 

previous iterations [35, 85].  

DIIS is an acceleration technique for robustly solving nonlinear problems that was 

originally designed to accelerate the self-consistent field iteration (SCF). It has been 

found to improve convergence for a variety of algorithms used in electronic structure 

calculations by reducing the number of iteration steps needed to reach a prescribed 

precision [86]. In Dmol3, DIIS value ranges from 4 to 10 pulay [79].  

During SCF procedure, density mixing may dampen oscillations by mixing densities 

from previous iterations with the density produced from the occupancies at the current 

iteration (the output density).  

To solve this problem, the approach of linear mixing of densities is adopted. Here, the 

new density, 𝑛𝑖𝑛
𝑖+1(𝑟) is constructed from the density of the previous iteration as 

 𝑛𝑖𝑛
𝑖+1(𝑟) = α𝑛𝑜𝑢𝑡

𝑖 (𝑟) + (1 − α) 𝑛𝑖𝑛
𝑖 (𝑟)                                                                                    (2.11) 

where 𝑛𝑖𝑛
𝑖 (𝑟)  and 𝑛𝑜𝑢𝑡

𝑖 (𝑟) are the input and output SCF solutions at the ith iteration.  

Using Pulay’s DIIS procedure [87], an efficient mixing scheme is used based upon a 

history of previous densities. 

Under the constraint of electron number conservation [88] ∑ α𝑖 = 1, the next input 

density is given as  

𝑛𝑖𝑛
𝑖+1(𝑟) = ∑ α𝑖−𝑗 𝑛𝑖𝑛

𝑖−𝑗
(𝑟)                                                                                                                  (2.12) 

where index j = [o, m−1].  

In DIIS, the mixing coefficients α𝑖 are found by first considering the density residual, 
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𝑅 [𝑛𝑖𝑛
𝑖 (𝑟)] = 𝑛𝑜𝑢𝑡

𝑖 (𝑟) − 𝑛𝑖𝑛
𝑖 (𝑟)                                                                                                     (2.13) 

which can incidentally be used to reformulate linear mixing as  

𝑛𝑖𝑛
𝑖+1(𝑟) = 𝑛𝑖𝑛

𝑖 (𝑟) + α R[𝑛𝑖𝑛
𝑖 (𝑟)]                                                                                                  (2.14)  

 

If the DIIS assumption is used that the residuals are linear in nin (r), then  

𝑅[𝑛𝑖𝑛
𝑖+1(𝑟)] = ∑ α𝑖−𝑗𝑅[ 𝑛𝑖𝑛

𝑖−𝑗
(𝑟)]                                                                                                   (2.15) 

where index j = [o, m−1].  

 

The Pulay mixing coefficients, α𝑖 which minimize the norm of the residual associated 

with the current iteration, are given as  

α𝑖 = 
∑(𝐴)      𝑗𝑖

−1

∑(𝐴)     𝑘𝑙
−1                                                                                                                                               (2.16) 

 where A is the matrix with elements aij the dot products of the residuals with index i 

and j. 

 

To improve convergence in the systems, mixing alone is often not sufficient [11]. 

Using a preconditioner for metals and metallic systems, thus, ensures that the 

convergence has an economical rate. The Kerker preconditioner is based on the 

dielectric function of homogeneous electron gas. It is designed to accelerate the SCF 

iteration in the DFT calculations [89].  

The Kerker preconditioner [90] dampens long-range components in density changes 

more than short-range components. It is essential because, especially in metals, long-
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range changes in the density are often the cause of charge-sloshing effects G(k), where 

large changes in the output density are resulted from small changes in the input density 

values.  

G(k) = 𝐴
𝑘2

𝑘2−𝑘𝑜
2                                                                                                                                    (2.17)  

where A is a mixing weight and the parameter k0 effectively defines a “length-scale” 

for what is meant by long-range. The k are the wave vectors via which the density is 

represented. Thus G(k) is used to multiply the 𝑛𝑖𝑛
𝑖+1(𝑟)  density in reciprocal space and 

thus damp the “charge-sloshing” that can occur at long wavelengths [90]. Furthermore, 

as in all approaches for metals, a smeared occupancy distribution must be used. For 

metallic systems, the choice of smearing function is also a major consideration.  

Though a Fermi-Dirac (FD) occupation can be used as a smearing function, Dmol3 

applies Gaussian smearing as the function. The Gaussian smearing takes in to 

consideration all the advantages of the FD occupation such as the concept of the 

electronic smearing corresponding to a physical thermal distribution at temperature T.  

In FD occupation, if thermally distributed electrons are not of interest then the free 

energies obtained will be “corrected” to approximate zero Kelvin energies, and any 

other sigmoidal distribution converging to a step function in some limit is considered. 

The Gaussian smearing solves the drawback of the FD occupation which tails off very 

slowly and thus, uses a large number of very slightly occupied conduction bands to 

capture all of the occupied states fully [88].  

The Gaussian smearing calculations requires relatively fewer partially occupied 

conduction states to be effective which is evident from its method of formulation 

which considers a shifted and scaled error function (erf) for state occupancy which 
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resolves the issue with the long tails of the distribution. The Gaussian smearing, 𝐺(Є)𝑖 

is represented as  

𝐺(Є)𝑖 =  ½ [1-erf (
(Є)𝑖−𝜇

σ
)]                                                                                                                  (2.18) 

In this approach, (Є)𝑖 is the generalized free energy, μ is the chemical potential and σ 

= kBT is the smearing width [88], where T is the electronic temperature and kB is the 

Boltzmann constant. 

Utilising all this information available in the literature, DFT was employed to study 

the structure and electronic properties of bulk and surfaces of chromium carbide and 

Fe-substituted chromium carbides. 

In the following section a brief description in regards to the research approach of this 

project has been provided. 

 

2.2  Description of the research method  

2.2.1 Computational Modelling 

 

To gain a better understanding of the stability order of chromium carbide phases, the 

crystallographic data available in literature was utilised and atomistic models will be 

constructed for various chromium carbide systems. Investigations will be carried out 

to study the cohesive energies, enthalpy for formation, atomic charge distribution and 

the density of states of different chromium carbides to find the most stable phase.  

When the surface of the base metal (Fe) is coated with chromium carbide alloys, some 

Fe atoms get diffused on to the coating layers. This project aims to see the influence 

of Fe on the surface oxidation. Employing Varmaa et al. [6] and Fors et al.’s [13] 
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information, which states the Cr : Fe ratio as 2:1, Fe-substituted chromium carbides 

will be used. The bonding of the base metal and the chromium carbide using various 

systems will be studied by analysing structural and electronic properties. The most 

stable surfaces for the chromium carbide and Fe-substituted chromium carbide 

systems will be calculated using the surface free energies and other electronic 

stabilities. Additionally, surface free energy, adsorption energy and other electronic 

properties will be determined to investigate how different adsorbents interact with the 

chromium carbide surface based on the DFT approach within the generalized gradient 

approximation method.  

DMol3 [79, 91] (software that applies DFT for energy calculations) will be used for 

the calculations. Parametrized GGA functionals like Revised Perdew-Burke-

Ernzerhof (RPBE) will be used to describe the exchange-correlation interactions. 

Intra-site Coulomb repulsion terms would also be included. Cut-off kinetic energy will 

be obtained by converging the total energy to less than 1 meV/atom. Further, the 

vibrational zero-point energy (ZPE) contribution those are ignored in static lattice 

DFT-reaction energy will be calculated using RPBE (exchange-correlation density 

functional) for all considered systems. It would be used for thermal correction [11, 12, 

92].  

Next, the procedure to study the chromium carbide and Fe-substituted chromium 

carbide bulk and surfaces has been discussed concisely and details are provided in each 

chapter further. 
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Flow chart representation of the procedure undertaken to study the surface interaction 

on chromium carbide and Fe-substituted chromium carbide surfaces using oxygen is 

given: 

 

 

 

 

                         

 

 

 

 

 

 

 

 

 

 

 

 

 

Step 1: The bulk crystal structures will be obtained from the CIF files available in 

the database to build the initial model of the chromium carbides. Geometry 

optimisations and subsequent relaxations of geometry of the models will be 

carried out with chromium carbides. The stability order of chromium carbide 

phases will be obtained.  (Chapter 3) 

 

Step 2: Using Mulliken charge values obtained from calculations for  different Cr-

atoms and the information provided by Varmaa [6] and Fors [13], various Fe-

substituted chromium carbides (Cr : Fe ratio being 2:1) will be constructed. The 

stability order of Fe-substituted chromium carbide systems will then be projected. 

(Chapter 3) 

Step 3: Vacuum thickness in periodically slab models will be determined. Slabs 

with different surface terminations (e.g. (0 0 1), (0 1 0), etc.) will be created from 

optimised bulk structures. Slabs with optimised vacuum space and N layers will 

be attained for no periodic self-interactions of the artificial slabs. (Chapter 4) 

 

Step 4: Slabs of different surfaces will be geometrically optimised. The most 

stable surface for chromium carbide and Fe-substituted chromium carbides will 

be obtained. (Chapter 4) 

Step 5: To investigate the interaction of O-atom with the stable surface for 

chromium carbide and Fe-substituted chromium carbides, the most stable 

configuration for each oxygen coverages will be obtained. Stepwise adsorption 

method, using O-atoms, will be applied to determine the saturated coverages for 

different surfaces. The behaviour of these surfaces during different oxidation 

conditions will be studied.  The effect of partial pressure, temperature and 

chemical potential on these stable surface coverages will also be investigated. 

Finally, the effect of Fe-diffusion on the surface oxidation of chromium carbide 

surface will also be evaluated. (Chapter 5) 
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CHAPTER 3 

BULK PROPERTIES OF CHROMIUM CARBIDES 

AND Fe-SUBSTITUTED CHROMIUM CARBIDES 

BY USING DFT 

 

In this chapter, Density Functional Theory (DFT) has been applied to investigate the 

electronic, structure and bonding properties for chromium carbide and Fe-substituted 

chromium carbide bulk phases. The lattice parameters and the thermodynamic 

properties for the chromium carbide and Fe-substituted chromium carbide phases were 

also revealed in this chapter. Using DFT calculations, the most stable chromium 

carbide and Fe-substituted chromium carbide bulk phases was also determined. 

 

Keywords: Cr23C6, Cr7C3, Cr3C2, DFT, cohesive energy, enthalpy of formation, Fe-

substituted chromium carbide, metallicity, Density of states (DOS), density 

distribution 

 

3.1 Introduction 

Chromium carbide (CrC) is known to exist in three stable crystallographic phases — 

one cubic Cr23C6, and two orthorhombic Cr7C3 and Cr3C2 [1-3]. Due to its high 
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hardness, toughness and chemical stability, it has been used as a protective coating for 

industrial components and tools [4, 5].  

 

Additionally, theoretical investigations on the chromium carbides reveal the 

electronic, structural and mechanical properties of the stable phases. Xie et al. [6] 

calculated the atomic coordinates and crystal parameters of Cr23C6 by employing the 

interatomic potentials obtained by lattice inversion method. Xie et al. [7, 8], also 

determined structural and thermodynamic properties of Cr7C3 using atomistic 

simulations. dos Santos [9] analysed the electronic structures of Cr23C6 using LMTO 

(Linear Muffin-tin orbital) with the Andersen’s atomic sphere approximation and 

LAPW (Linear plain and expanded waves) with generalized gradient approximation 

(GGA). The electronic and mechanical properties of orthorhombic Cr7C3 was reported 

by Music et al. [10]. Recently, Jiang [11] and Li et al. [12] separately investigated the 

structural and electronic properties of chromium carbides by first principle 

calculations.  

 

Experimental investigations by Coronado [13] and Lin et al. [13, 14], have reported on 

toughness, wear resistance and cracking systems of  Cr-Fe-C systems. Varmaa et al.’s 

[15] recent experimental work on corrosion behaviour of high-chromium white irons 

sheds light on Cr : Fe ratio in the Fe-substituted chromium carbide systems. Fors et al. 

[16] investigated the elastic and chemical contributions to the interface energetics of 

semi-coherent (Fe/CrC) and coherently strained precipitates based on an extended 

Peierls-Nabarro framework using ab initio DFT data. Both Varmaa et al. [15] and Fors 

et al. [16] considered Cr : Fe ratio as 2:1 using experimental tools and computational 

approach respectively.  Additionally, using atomistic simulations, Xie et al. [17] have 

reported the site preferences of Fe in Cr23-xFexC6.   
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However, a systematic theoretical report on how the electronic structures of the 

chromium carbide and the Fe-substituted chromium carbides are modified starting 

from the parent elements (Cr and C) and the effect on the electronic structure due to 

introduction of Fe into the carbides has been reported in this chapter. Here, it is 

intended to present a systematic investigation of the transformation of chromium 

carbides as the concentration of C steadily increases in chromium carbide crystal 

systems and the site preference of Fe in the most stable chromium carbide was also 

identified. In this chapter, DFT has been used to investigate the structural and 

electronic characteristics for understanding the bonding nature in the three stable 

chromium carbide and the Fe-substituted chromium carbide phases. The theoretical 

values obtained of various parameters and properties are compared with the available 

experimental results.  

 

3.2 Methodology 

 

3.2.1 Computational details 

 

All calculations were performed using DFT as implemented in the Dmol3 code in 

Biovia Material Studio 2017 [18] computational module. Geometry optimization of 

Cr, C (graphite), Cr23C6, Cr7C3, Cr3C2 unit cells and isolated Cr atom and C-atom were 

performed with double numerical atomic basis set with a polarization d-function on all 

non-hydrogen atoms (“dnd”). The generalized gradient approximation (GGA) + 

Hubbard parameter (U = 2.50 eV) in the PWC_PBE form was used in all the 

calculations using semi-core pseudo-potentials [19]. For chromium and graphite (C), 

the valence electrons being considered are 3s23p63d54s1 and 2s22p2, respectively. The 
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experimentally known crystal structures were used as initial geometry for the 

optimizations. A Monkhorst-Pack grid has been used to select the special k-points 

necessary to carry out numerical integrations in the reciprocal space [20]. The 

smearing parameter was set as 0.005 Ha. The energy convergence tolerance, the 

maximum force and the maximum displacement were selected as 1.0 x 10-5 Ha, 0.002 

Ha/Å and 0.005 Ha respectively. The quality of orbital cut off was set to ‘fine’ and a 

global orbital cut off radius of 4.5 Å was used. The crystal structures of chromium, 

graphite and chromium carbides are represented using MS visualiser and  the VESTA 

software [21].  

3.2.2 Stability of chromium carbides 

 

Thermodynamic properties like cohesive energy and enthalpy of formation provide 

information about the relative stability of different phases of chromium carbide and 

Fe-substituted chromium carbides [12]. Theoretically, these energies can be calculated 

using equations (3.1) and (3.2) [22]. 

 

Ecoh (MxCy) = [Etotal (Cell) − nxEisolate (M) − nyEisolate (C)]/ n                                                (3.1) 

 

Here, Ecoh (MxCy) is the cohesive energy of chromium carbide phases and Fe-

substituted chromium carbides, where M=Cr/Fe and x= 3, 7, 26 and y =2, 3, 6 for 

chromium carbides. Etotal (Cell) is the total energy of a unit cell. Eisolate (X) indicates 

the total energy of an isolated X atom; finally, ‘n’ refers to the formula number of 

Cr3C2, Cr7C3, Cr23C6 and Fe-substituted chromium carbide units contained in each cell.  

 

ΔrHm (MxCy) = [Etotal (Cell) − nxEbinding (M) − nyEbinding (C)]/n                                           (3.2) 

 

Here, ΔrHm (MxCy) is the enthalpy of formation of chromium carbide phases and Fe-

substituted chromium carbides, where M=Cr/Fe, where x= 3, 7, 26 and y =2, 3, 6 for 
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chromium carbides. Etotal (Cell) is the total energy of a unit cell; Ebinding (X) is the 

binding energy of pure element X, per atom. Finally, ‘n’ refers to the formula number 

of Cr3C2, Cr7C3, Cr23C6 and Fe-substituted chromium carbide units contained in each 

cell.  

 

3.3 Results and Discussion 

3.3.1 Structural Models and Thermodynamic Properties 

3.3.1.1 Cell properties, cohesive energies and enthalpies of formation 

of chromium carbides 

 

The optimised geometry of the crystal structures of bcc-Cr (Im-3m), C or graphite 

(P63/mmc) are shown in Figure 3.1. Cr has cubic symmetry with a=b=c and 

α=β=γ=90O and the graphite has hexagonal symmetry with a=b ≠c and α=β=90O, 

γ=120O.  

 

Chromium                                                      Graphite 

 

 

 

Figure 3.1: The crystal structures of chromium (Cr) and graphite (C). The Cr atoms 

and the C atoms are represented by green and brown colour respectively. 

The three known stable phases of chromium carbides are shown in Figure 3.2. The 

general formula of crystal structures of, chromium carbides are Cr1-x Cx, x = amount 

of C with 0.20 < x < 0.50 in Cr (amount of Cr=1.0). The three phases of chromium 
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carbides that form the stable phases are Cr23C6 [Fm-3m], Cr7C3 [Pncn] and Cr3C2 

[Pnma] [23, 24] for different values of x. Chemically, the transition of Cr to Cr3C2 with 

the increasing concentration of C can be represented as  

 

 Cr                            Cr23C6                                 Cr7C3                                      Cr3C2    (3.3) 

As shown in Figure 3.2, Cr23C6 has cubic symmetry with a = b = c and α = β = γ = 90O 

and Cr7C3 and Cr3C2 have orthorhombic symmetry, with a ≠ b ≠ c and α = β = γ = 90O. 

Space groups and the calculated cell parameters have been listed in Table 3.1.  

Cr23C6 

 

 

 

 

 

 
 

 

Cr7C3  

 

 

 

 

 

 

 

Cr3C2  

 

 

 

 

Figure 3.2: The crystal structures of Cr23C6, Cr7C3 and Cr3C2. The Cr atoms and the C 

atoms are represented by green and brown colour. The rectangular box inset indicates 

a unit cell.  

As C is introduced, the bcc-Cr bulk phase changes to face-centred crystal (fcc) 

structure of Cr23C6. The fcc crystal structure of Cr23C6 as represented in Figure 3.2 (i) 

15-20 % [C] 30-45 % [C] 20-30 % [C] 
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can be thought as a combination of Cr atoms forming cuboctahedral polyhedra and 

tetrahedral polyhedral with C atoms situated between the two polyhedra.  

 

When the concentration of C (x) increases from 0.20 to 0.50 (Cr7C3 and Cr3C2), the 

phases of orthorhombic symmetry with chromium atoms forming triangular prismatic 

units around the C-atoms are formed.  

 

In Cr7C3 (Figure 3.2 (ii)) the prisms are connected by Cr atoms in the corners of the 

prisms while in Cr3C2 (Figure 3.2 (iii)) the prisms are connected by Cr atoms in the 

edge of the prisms as the number of C atoms per unit cell is higher in Cr3C2. The 

calculated cell parameters of all the chromium carbide (Cr-C) compounds are shown 

in Table 3.1.   

 

The experimental values of the lattice parameters [25-29] shown in parenthesis are in 

good agreement with the calculated values. The average deviation of the calculated 

results from the experimental lattice parameters are less than 1%.  
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Table 3.1: Point group [Space group], calculated cell parameters (a, b, c in Å) of Cr, 

C, and chromium carbide phases. Cohesive energy (Ecoh, eV/atom) and enthalpy of 

formation (ΔrHm, eV/atom) for chromium carbide phases. 

 

Crystal 

Systems 

Point Group 

[Space Group] 

Lattice Parameters (Å) E
coh 

eV/atom 

Δ
r
H

m

 

eV/atom (at 298 K) a b c 

Cr  

(N=2) 

Cubic  

[Im-3m] 

2.8846 

(2.88i) 

2.8846 

(2.88i) 

2.8846 

(2.88i) 
_ _ 

Graphite 

(N=4) 

Hexagonal 

[P63/mmc] 

2.4460 

(2.464ii) 

2.4460 

(2.464ii) 

6.6480 

(6.711ii) 
_ _ 

Cr
23

C
6 

(N=116) 

Cubic 

[Fm-3m] 

10.650 

(10.659iii) 

10.650 

(10.659iii) 

10.650 

(10.659iii) 
-6.745 

-0.116 

(-0.224vi, -0.191vii) 

Cr
7
C

3
   

(N=40) 

Orthorhombic  

[Pncn] 

7.0235 

(7.01iv) 

12.0974 

(12.15iv) 

4.4182 

(4.53iv) 
-7.084 

-0.109 

(-0.125vi, -0.111vii) 

Cr
3
C

2   

(N=20) 

Orthorhombic 

[Pnma] 

5.5183 

(5.53v) 

2.8163 

(2.82v) 

11.4949 

(11.48v) 
-7.415 

-0.105 

(-0.094vi, -0.088vii) 

where N= Number of atoms within the crystal lattice used for calculation 

Experimental values of lattice parameters in parenthesis, i-v: Refs [25-29] 

Experimental values of enthalpy of formation in parenthesis, vi, vii: Ref [30, 31] 

 

Cohesive energy and enthalpy of formation for the stable chromium carbides phases 

has been calculated using Equations (3.1) and (3.2) and listed in Table 3.1. The 

enthalpy of formation is -0.116, -0.109 and -0.105 eV/atom for Cr23C6, Cr7C3, and 

Cr3C2 respectively indicating that Cr3C2 is the most thermodynamically stable phase. 

The calculated values of enthalpy of formation follow the trend observed in the 

experimental findings [30, 31].  The calculated formation energy values for Cr7C3 and 

Cr3C2 are close to the experimental values, whereas for the Cr23C6 the deviation is 

higher. This deviation can be attributed to the different experimental conditions used 

for obtaining the formation energies reported. 
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A range of theoretical values for cohesive energies have been reported Cr23C6 ( -8.404 

[6] and -10.10 eV/atom [12]) Cr7C3 (-8.57 eV/atom [7] and -10.03 eV/atom for  [12])  

and Cr3C2 (-9.94 eV/atom [12]). Here, the cohesive energy values that were calculated 

for Cr23C6, Cr7C3, and Cr3C2 are -6.745, -7.084 and -7.415 eV/atom which follows the 

trend observed for the three phases are similar to their findings. Hence, based on 

enthalpy of formation and cohesive energies, the following stability sequence for the 

three stable chromium carbide phases can be concluded, which is consistent with the 

stability order reported in experimental findings [30, 31].  

 

Order of stability of chromium carbides: Cr3C2 > Cr7C3 > Cr23C6 

 

3.3.1.2 Electronic Properties of Cr, graphite and chromium carbides  

 

In general, the bonding in the transition metal carbide systems is found to be a 

combination of metallic, ionic and covalent interactions. The different nature of 

bonding within the chromium carbide phases can be determined by the electron density 

distribution map, population analysis and partial density of states. 

 

3.3.1.3 Metallicity 

 

The metallicity, fm of the crystal systems can be estimated by [32]:  

fm = (nm/ne) = (kBTDf)/ne = (0.026 Df)/ne                                                                                         (3.4)  

where Df is the DOS value at the fermi level in electrons/eV, T is the temperature at 

298 K, nm and ne are the thermal excited electrons and valence electron density, kB is 

the Boltzmann constant = 8.6173303 x 10-5 eVK-1. Here, ne = VE/VCell, where VE = 

total number of valence electrons and VCell is the cell volume.  
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The metallicity has been calculated as 0.09299, 0.00225, 0.01576, 0.02062 and 

0.01561 for Cr, C (graphite), Cr23C6, Cr7C3, and Cr3C2 respectively. The calculated 

results are shown in Table 3.2.   

 

                             Order of metallicity: Cr > Cr7C3 > Cr3C2> Cr23C6 > C (Graphite) 

 

Table 3.2: Charge (e), Total Valence Electron (VE, electrons), Density of states value 

at the fermi level (Df, states/eV-atom), Valence electron density (ne, electrons/ Å3), 

metallicity (fm) for Cr, graphite and chromium carbide phases; fm is the metallicity 

parameter.  

Crystal Element 
Charges 

(e) 

VE 

(electrons) 

ne 

(electrons/ Å3) 

Df  

(states/eV-atom) 
fm 

Chromium Cr 0.000 28.0 0.1729 0.6183 0.09299 

Graphite C 0.000 23.0 0.6965 0.0603 0.00225 

Cr23C6 
Cr 

C 

0.253 

-0.968 

 

1432.0 

 

1.1840 

 

0.7178 

 

0.01576 

Cr7C3 
Cr 

C 

0.453 

-1.021 

 

463.0 

 

1.2016 

 

0.9531 

 

0.02062 

Cr3C2 
Cr 

C 

0.591 

-0.886 

 

216.0 

 

1.2054 

 

0.7260 

 

0.01561 

 

 

3.3.1.4 Density of States, Electron Density Distribution and 

Population Analysis 

In order to take a closer look into the electronic structure of Cr, graphite and chromium 

carbide phases, their corresponding density of states (DOS) and partial density of states 

(PDOS) can be used. The DOS allows integration with respect to the electron energy 

and describes the dispersion of a given electronic band over the space of energy. The 
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positive values of DOS at the Fermi level (Df) indicates the metallicity and electronic 

conductivity of Cr, C (graphite) and chromium carbide phases. The projection of the 

DOS on the atomic components permits to decipher the main contribution to the 

chemical bonds. For both Cr and graphite, the DOS is continuous, with 0.6183 and 

0.0603 states/eV-atom (Figure 3.3) at the fermi level respectively.  

 

 

 

Figure 3.3: PDOS of Cr and graphite. Fermi level is indicated by a dashed line.   

 

For the chromium carbide phases, the electronic states are discrete in nature. In Figure 

3.4, it is observed that from -14 eV to -10 eV which constitutes the valence band, the 

main contribution to the electronic states/eV-atom is by the C-2s bands. There is no 

band observed from -10 eV to -8 eV. The band extending from -8 eV to -4 eV is 

composed of C-2p, Cr-3p and Cr-3d bands and the contribution from Cr-3p gets 

considerably low near the Fermi level for all the chromium carbides, which determines 

the Cr3d-C2p mixing forming covalent bonds. 
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Figure 3.4: PDOS of the chromium carbide phases are compared. Fermi level for all 

the systems has been represented by a dashed line.   

 

At the Fermi level, since the electronic states of C-2p bands does not overlap with the 

Cr-3d bands, to a certain extent, it indicates the nature of interaction in these bulk 

phases is ionic [32]. At the fermi level, the density of states for Cr7C3, Cr3C2 and Cr23C6 

are 0.9531, 0.7260, and 0.7178 states/eV, which indicates the order of covalence as 

Cr7C3 > Cr3C2 > Cr23C6 due to the differences in Cr3d-C2p mixing for the stable 

chromium carbide phases. The electron density distribution maps (Figure 3.5 and 
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Figure 3.6 (i-a) - (iii-a)) obtained help us to evaluate the bond character of Cr atoms 

and the C atoms in their elemental state and the three chromium carbide phases and 

the electron density deformation maps (Figure 3.6 (i-b) - (iii-b)) help us to determine 

the amount of distortion in the chromium carbide phases. In case of Cr-crystal, from 

Figure 3.5 (i), it is evident the electrons are proportionally distributed throughout the 

crystal. For graphite, in Figure 3.5 (ii) a ring structure has been observed with a bond 

distance of 1.412 Å between the C-C atoms, present around the ring. The C-C bond 

distance is similar to the bond distances observed for benzene, confirming resonance 

within the graphite system.  

     

Figure 3.5:  Total electron density distribution of (i) Cr (010) (ii) Graphite (010) 

through the slice intersection of Cr and C-atoms has been plotted from 0.01 to 1.0 e/ 

Å3.  

 

Fig 3.6 (a) shows the electron density distribution maps of slices intersecting both Cr 

and C-atoms plotted from 0.01 to 1.0 e/ Å3 for the three chromium carbide phases. The 

electron density deformation maps (Figure 3.6 b) help us to determine the amount of 

distortion in the chromium carbide phases (relative to the isolated atoms). The electron 

deformation maps clearly indicate charge-accumulation on C atoms (red areas) and 

charge-depletion on Cr atoms (blue areas) for all three carbides. 
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Cr-Cr bond distances are ranged between 2.366-2.626 Å, 2.508-2.756 Å and 2.538-

2.727 Å for Cr23C6, Cr7C3 and Cr3C2 respectively (Table 3). The Cr-C bond distances 

are between 2.103-2.149 Å, 1.999-2.522 Å, 2.010-2.120 Å for Cr23C6, Cr7C3 and Cr3C2 

respectively. In Cr23C6, electron densities and bond lengths are closer to the original 

Cr bulk crystal compared to other chromium carbide phases due to higher 

concentration of Cr-atoms (80-85 %) within the phase. Thus, the Cr–Cr bonds which 

are found in Cr23C6 are similar to the original Cr bulk crystal. With the introduction of 

C atoms into the Cr lattice discretely, Cr crystal steadily transforms into various 

chromium carbide phases. This is indicated by the presence of Cr-C bonds which are 

observed in Cr23C6 phase (Figure 3.6 and Table 3.3).  

Since, no C-C bond is found in the Cr23C6, the resonant characteristic of graphite is 

not observed in Cr23C6 crystal. Similarly, no C-C bond is observed in Cr7C3 and Cr3C2 

which indicate that even with increase in C concentration (30-45 % in Cr7C3 and 20-

30 % in Cr3C2) the electronic properties of graphite is not retained in the chromium 

carbide phases.  In Cr7C3 and Cr3C2, due to increase in C concentration, the distorted 

contours observed in their electron difference density maps indicate redistribution of 

electrons between Cr and C atoms.  

 

It can also be seen that as the C concentration increases, the distance between Cr-Cr 

atoms are larger while Cr–C distances are shorter, indicating a move towards covalent 

nature of the Cr-C bonds in Cr7C3 and Cr3C2 systems. No C-C bond is observed as C 

atoms are spread with large separation (> 3.000 Å) within all the three phases. 
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Figure 3.6: (a) Total electron density, e/ Å3 (b) Electron deformation density maps,  

-0.1 to 0.1 e/ Å3. (For Cr23C6, plotted only through slice (0 1 0)).  The green and brown 

balls represent Cr and C atoms respectively.
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Table 3.3: Population analysis for Cr, C and chromium carbide phases between atoms 

A and B: the average bond length, LAB
avg (Å); average population is nAB

avg 

(electrons/bond) and Mulliken charge (Q).  

 

Crystal 

System 
Bonds 

LAB
Min LAB

Max LAB
avg nAB

avg 

(electron

s/bond) 

Element 

Mulliken charge 

(Å) (Å) (Å) QLow QHigh 

Cr Cr-Cr 2.498 2.498 2.498 0.6531 Cr -0.05 -0.05 

Graphite C-C 1.412 1.412 1.412 1.5736 C -0.005 0.005 

Cr23C6 
Cr-C 2.103 2.149 2.131 0.3160 Cr -0.347 0.307 

Cr-Cr 2.366 2.626 2.563 0.0845 C -0.968 -0.968 

Cr7C3 
Cr-C 1.999 2.522 2.141 0.2888 Cr 0.013 1.460 

Cr-Cr 2.508 2.756 2.647 -0.0583 C -1.057 -0.999 

Cr3C2 
Cr-C 2.01 2.12 2.059 0.5347 Cr 0.194 0.869 

Cr-Cr 2.538 2.727 2.609 -0.0762 C -0.942 -0.830 

 

Mulliken population analysis is applied to determine the average electron population 

and the charge calculations [32] and listed in Table 3.3.  

 

Average bond length, LAB
avg = ∑(NAB

i)(L
AB)/∑( NAB

i)                                                          (3.5) 

Average electron or overlap population, nAB
avg =∑(NAB

i)(n
AB)/∑( NAB

i)                     (3.6) 

 

where, A and B are arbitrary atoms forming stable bonds in a metal carbide system 

NAB
i = Total number of i bonds between A and B in the cell,  

LAB = Bond between A and B atoms.  and nAB = electron population between A and B 

atoms. 

 

The Mulliken overlap population in Cr is 0.6531 e/bond whereas for graphite it is 

calculated as 1.5736 e/bond, indicating that the Cr atoms have less than single bond 

character and the C atoms in graphite have 1.5 bond character (resonating single and 

double bond) in their respective crystal lattices.  
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The average overlap population for the Cr-Cr bond in Cr23C6, Cr7C3 and Cr3C2 are 

observed to be 0.0845, -0.0583 and -0.0762 e/bond respectively.  The average overlap 

population for the Cr-C bond in Cr23C6, Cr7C3 and Cr3C2 are observed as 0.3160, 

0.2888 and 0.5347 e/bond. This indicates that the Cr-C bond character to be covalent 

in nature for Cr3C2. 

 

3.3.2 Electronic properties, cohesive energies and enthalpies of 

formation of Fe-substituted chromium carbides (Cr2FeC2) 

 

Of the three chromium carbide phases, Cr3C2 is found to be the most stable based on 

cohesive energies and enthalpies of formation (Section 3.3.1.1). From experimental 

findings of Varmaa et al. [15], it was observed that in the metal alloys for primary 

carbides, it exhibited a ratio of Cr : Fe as 2:1.  

 

Fors et al. [16] also considered Cr : Fe ratio as 2:1 while pursuing computational 

approach. Hence in this study the effect of replacing one of the Cr atoms out of the 

three types of Cr atoms by Fe-atoms was investigated.  

 

Based on their Mulliken charges in Cr3C2, the Cr atoms were segregated into three 

types (Cr1, Cr2 and Cr3) and C atoms into two types. In the following sections the 

electronic properties, cohesive energies, and enthalpies of formation of the Fe-

substituted chromium carbides on substitution of Cr atoms by Fe have been discussed.  
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The Fe-substituted chromium carbide systems have been represented as Cr2Fe1C2, 

Cr2Fe2C2 and Cr2Fe3C2 where Fe replaces Cr1, Cr2 and Cr3 respectively. The 

Mulliken charges of Cr3C2 have been listed in Table 3.4.  

 

Table 3.4: List of the Mulliken charges (e) for Cr3C2. 

 
Crystal 

systems 

Mulliken charges (e) 

Cr1 Cr2 Cr3 C1 C2 

Cr3C2 0.194 

0.210 

0.864 

0.871 

0.713 

0.720 

-0.831 

-0.834 

-0.952 

-0.954 

 

 

3.3.2.1 Electronic Properties and Metallicity  

 

Using Equation 3.4, the metallicity of Fe-substituted chromium carbides has been 

estimated. The metallicity of Cr2Fe3C2 is found to be the among the Fe-substituted 

chromium carbides (Table 3.5) and is also higher than Cr3C2 and Cr23C6.   

 

Table 3.5: Total Valence Electron (VE, electrons), Valence electron density (ne, 

electrons/Å3), Density of states value at fermi level (Df, states/eV-atom), metallicity 

(fm) for Cr3C2 and Fe-substituted chromium carbides. 

Crystal VE (electrons) ne (electrons/Å3) Df  (states/eV-atom) fm 

Cr3C2 216.0 1.2054 0.7260 0.01561 

Cr2Fe1C2 224.0 1.2737 0.7578 0.01546 

Cr2Fe2C2 224.0 1.2945 0.6973 0.01400 

Cr2Fe3C2 224.0 1.3067 0.8209 0.01633 
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3.3.2.2 Density of States, Electron Density Distribution and 

Population Analysis   

 

Figure 3.7 represents the partial density of states in terms of electronic contribution 

with regards to Cr, Fe and C atoms for Cr3C2 and the Fe-substituted chromium 

carbides. At the Fermi level, the total density of states is 0.7260, 0.7578, 0.6973 and 

0.8209 states/eV-atom for Cr3C2, Cr2Fe1C2, Cr2Fe2C2 and Cr2Fe3C2 respectively 

which are significantly dominated by Cr-3d and Fe-3d contribution. It can be seen that 

from -14 eV to -10 eV, the main contribution to the electronic states/eV-atom is by the 

C-2s bands in that range.  

 

There is also no band observed from -10 to -8 eV for both for Cr3C2 and the Fe-

substituted chromium carbides. The band extending from -8 to -4 eV is composed of 

C-2p, Cr-3p, Cr-3d, Fe-3p and Fe-3d bands where maximum contribution is from C-

2p, Cr-3d and Fe-3d bands.  

 

The contribution from Cr-3p and Fe-3p gets slightly low in case of Cr3C2 and 

Cr2Fe1C2, significantly low for Cr2Fe2C2 and considerably higher for Cr2Fe3C2 near 

the Fermi level for all the Fe-substituted chromium carbides. For Cr3C2, electronic 

contribution from Cr1-3d states were found to be slightly higher than Cr2-3d and Cr3-

3d states, at the Fermi level.  
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Figure 3.7: PDOS of Fe-substituted chromium carbide systems. Fermi level is 

represented by the dashed line. 

 

 

 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

-16 -14 -12 -10 -8 -6 -4 -2 0 2 4

D
O

S
 (

st
at

es
/e

V
-a

to
m

)

Cr3C2

Cr1-s

Cr1-p

Cr1-d

Cr2-s

Cr2-p

Cr2-d

Cr3-s

Cr3-p

Cr3-d

C-s

C-p

0

0.2

0.4

0.6

0.8

1

1.2

-16 -14 -12 -10 -8 -6 -4 -2 0 2 4

D
O

S
 (

st
at

es
/e

V
-a

to
m

)

Cr2Fe1C2

Fe1-s
Fe1-p
Fe1-d
Cr2-s
Cr2-p
Cr2-d
Cr3-s
Cr3-p
Cr3-d
C-s
C-p

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

-16 -14 -12 -10 -8 -6 -4 -2 0 2 4

D
O

S
 (

st
at

es
/e

V
-a

to
m

) Cr2Fe2C2

Cr1-s
Cr1-p
Cr1-d
Fe2-s
Fe2-p
Fe2-d
Cr3-s
Cr3-p
Cr3-d
C-s
C-p

0

0.2

0.4

0.6

0.8

1

-16 -14 -12 -10 -8 -6 -4 -2 0 2 4

D
O

S
 (

st
at

es
/e

V
-a

to
m

)

Energy (eV)

Cr2Fe3C2
Cr1-s

Cr1-p

Cr1-d

Cr2-s

Cr2-p

Cr2-d

Fe-s

Fe-p

Fe-d

C-s

C-p



Chapter 3     Bulk properties of chromium carbide and Fe-sub chromium carbide Thesis 

63 | P a g e  
 

Figure 3.7 represents the partial density of states in terms of electronic contribution 

with regards to Cr, Fe and C atoms for Cr3C2 and the Fe-substituted chromium 

carbides. At the Fermi level, the total density of states is 0.7260, 0.7578, 0.6973 and 

0.8209 states/eV-atom for Cr3C2, Cr2Fe1C2, Cr2Fe2C2 and Cr2Fe3C2 respectively 

which are significantly dominated by Cr-3d and Fe-3d contribution. It can be seen that 

from -14 eV to -10 eV, the main contribution to the electronic states/eV-atom is by the 

C-2s bands. There is also no band observed from -10 eV to -8 eV for both for Cr3C2 

and the Fe-substituted chromium carbides.  

 

The band extending from -8 eV to 2 eV is composed of C-2p, Cr-3p, Cr-3d, Fe-3p and 

Fe-3d bands where maximum contribution is from C-2p, Cr-3d and Fe-3d orbitals. At 

the Fermi level major contributions are from the metal 3d orbitals, typical of transition 

metals. However, some differences in electronic contributions can be observed. In 

Cr2Fe3C2, the Fe-3d electronic contribution was observed to be higher than Cr1-3d 

and Cr2-3d states, at the Fermi level. This indicates in case of Cr2Fe3C2, the metallicity 

is due to Fe and is comparatively higher than in cases of Cr2Fe1C2 and Cr2Fe2C2 

systems. In Cr2Fe1C2 and Cr2Fe2C2 systems, the metallic contribution of Cr and Fe is 

quite similar at the Fermi level. Also, the band between -8 to -2 eV is composed of C-

2p, Cr/Fe-3p and Cr/Fe-3d bands indicating the metal-3d and C-2d mixing forming 

covalent bonds between metal and C atoms. However, a point to be noted here is the 

bands in Cr2Fe3C2 are very similar to Cr3C2 and the peak at -5 eV are symmetric 

indicating stronger mixing of C-p and M-d orbitals to from covalent bonds. 
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Figure 3.8: Electron deformation density maps plotted from -0.02 to 0.1 e/Å3. 

In Cr2Fe1C2, Cr2Fe2C2 and Cr2Fe3C2 systems, no significant change is observed in 

the electron density distribution maps in comparison to the Cr3C2 system. However, 

the electron deformation density maps (Figure 3.8), shows distinct difference between 

the four systems. In Cr3C2, Cr2Fe2C2 and Cr2Fe3C2 systems, charge-accumulation 

areas (red) are seen around C-atoms and charge-depletion areas (blue) around the both 

Cr and Fe atoms. In Cr2Fe1C2 red area around the Fe atoms indicates slight charge-

accumulation. This is also reflected in the Mulliken charges of Fe in the in Cr2Fe1C2. 

     

The difference in the Mulliken charges of the Cr and Fe atoms in the three systems in 

comparison to the original Cr3C2 listed in in Table 3.6 is of significance. The Fe atoms 

have lesser positive values compared to the Cr atoms they are substituting in each 

system. In Cr2Fe1C2 Fe atoms flip to negative values, explaining the distortion 

observed in the electron difference density distribution map (Figure 3.8 (ii)). 

 

 

 

 



Chapter 3     Bulk properties of chromium carbide and Fe-sub chromium carbide Thesis 

65 | P a g e  
 

Table 3.6: List of the Mulliken charges (e) for Cr3C2 and Fe-substituted chromium 

carbides. 

 
Crystal 

systems 

Mulliken charges (e) 

Cr1 Cr2 Cr3 Fe C1 C2 

Cr3C2 0.194 

0.210 

0.864 

0.871 

0.713 

0.720 

 -0.831 

-0.834 

-0.952     

-0.954 

Cr2Fe1C2  1.140 

1.148 

0.928 

0.926 

-0.390 

-0.367 

-0.828 

-0.826 

-0.866 

-0.864 

Cr2Fe2C2 0.540 

0.546 

 0.944 

0.937 

0.147 

0.148 

-0.745 

-0.739 

-0.890 

-0.888 

Cr2Fe3C2 0.442 

0.438 

0.995 

1.024 

 0.131 

0.166 

-0.739 

-0.736 

-0.862 

-0.860 

 

Table 3.7: Population analysis for Fe-substituted chromium carbide systems between 

atoms A and B: the average bond length, LAB
avg (Å); the average population is nAB

avg 

(electrons/bond). 

 

 

 

 

 

 

 

 

 

 

 

  

  

Fe-substituted 

chromium carbide 

systems 

Bonds 
LAB

Min  

(Å) 

LAB
Max  

(Å) 

LAB
avg  

(Å) 

nAB
avg 

(electrons/bond) 

Cr3C2 
Cr-C 

Cr-Cr 

2.01 

2.538 

2.12 

2.727 

2.059 

2.609 

0.5347 

-0.0762 

Cr2Fe1C2 

Cr-Cr 

Fe-Cr 

Cr-C 

Fe-C 

2.540 

2.594 

1.998 

1.985 

2.557 

2.663 

2.112 

2.346 

2.551 

2.618 

2.048 

2.1655 

0.01723 

0.2642 

0.4859 

0.5912 

Cr2Fe2C2 

Cr-Cr 

Fe-Cr 

Cr-C 

Fe-C 

2.555 

2.479 

2.012 

1.977 

2.555 

2.483 

2.22 

2.025 

2.555 

2.481 

2.094 

2.021 

0.3822 

-0.0529 

0.5599 

0.4703 

Cr2Fe3C2 

Cr-Cr 

Fe-Cr 

Cr-C 

Fe-C 

Fe-Fe 

2.604 

2.460 

1.993 

1.988 

2.519 

2.768 

2.540 

2.511 

2.067 

2.519 

2.678 

2.512 

2.134 

2.040 

2.519 

-0.0459 

0.0849 

0.5043 

0.4374 

-0.1075 
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Using Equations 3.5 and 3.6, the average bond length and overlap population for the 

Fe-substituted chromium carbides were calculated. Table 3.7 summarises the bond 

distances and electron population per bond for the three Fe-substituted chromium 

carbides. The average overlap population for the Cr-C is 0.4859, 0.5599 and 0.5043 

e/bond and for the Fe-C is 0.5912, 0.4703 and 0.4374 e/bond in Cr2Fe1C2, Cr2Fe2C2 

and Cr2Fe3C2 respectively. This indicates in case of Cr2Fe2C2 and Cr2Fe3C2, the Cr-

C bond show more covalent character in comparison to Fe-C bond whereas in 

Cr2Fe1C2, the Fe-C bond displays more covalence than Cr-C bond. The average 

overlap population for the Cr-Cr bond in Cr2Fe1C2, Cr2Fe2C2 and Cr2Fe3C2 were 

observed to be 0.01723, 0.3822 and -0.0459 e/bond respectively. Therefore, there is a 

weak bonding between Cr-atoms in Cr2Fe2C2, whereas there is slight or no interaction 

in Cr-Cr atoms in Cr2Fe1C2.  A repulsive interaction between Cr-Cr atoms in Cr2Fe3C2 

physically signifies that there is no Cr-Cr bond formed in Cr2Fe3C2 system. 

 

The average overlap population for the Fe-Cr bond in Cr2Fe1C2, Cr2Fe2C2 and 

Cr2Fe3C2 are observed as 0.2642, -0.0529 and 0.0849 e/bond which indicate weak or 

no bonding between Cr and Fe in the Fe-substituted chromium carbides. In Cr2Fe3C2, 

a Fe-Fe overlap population of -0.1075 e/bond is observed which signifies that there is 

no Fe-Fe bond interaction in Cr2Fe3C2 system.  

 

3.3.2.3 Cohesive energies, enthalpies of formation of Cr3C2 and Fe-

substituted chromium carbides 

Using Equations 3.1 and 3.2, the enthalpies of formation and cohesive energies for Fe-

substituted chromium carbides were calculated and listed in Table 3.8.  
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Table 3.8: Calculated cell parameters (a, b, c in Å), cohesive energy (Ecoh, eV/atom) 

and enthalpy of formation (ΔrHm, eV/atom) for Cr3C2 and Fe-substituted chromium 

carbides. 

 
Bulk 

Crystal 

Lattice Parameters (Å) 

Volume 

(Å3) 

Ecoh 

(eV/atom) 

ΔrHm (at 298 K) 

(eV/atom) 

 a b c    

Cr3C2 5.5183 2.8163 11.4949 178.6440 -7.414 -0.04228 

Cr2Fe1C2 5.5142 2.7721 11.5049 175.8629 -6.966 -0.00355 

Cr2Fe2C2 5.5491 2.7754 11.2357 173.0407 -6.999 -0.01191 

Cr2Fe3C2 5.4275 2.8107 11.2373 171.4258 -7.029 -0.01929 

 

The cohesive energy values are -6.966, -6.999 and -7.029 eV/atom and the enthalpies 

of formation are -0.00355, -0.01191 and -0.01929 eV/atom for Cr2Fe1C2, Cr2Fe2C2 

and Cr2Fe3C2 respectively. The formation enthalpy for Cr3C2 is lesser than any of the 

Fe-substituted chromium carbides. But of the three Fe-substituted chromium carbides, 

Cr2Fe3C2 has the minimum value. The lower the formation and cohesive energies of 

the system, the more thermodynamically stable the system is. indicate So, based on 

the cohesive energies and the enthalpy of formation values, Cr2Fe3C2 is found to be 

thermodynamically the most stable Fe-substituted chromium carbide.  

 

3.4 Conclusions 

 

In summary, the structural and electronic properties of the bulk phases of chromium 

carbide in comparison to the Cr phase has been investigated. The objective was to 

study the change in the nature of bond changes as Cr is transformed into its various 

stable phases when C concentration is steadily increased within the crystal systems by 
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using DFT. For the chromium carbides, the calculated lattice parameters, cohesive 

energies and enthalpy of formation has been found to be in good agreement with the 

experimental findings and the order of stability for the Cr-C phases was revealed as 

Cr3C2 > Cr7C3 > Cr23C6.  

On investigating the Fe-substituted chromium carbide bulk, based on the values 

obtained for the formation enthalpy and Mulliken charges for the Fe-substituted 

chromium carbide, the probability of Cr2Fe1C2 formation is less likely to take place in 

comparison to Cr2Fe2C2 and Cr2Fe3C2. This was reflected from the formation enthalpy 

values which tends towards zero and the Mulliken charges as well where Fe atoms 

seem to exist in highly reduced state. In case of Cr2Fe2C2, no Cr-Fe bond was formed 

but considerable Cr-Cr bond was observed but in case of Cr3C2, no Cr-Cr bond was 

observed. In case of Cr2Fe3C2, there was no Cr-Cr bond is formed and a weak Cr-Fe 

bond is observed whose formation is also supported by the d-d interaction between Cr 

and Fe in Cr2Fe3C2 PDOS graph. Also, for the Fe-substituted chromium carbides, 

Cr2Fe3C2 was found to be the most stable system.  

The bonding in chromium carbides and Fe-substituted chromium carbides shows 

metallic and covalent nature. From this study, it was revealed Cr7C3 showed the 

highest metallicity among the three phases followed by Cr3C2 and Cr23C6. Through 

PDOS, it was observed that covalent bonding is formed by the interaction of Cr-3d 

and C-2p overlap for the chromium carbides and metallic interactions of Cr-3d and Fe-

3d for the Fe-substituted chromium carbides. In the following chapter, we will be 

determining the stability order of different Cr3C2 and Fe-substituted chromium carbide 

(Cr2FeC2) surfaces using DFT.  
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CHAPTER 4 

RELATIVE STABILITY OF DIFFERENT 

CHROMIUM CARBIDE AND Fe – SUBSTITUTED 

CHROMIUM CARBIDE SURFACES USING DFT 

This chapter will focus on various slabs and surfaces of Cr3C2 and Fe-substituted 

chromium carbide systems. Based on their slab sizes, stability and surface energies of 

different surfaces of Cr3C2 and Fe-substituted chromium carbides will be investigated. 

Additionally, the structural changes within the bulk and at the surface will also be 

assessed. Combining both the information, the relative stability order of those Cr3C2 

and Fe-substituted chromium carbide surfaces will be determined. 

 

Keywords: Cr3C2, Fe-substituted chromium carbides, surface free energy (SFE), slab 

size, surfaces, stability.  

 

4.1 Introduction  

 

To understand the atomic/molecular pathway of chemical reactions which are involved 

in corrosion, catalysis and charge transfer driven processes, it is crucial to understand 

the surface properties [1, 2]. Surface science is significant for determination since it 
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provides an insight to electronic details of materials whether at macro or nano level. 

Since, the experimental determination of surface thermodynamics and electronic 

structures are limited from macroscopic to mesoscopic level, first principles 

calculations of surface properties have become a crucial tool for surface scientists [1].  

Facet-specific surface energies [3], surface energies as a function of chemical potential 

[4, 5], nanocrystal morphologies [6, 7], surface electronic structures [8], charge 

transfer dynamics [9], work functions [10], structural reconstructions [11], interlayer 

relaxations [12], adsorbate interactions [13, 14], etc. can be determined using 

computational approach. 

While there has been a wealth of computational research that has served to elucidate 

the structure property relationships of metal carbide surfaces, there   is no apparent 

consensus on the optimal way to balance computational cost with model accuracy. A 

real surface involved in corrosion, catalysis and charge transfer driven processes, 

includes an infinite number of atoms with at least microns thickness, which is 

impossible to model at the molecular level due to computational limitations [15]. Many 

implementations of the first principles modelling based on DFT, especially those using 

the pseudopotential approximation, employ periodic boundary condition. The 

computational limitations, thus, are overcome by using the periodic slab model. In the 

periodic slab model representation, a bi-dimensional slab is formed from the bulk 

structure by periodically repeating the system geometry in two directions along the 

XYZ planes [11, 15]. In the third direction having a finite number of layers, the 

periodic symmetry is broken by adding a space gap (vacuum space) [16]. The slab 

layer should be thick enough so that the atoms in the middle of the slab may be likened 

to being in a bulk environment [17, 18]. This space gap should be large enough in 
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order to avoid the interaction between slabs in that direction to represent the system 

surface, accurately [11, 18].  

Slab geometry is an artefact, adopted for computational convenience [19]. Here, the 

primary concern deals with the surface of the infinite crystal. Within this framework 

surfaces are modelled using a supercell approach, in which layers of the material of a 

given thickness are separated by a designated vacuum region. Both the thickness of 

the layered material slab and that of the vacuum are parametrically designed in terms 

of the structural relaxations and through space interactions of periodic images [20].  

The usual structure used for investigating surface properties using DFT is the surface 

slab system which consists of a supercell that is represented by an infinite two-

dimensional thin film, oriented to expose the facet of interest and also separated from 

periodic images by a large vacuum. Here, the slab considered is built thick enough 

such that there is no interaction between the opposite surfaces through the bulk. Also, 

the vacuum distance between the slabs is systematically increased until there is no 

more interaction between adjacent slabs [21-23].  

In this chapter, several geometry optimisation calculations are done to ensure that the 

thickness of the slabs and the width of the vacuum layers are enough to render the 

interaction between surfaces negligible [21, 22]. In these tests, the energy per unit area 

of the mechanically relaxed surface was calculated. This was obtained by subtracting 

from the energy per repeating cell the calculated energy for the same number of atoms 

of perfect crystal, and dividing the result by the total surface area per repeating cell 

[12, 19, 21].For a converged, clean slab in vacuum, the surface free energy can be 

defined as  

Surface Free Energy =  
1

2𝐴
(𝐸𝑠𝑙𝑎𝑏

𝑁 − 𝑁𝐸𝑏𝑢𝑙𝑘)                                                                              (4.1) 
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where 𝐸𝑠𝑙𝑎𝑏
𝑁  is the slab supercell energy with N units of the bulk, 𝐸𝑏𝑢𝑙𝑘 is the energy 

of one unit of the bulk, A is the surface area of a unit cell. The factor ½ takes into 

account the two surfaces of the slab. 

In constructing atomistic models to represent surfaces in DFT calculations, 

additionally it is considered whether or not to allow for full optimisation of all the 

atomic coordinates. Previously, due to the limited speed of computers and algorithms, 

computational calculations were restricted to unrelaxed surfaces. Hence, it is not 

infrequent to discover studies in which either the top layers, middle layers, or the 

bottom layers of a slab are fixed to bulk like positions in order to study a wide range 

of applications and systems [24-30]. While less of a concern for metallic surfaces that 

support a nearly-free electron environment, constrained slab models for insulating 

metal carbides can lead to drastic differences in the fully relaxed and partially fixed 

structures, as long-range electrostatic effects are interrupted [31]. 

Such constrained models may fail to precisely capture the relaxations that result from 

the altered coordination environment of surface atoms. Thus, it is important to allow 

for these surface relaxations in atomistic calculations, as surface energy calculations 

in the literature show that relaxations can reduce the unrelaxed surface energy by 

approximately 30% [23].  

For many solids, this process is a simple compression or expansion of the layers near 

the surface, known as surface relaxation. Atoms occupying surface position tend to 

relax to more energetically favourable positions.  

 

 



Chapter 4 Chromium carbide and Fe-sub chromium carbide surfaces Thesis 

75 | P a g e  
 

4.2 Methodology 

4.2.1 Computational Details 

All calculations are performed using DFT as implemented in the DMol3 code in Biovia 

Material Studio 2017 [32] computational module. Geometry optimization of slabs 

generated by different surface terminations for the chromium carbide and the Fe-

substituted chromium carbide are carried out with double numerical atomic basis set 

with a polarization d-function on all non-hydrogen atoms (“dnd”). The generalized 

gradient approximation (GGA) + Hubbard parameter (U = 2.50 eV) in the PWC_PBE 

form was used in all the calculations using semi-core pseudo-potentials [33]. A 

Monkhorst-Pack grid has been used to select the special k-points necessary to carry 

out numerical integrations in the reciprocal space [34]. The smearing parameter was 

set as 0.005 Ha. The energy convergence tolerance, the maximum force and the 

maximum displacement were selected as 1.0 x 10-5 Ha, 0.002 Ha/Å and 0.005 Ha 

respectively. The quality of orbital cut off was set to ‘fine’ and a global orbital cut off 

radius of 4.5 Å was used. 
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4.2.2 Surface Construction 

The surface calculations are performed in slab geometry, using periodic boundary 

conditions for Cr3C2 bulk [12]. The unit cell of Cr3C2 bulk comprises of 20 atoms with 

12 Cr atoms and 8 C atoms optimized and positioned uniquely within the crystal 

lattice. Super cells comprising of different multiples of the unit cell of Cr3C2 bulk (60, 

80, 120 atoms, etc) along the X-axis, Y-axis and Z-axis were initially created [35]. 

Seven miller planes were used to construct slabs in the 1x3x1 supercell of Cr3C2 bulk 

and is represented in Figure 4.1. Thus, (0 0 1), (1 0 0), (0 1 0), (110), (101), (0 1 1) and 

(1 1 1) surfaces were generated over the volume space XYZ to determine the stabilities 

of chromium carbide and Fe-substituted chromium carbide surfaces [6, 7, 35-37]. 

Figure 4.1: Representation of seven Miller Planes in 1x3x1-Cr3C2 crystal lattice along 

XYZ axes. The transparent orange plane displays the Miller Plane. 
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In the slab calculations, periodic boundary conditions were applied along the x-y 

directions parallel to the plane of the slab surfaces. These supercell calculations also 

involve the imposition of an artificial periodicity along the z direction perpendicular 

to the slab surface with sufficient vacuum separating the slab from its periodic images.  

 

4.2.2.1 Vacuum Thickness 

 

Surface Free Energy (Surface formation energy) of the (0 0 1) surfaces of Cr3C2 (a 

crystal system of 40 atoms) was calculated as a function of the slab considering a 

vacuum thickness of 1 Å to 18 Å to determine the minimum thickness required for the 

optimal stability of a surface. A unit cell of Cr3C2 consists of 20 atoms. The surface 

free energy (SFE) values for the vacuum thickness of 1 Å to 18 Å are shown in Table 

4.1 and Figure 4.2. The maximum stability of the Cr3C2 (0 0 1) surface was obtained 

at 15 Å vacuum thickness. Figure 4.3 displays the changes in vacuum thickness for 5, 

10 and 15 Å in Cr3C2 (0 0 1) surface. 

 

Table 4.1: Surface free energy for the vacuum thickness of 1 Å to 18 Å. 

Vacuum 

Thickness 

(Å) 

Surface Free  

Energy (eV) 

Vacuum 

Thickness 

(Å) 

Surface Free  

Energy (eV) 

Vacuum 

Thickness 

(Å) 

Surface Free  

Energy (eV) 

1 2.107319 7 1.024907 13 0.412301 

2 1.762690 8 0.870688 14 0.253576 

3 1,538009 9 0.667430 15 0.229627 

4 1.515797 10 0.633522 16 0.229628 

5 1.206582 11 0.537430 17 0.229627 

6 1.187070 12 0.457728 18 0.229628 
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Figure 4.2: Surface Free Energy (SFE) comparison of the Cr3C2 (0 0 1) surfaces for 

different vacuum thickness.  

 

Figure 4.3: Representation of Cr3C2 (0 0 1) surface for 5, 10 and 15 Å vacuum 

thickness. The larger balls represent different Cr atoms and the smaller balls represents 

different C atoms. 
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4.2.2.2 Stable surface for the chromium carbide 

To determine the most stable surface for the chromium carbide the criteria that will be 

used are as follow:   

A. Comparison of the Surface Free Energy (SFE) with different slab sizes.  

 

In this approach, initially (0 0 1) slab was selected to run the optimised calculation for 

the surfaces.  For (0 0 1), six slabs with different sizes comprised of 1x1x2 (40 atoms), 

1x3x1 (60 atoms), 2x2x1 (80 atoms), 1x5x1 (100 atoms), 2x3x1 (120 atoms) and 

2x2x2 (160 atoms) slabs were geometry optimised and then their SFEs were calculated 

and compared (Table 4.2). Different slab sizes are selected in order to compare the 

changes and the trends in the SFEs for Cr3C2 (0 0 1). Based on the information 

obtained, a smaller selection of the slab sizes was chosen for remaining six surfaces. 

 

B. Comparison of change in the structure of slabs at the surface and in the bulk. 

For all the slabs the average bond distances between chromium atoms (Cr-Cravg) and 

chromium and carbon (Cr-Cavg) were compared, both before and after the optimisation. 

This difference gives a measure of the change in geometry due to the formation of the 

surface from bulk crystal.  The differences before and after optimisation are listed in 

Table 4.3. The average differences in the optimised slabs of different size were 

compared for each surface type, to check the minimum thickness required to 

differentiate surface layers from bulk layers with minimum distortions. The layers in 

the slabs comprising of the exposed atoms at or near the slab have been considered as 

the surface layers and the atoms below the surface layers that are not accessible to any 

surface interaction have been considered as the bulk atoms.   
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Additionally, percentage change in bond distances before and after optimisation of the 

bulk layers have been calculated using Equation 4.2.  

 

Percentage Change for bond distances =

 𝐵𝑜𝑛𝑑 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑎𝑓𝑡𝑒𝑟 𝑜𝑝𝑡𝑖𝑚𝑖𝑠𝑎𝑡𝑖𝑜𝑛−𝐵𝑜𝑛𝑑 𝑑𝑖𝑠𝑎𝑛𝑐𝑒 𝑏𝑒𝑓𝑜𝑟𝑒 𝑜𝑝𝑡𝑖𝑚𝑖𝑠𝑎𝑡𝑖𝑜𝑛 

𝐵𝑜𝑛𝑑 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑏𝑒𝑓𝑜𝑟𝑒 𝑜𝑝𝑡𝑖𝑚𝑠𝑎𝑡𝑖𝑜𝑛 
 𝑥 100                      (4.2) 

 

Based on these two criteria, the most suitable slab to model chromium carbide surfaces 

was determined. 

Information obtained from the chromium carbide surface calculations was considered 

for finding the most stable surface amongst the Fe-substituted chromium carbide slab 

surfaces using the same criteria (A and B).  

 

4.3 Results and Discussion 

4.3.1 Cr3C2 (0 0 1) Surface 

To obtain the optimum slab size, SFE of the (0 0 1) surfaces of different super cells 

were constructed for 1x1x2 (40 atoms), 1x3x1 (60 atoms), 2x2x1 (80 atoms), 1x5x1 

(100 atoms), 2x3x1 (120 atoms) and 2x2x2 (160 atoms) slabs, at a constant vacuum 

thickness of 15 Å. Using Equation 4.1, the surface free energies (SFE) for the slabs 

were obtained. Based on the criteria A and B mentioned in the previous section, the 

most stable slab-surface was determined. The surface energies obtained for Cr3C2 (0 0 

1) for different slab sizes (Table 4.2) indicated that 1x3x1 slab had the minimum 

energy (SFE = 0.236067 eV). Thus, based on SFE, the slab with 60 atoms was 

determined as the stable slab for (0 0 1) surface. 

The slabs with the minimum (1x1x2 slab), maximum (2x2x1 slab) and an intermediate 

(1x3x1 slab) value for (0 0 1) has been represented in Figure 4.5. This figure displays 
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only a small section for the average bond distance for the six different slabs 

(supercells) of the (0 0 1).  Detailed structural changes within the slab for the six 

different sized slabs of (0 0 1) is listed in Table 4.3. For the 1x3x1 (60 atoms) slab, at 

the surface, minimum structural change was observed in comparison to the remaining 

five slabs, for both, Cr-Cravg (4.3 %) and Cr-Cavg (2.9 %) as seen in Table 4.3. The 

percentage change of Cr-Cravg for the layers within the bulk (bulk layers) was estimated 

to be less than 1% (ranging from 0.12 % to 0.93 %) for all the slabs except for the 

1x1x2 slab (40 atom). For 1x1x2 slab, the percentage change within the bulk layers 

was calculated to be slightly greater than 2%. The percentage change of Cr-Cavg in the 

bulk was also observed in the range of 0.05 % to 2.5 % for the six slabs. The calculated 

percentage change in bond distances for Cr-Cravg and Cr-Cavg for Cr3C2 (0 0 1) slabs 

in the surface and within the bulk have been listed in Table 4.3. Thus, based on the 

SFE and change in bond distances within the bulk layers of the slabs, the 1x3x1 slab 

(60 atoms) can be considered as the most stable (0 0 1) surface. 

 

Table 4.2: SFE comparison of Cr3C2 (0 0 1) surfaces for different slab sizes. 

Cr3C2  

(0 0 1) 

supercell 

Atoms No. of  

Layers 

Lattice Parameter 2 x Area 

(Å2) 

SFE  

(eV) a (Å)  b (Å) 

1x1x2  40 5 5.5183 2.8163 31.08238 0.236514 

1x3x1  60  7  5.5183 8.4489 93.24713 0.236067 

2x2x1  80  6 11.0366 2.8163 62.16475 0.236799 

1x5x1  100  8 5.5183 14.0815 124.3295 0.236959 

2x3x1  120 8 11.0124 8.3757 184.4731 0.237502 

2x2x2 160  12 11.0366 5.6326 124.3295 0.236609 
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Figure 4.4: Surface Free Energy (SFE) comparison of Cr3C2 (0 0 1) surfaces for 

different slab sizes. 

 

  

Figure 4.5: Representation of slab configuration a. 1x1x2, b. 1x3x1 and c. 2x2x1 

supercells (i) before optimisation and (ii) after optimisation for the Cr3C2 (0 0 1) slab. 
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Table 4.3: Average bond distances Cr-Cravg and Cr-Cavg in crystal (before 

optimization) and in slab (after optimization) and percentage change (%) for Cr3C2 (0 

0 1) supercell. 

Cr3C2  

(0 0 1) 

supercell 

Cr-Cravg (Å) (surface) Cr-Cravg (Å) (bulk) Cr-Cavg (Å) (surface) Cr-Cavg (Å) (bulk) 

in 

Crystal 

in 

Slab 

% 

change 

in 

Bulk 

in 

Slab 

% 

change 

in 

Bulk 

in 

Slab 

% 

change 

in 

Bulk 

in 

Slab 

% 

change 

1x1x2 2.639 2.776 5.19 2.713 2.777 2.35 2.022 1.938 4.15 2.118 2.171 2.51 

1x3x1 2.688 2.803 4.28  2.711 2.724 0.48 2.060 2.001 2.86  2.014 1.999 0.74 

2x2x1 2.558 2.777 8.56  2.55 2.553 0.12 2.047 1.954 4.54  2.054 2.049 0.24 

1x5x1 2.579 2.728 5.78  2.673 2.677 0.15 2.022 1.937 4.20  2.03 2.031 0.04 

2x3x1 2.579 2.725 5.66  2.579 2.555 0.93 2.034 1.956 3.83  2.034 2.265 1.13 

2x2x2 2.559 2.792 9.11  2.55 2.559 0.35 2.047 1.951 4.69  2.041 2.051 0.49 

 

To determine the most stable surface, the process similar to (0 0 1) slab was repeated 

with (1 0 0), (0 1 0), (1 1 0), (0 1 1), (1 0 1) and (1 1 1) slabs for 1x3x1, 2x2x1 or 

2x1x2 and 2x3x1 supercells i.e slabs with a constant vacuum thickness of 15 Å were 

constructed for all surface terminations. Using Equation 4.1, the SFEs for the slabs 

were obtained. 

 

4.3.2 Cr3C2 (1 0 0) Surface 

The number of layers for each slab have been listed in Table 4.4 and represented in 

Figure 4.6. Based on criteria A and B mentioned in the previous section, the most 

stable slab-surface was determined for (1 0 0) surface. For criteria A, the surface 

energies obtained for Cr3C2 (1 0 0) for different slab sizes (Table 4.4) indicated that 
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1x3x1 slab displayed minimum energy (SFE = 0.184687 eV). Hence, 1x3x1 slab 

displayed the maximum stability for (1 0 0) surfaces.  

For criteria B, the structural changes in terms of bond distances in three different slabs 

of (1 0 0) was analysed. The differences are listed separately for the layers within the 

bulk and surface in Table 4.5. For the 1x3x1 slab, at the surface, minimum structural 

change was observed for the Cr-Cavg. However, for Cr-Cravg at the surface, in both 

2x1x2 and 2x3x1 slabs, no change was observed after the optimisation.  

The percentage change for Cr-Cavg within the bulk layers for the 1x3x1 and 2x3x1 

slabs was slightly less than 0.2 % and for 2x1x2 slab was slightly less than 1 %. Cr-

Cravg values for the layers within the bulk for 1x3x1 and 2x1x2 slabs was determined 

as 7.43 % and 5.44 % and for 2x3x1 slab, Cr-Cravg remained unchanged. Based on the 

SFE values and the differences in average bond distances within the bulk layers of the 

slabs, 1x3x1 slab can be considered to be the most stable (1 0 0) slab for Cr3C2.  

Table 4.4: SFE comparison of Cr3C2 (1 0 0) surfaces for different slab sizes. 

Cr3C2 (1 0 0) 

supercell 

Atoms Layers Lattice Parameter 2 x Area 

(Å2) 

SFE 

(eV)  a (Å) b (Å) 

1x3x1 60 6 8.4489 11.4949 194.2385 0.184687 

2x1x2 80 5 2.6631 23.642 136.3245 0.192247 

2x3x1 120 7 8.3757 11.0124 184.4731 0.195372 

 

 

 

 



Chapter 4 Chromium carbide and Fe-sub chromium carbide surfaces Thesis 

85 | P a g e  
 

Table 4.5 Average bond distances Cr-Cravg and Cr-Cavg in crystal (before optimization) 

and in slab (after optimization) and percentage change (%) for Cr3C2 (1 0 0) surface. 

Cr3C2  

(1 0 0) 

supercell 

Cr-Cravg (Å) (surface) Cr-Cravg (Å) (bulk) Cr-Cavg (Å) (surface) Cr-Cavg (Å) (bulk) 

in  

Crystal 

in 

Slab 

%  

change 

in  

Crystal 

in 

Slab 

% 

change  

in  

Crystal 

in 

Slab 

% 

change 

in 

Crystal 

in 

Slab 

% 

change 

1x3x1 2.565 2.773 8.11 2.683 2.489 7.23 2.005 1.997 0.34 2.114 2.110 0.19 

2x1x2 2.829 2.829 0.00 2.703 2.556 5.44 2.102 1.928 8.28 2.119 2.098 0.99 

2x3x1 2.816 2.816 0.00 2.816 2.816 0.00 2.093 2.016 3.68 2.071 2.067 0.19 

 

                  
 

                  
 

                                                   
 

Figure 4.6: Representation of slab configuration a. 1x3x1 b. 2x1x2 and c. 2x3x1 

supercells (i) before optimisation and (ii) after optimisation for the Cr3C2 (1 0 0) slab. 

 

4.3.3 Cr3C2 (0 1 0) Surface 

The structural changes within the slabs for the three individual slabs for (0 1 0) 

represented in Figure 4.7. For the 1x3x1 slab, at the surface, minimum structural 

change was observed for both Cr-Cravg and Cr-Cavg. The Cr-Cravg difference of the 
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2x3x1 slab was observed to be less than 0.1 % for the layers within the bulk. The 

percentage change for the Cr-Cravg for 1x3x1 and the 2x3x1 slabs were calculated to 

be 0.59 % and 0.78 % for the bulk layers. The Cr-Cavg, within the bulk layers, was 

calculated as 0.63 % for the 1x3x1 slab. For the 2x2x1 and 2x3x1 slabs, 3.67 % and 

1.40 % was the percentage change calculated for the layers within the bulk. The 

surface free energies obtained for Cr3C2 (0 1 0) for different slab sizes (Table 4.6) 

indicated that the 1x3x1 slab showed the minimum energy (SFE = 0.208521 eV). 

Based on the SFE and differences in average bond distances within the bulk layers, 

1x3x1 slab can be considered as the most stable (0 1 0) slab for Cr3C2.  

 

Table 4.6: SFE comparison of Cr3C2 (0 1 0) surfaces for different slab sizes. 

Cr3C2 (0 1 0) 

supercell 

Atoms Layers Lattice Parameter 2 x Area 

(Å2) 

SFE 

(eV) a (Å) b (Å) 

1x3x1 60 6 11.4949 5.5183 126.8646 0.208521 

2x2x1 80 4 11.4949 11.0366 253.7292 0.220197 

2x3x1 120 6 11.4542 11.0124 252.2765 0.214309 

 

 

Table 4.7: Average bond distances Cr-Cravg and Cr-Cavg in crystal (before 

optimization) and in slab (after optimization) and percentage change (%) for Cr3C2 (0 

1 0) supercell. 

Cr3C2 

(0 1 0) 

supercell 

Cr-Cravg (Å) (surface) Cr-Cravg (Å) (bulk) Cr-Cavg (Å) (surface) Cr-Cavg (Å) (bulk) 

in  

Crystal 

in 

Slab 

%  

change 

in  

Crystal 

in 

Slab 

% 

change  

in  

Crystal 

in 

Slab 

% 

change 

in 

Crystal 

in 

Slab 

% 

change 

1x3x1 2.555 2.607 2.04 2.554 2.569 0.59 2.076 2.010 0.59 2.081 2.094 0.63 

2x2x1 2.557 2.671 4.46 2.561 2.671 4.30 2.062 1.970 4.30 2.044 2.119 3.67 

2x3x1 2.531 2.472 2.33 2.552 2.554 0.78 2.315 2.045 0.08 2.060 2.089 1.40 

 



Chapter 4 Chromium carbide and Fe-sub chromium carbide surfaces Thesis 

87 | P a g e  
 

 

      
 

      
 

        

 

Figure 4.7: Representation of slab configuration a. 1x3x1, b. 2x2x1 and c. 2x3x1 

supercells (i) before optimisation and (ii) after optimisation for Cr3C2 (0 1 0) slab. 

 

4.3.4 Cr3C2 (1 1 0) Surface 

At the surface, minimum structural change for the Cr-Cravg and the Cr-Cavg was 

observed for the 1x3x1 and 2x2x1 slabs respectively.  Some structural changes for the 

layers at the surface and within the bulk have been highlighted for the three individual 

slabs for (1 1 0) in Figure 4.8. The Cr-Cravg bond difference for the 2x3x1 slab was 

observed to be less than 0.4 % within the bulk. Additionally, the percentage change in 

the bulk layers of 1x3x1 and 2x2x1 slabs were calculated to be 2.011 % and 1.643 % 

respectively. For the Cr-Cavg, 1x3x1 slab was calculated as 0.653 % for the bulk layers. 

2.332 % and 1.784 % were calculated as percentage change for 2x2x1 and 2x3x1 slabs 

respectively for the layers situated within the bulk. The calculated average change in 
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bond distances of Cr-Cravg and Cr-Cavg for Cr3C2 (1 1 0) slabs, for the surface layers 

have been also listed in Table 4.9. The surface free energies obtained for Cr3C2 (1 1 0) 

for different slab sizes (Table 4.8) indicated that the 1x3x1 slab displayed minimum 

energy (SFE = 0.186942 eV). Based on the SFE and the difference in average bond 

distances for the bulk layers of the slabs, 1x3x1 slab can be considered as the most 

stable (1 1 0) slabs for Cr3C2.  

 

Table 4.8: SFE comparison of Cr3C2 (1 1 0) surfaces for different slab sizes. 

Cr3C2 (1 1 0) 

supercell 

Atoms Layers Lattice Parameter 2 x Area 

(Å2) 

SFE 

(eV)  a (Å) b (Å) 

1x3x1 60  5 11.4949 10.0914 231.9993 0.186942 

2x2x1 80  5 11.4949 12.3908 284.8620 0.187467 

2x3x1 120  8 11.4542 13.8357 316.9537 0.187257 

 

 

Table 4.9: Average bond distances Cr-Cravg and Cr-Cavg in crystal (before 

optimization) and in slab (after optimization) and percentage change (%) for Cr3C2 (1 

1 0) supercell. 

Cr3C2 

(1 1 0) 

supercell 

Cr-Cravg (Å) (surface) Cr-Cravg (Å) (bulk) Cr-Cavg (Å) (surface) Cr-Cavg (Å) (bulk) 

in  

Crystal 

in 

Slab 

%  

change 

in  

Crystal 

in 

Slab 

% 

change  

in  

Crystal 

in 

Slab 

% 

change 

in 

Crystal 

in 

Slab 

% 

change 

1x3x1 2.676 2.693 0.64 2.735 2.680 2.01 1.899 2.042 7.53 1.992 2.009 0.85 

2x1x2 2.620 2.476 5.50 2.495 2.454 1.64 2.059 1.975 4.08 2.058 2.010 2.33 

2x3x1 2.687 2.591 3.57 2.640 2.631 0.34 2.118 1.906 10.01 2.018 1.982 1.78 
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Figure 4.8: Representation of slab configuration a. 1x3x1 b. 2x2x1 and c. 2x3x1 

supercells (i) before optimisation and (ii) after optimisation for Cr3C2 (1 1 0) slab. 

 

4.3.5 Cr3C2 (0 1 1) Surface 

At the surface, minimum structural change was observed for both Cr-Cravg and Cr-Cavg 

for the 2x1x2 slab. Additionally, in Figure 4.9 some of the structural changes for (0 1 

1) slab both for the surface and in the bulk have been represented. The Cr-Cravg 

differences for the 2x1x2 slab was observed to be 1.211 % and the percentage change 

for 1x3x1 and 2x3x1 slabs were calculated to be 3.752 % and 2.020 % for the bulk 

layers. The percentage change for Cr-Cavg was calculated as 0.646 %, 0.718 % and 

0.851 % for 1x3x1, 2x1x2 and 2x3x1 slabs respectively for the bulk layers. The 

percentage change of Cr-Cravg and Cr-Cavg for the surface layers for Cr3C2 (0 1 1) slabs 

has also been listed in Table 4.11. The surface energies obtained for Cr3C2 (0 1 1) for 
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different slab sizes (Table 4.10) indicated that the 1x3x1 slab displayed minimum 

energy (SFE = 0.179108 eV). Based on the SFE and differences in average bond 

distances for the bulk layers of the slabs, 1x3x1 slab can be considered as the most 

stable (0 1 1) slab for Cr3C2.  

 

Table 4.10: SFE comparison of Cr3C2 (0 1 1) surfaces for different slab sizes. 

Cr3C2  

(0 1 1) 

supercell 

Atoms Layers Lattice Parameter 2 x Area 

(Å2) 

SFE 

(eV)  a (Å) b (Å) 

1x3x1 60  7 5.5183 14.2659 157.4470 0.179108 

2x1x2 80 7 15.9355 5.5183 175.8737 0.193442 

2x3x1 120  8 11.0124 14.1898 312.5275 0.207636 

 

 

Table 4.11: Average bond distances Cr-Cravg and Cr-Cavg in crystal (before 

optimization) and in slab (after optimization) and percentage change (%) for Cr3C2 (0 

1 1) supercell. 

Cr3C2  

(0 1 1) 

supercell 

Cr-Cravg (Å) (surface) Cr-Cravg (Å) (bulk) Cr-Cavg (Å) (surface) Cr-Cavg (Å) (bulk) 

in  

Crystal 

in 

Slab 

%  

change 

in  

Crystal 

in 

Slab 

% 

change  

in  

Crystal 

in 

Slab 

% 

change 

in 

Crystal 

in 

Slab 

% 

change 

1x3x1 2.728 3.500 8.08 2.638 2.539 3.75 2.097 1.901 9.35 2.013 2.026 0.65 

2x1x2 2.637 2.690 2.01 2.641 2.609 1.21 2.191 1.880 10.19 2.09 2.105 0.72 

2x3x1 2.679 2.474 7.65 2.623 2.676 2.02 1.979 1.862 5.91 1.997 1.980 0.85 
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 Figure 4.9: Representation of slab configuration a. 1x3x1, b. 2x1x2 and c. 2x3x1 

supercells (i) before optimisation and (ii) after optimisation for Cr3C2 (0 1 1) slab. 

 

4.3.6 Cr3C2 (1 0 1) Surface 

The structural changes at the surface and within the bulk for the three slabs for (1 0 1) 

is listed in Table 4.13 and represented in Figure 4.10. At the surface, minimum 

structural changes were observed for both Cr-Cravg and Cr-Cavg for the 1x3x1 and 

2x2x1 slabs respectively. For the bulk layers, the percentage change of Cr-Cravg for 

x3x1, 2x2x1 and 2x3x1 slabs were calculated as 1.09 %, 2.03 % and 4.40 % 

respectively. The percentage change for Cr-Cavg was calculated as 1.23 %, 8.56 % and 

8.55 % for 1x3x1, 2x2x1 and 2x3x1 slabs respectively for the bulk layers. The 

calculated percentage of the Cr-Cravg and the Cr-Cavg for Cr3C2 (1 0 1) slabs for the 

layers at the surface have also been listed in Table 4.13. The surface energies obtained 

for Cr3C2 (1 0 1) for different slab sizes (Table 4.12) indicated that the 1x3x1 slab 

displayed minimum energy (SFE= 0.194253 eV) which demonstrated its highest 
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stability for the (1 0 1) slab. Thus, based on the SFE and differences in average bond 

distances for the bulk layers of the slabs, the 1x3x1 slab can be considered as the most 

stable (1 0 1) slab for Cr3C2.  

 

Table 4.12: SFE comparison of Cr3C2 (1 0 1) surfaces for different slab sizes. 

Cr3C2 (1 0 1) 

supercell 

Atoms Layers Lattice Parameter  2 x Area 

(Å2) 

SFE 

(eV)  a (Å) b (Å) 

1x3x1 60 6 15.9355 5.6320 179.4975 0.194253 

2x2x1 80 7 2.8163 22.5283 126.8929 0.231174 

2x3x1 120 8 15.8894 8.3757 266.1697 0.230401 

 

 

 

Table 4.13: Average bond distances Cr-Cravg and Cr-Cavg in crystal (before 

optimization) and in slab (after optimization) and percentage change (%) for Cr3C2 (1 

0 1) supercell. 

Cr3C2 

(1 0 1) 

supercell 

Cr-Cravg (Å) (surface) Cr-Cravg (Å) (bulk) Cr-Cavg (Å) (surface) Cr-Cavg (Å) (bulk) 

in  

Crystal 

in 

Slab 

%  

change 

in  

Crystal 

in 

Slab 

% 

change  

in  

Crystal 

in 

Slab 

% 

change 

in 

Crystal 

in 

Slab 

% 

change 

1x3x1 2.582 2.475 4.14 2.578 2.606 1.09 1.987 1.817 8.56 2.041 2.083 8.56 

2x1x2 2.520 2.772 10.00 2.509 2.458 2.03 2.236 1.973 1.29 2.118 2.092 1.23 

2x3x1 2.498 2.529 8.89 2.498 2.509 4.40 2.034 1.998 1.77 2.034 2.208 8.55 
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Figure 4.10: Representation of slab configuration a. 1x3x1 b. 2x2x1 and c. 2x3x1 

supercells (i) before optimisation and (ii) after optimisation for Cr3C2 (1 0 1) slab. 

 

4.3.7 Cr3C2 (1 1 1) Surface 

The structural changes at the surface and in the bulk for the three slabs for (1 1 1) is 

listed in Table 4.15 and represented in Figure 4.11. For the 2x2x1 slab, minimum 

structural changes were observed for both Cr-Cravg and Cr-Cavg at the surface. The Cr-

Cravg and Cr-Cavg for the 2x2x1 slab was observed to be 0.31 % and 0.32 % for the 

bulk layers. The percentage change for 2x3x1 slab was calculated to be 0.70 % and 

5.39 %, for the Cr-Cravg and the Cr-Cavg present within the bulk layers. For 1x3x1 slab, 

the calculated Cr-Cravg and Cr-Cavg for the layers within the bulk was obtained to be 

1.83 % and 2.73 %. The percentage change in average bond distances for the layers at 

the surface for Cr-Cravg and Cr-Cavg for Cr3C2 (1 1 1) slabs have been also listed in 

Table 4.15. The surface energies obtained for Cr3C2 (1 1 1) for different slab sizes 

(Table 4.14) indicated that 1x3x1 slab displayed minimum energy (SFE= 0.178942 
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eV). Based on the SFE and differences in average bond distances for the bulk layers 

of the slabs, the 1x3x1 slab can be considered to be the most stable (1 1 1) slab for 

Cr3C2.  

 

Table 4.14: SFE comparison of Cr3C2 (1 1 1) surfaces for different slab sizes. 

Cr3C2 (1 1 1)  

supercell 

Atoms Layers Lattice Parameter  2 x Area 

(Å2) 

SFE 

(eV) a (Å) b (Å) 

1x3x1 60  4 10.0914 12.7509 257.3489 0.178942 

2x2x1 80  6 12.3908 15.9355 394.9072 0.187467 

2x3x1 120 6 13.8993 14.2659 396.5720 0.187257 

 

 

 

Table 4.15: Average bond distances Cr-Cravg and Cr-Cavg in crystal (before optimization) 

and in slab (after optimization) and percentage change (%) for Cr3C2 (1 1 1) supercell. 

Cr3C2 

(1 1 1) 

supercell 

Cr-Cravg (Å) (surface) Cr-Cravg (Å) (bulk) Cr-Cavg (Å) (surface) Cr-Cavg (Å) (bulk) 

in  

Crystal 

in 

Slab 

%  

change 

in  

Crystal 

in 

Slab 

% 

change  

in  

Crystal 

in 

Slab 

% 

change 

in 

Crystal 

in 

Slab 

% 

change 

1x3x1 2.678 2.682 0.15 2.651 2.657 0.27 1.919 1.913 0.31 1.877 1.873 0.21 

2x2x1 2.614 2.667 2.02 2.611 2.619 0.31 2.062 2.069 0.34 1.867 1.861 0.32 

2x3x1 2.563 2.642 3.08 2.569 2.594 0.97 2.119 1.981 6.51 2.129 2.104 1.17 

 

      
 

   
 

Figure 4.11: Representation of slab configuration a. 1x3x1 b. 2x2x1 and c. 2x3x1 

supercells (i) before optimisation and (ii) after optimisation for Cr3C2 (1 1 1) slab. 
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For all the slabs of Cr3C2, 1x3x1 systems displayed the highest stability based on SFE 

and structural changes. The slab 1x3x1-Cr3C2 (1 1 1) was observed to be the most 

stable based on the criteria A and B and also the calculations performed. For the Fe-

substituted chromium carbide slabs, thus the calculations have been limited to 1x3x1 

(60 atoms) systems.  

 

4.4 Fe-substituted Chromium Carbide Systems 

 

Using the information obtained from Varmaa et al. [38], and Fors et al.’s [39] research 

work, Fe-substituted chromium carbide (Cr2FeC2) slabs were obtained. Cr: Fe ratio 

was found as 2:1 within the slabs  [38, 39]. Based on the Mulliken charges obtained in 

Cr3C2 (Section 3.3.2), Cr atoms were assigned into three types (Cr1, Cr2 and Cr3). The 

Cr2FeC2 slabs were constructed by replacing one of the Cr atoms out of the three types 

of Cr atoms (observed in Cr3C2 bulk) by Fe-atoms. In the following section, different 

slab configuration of Cr2FeC2 (Cr2Fe1C2, Cr2Fe2C2 and Cr2Fe3C2 slabs) system have 

been investigated.  

 

4.4.1 Cr2Fe3C2 

Based on the information obtained for Cr3C2 surfaces, seven different 1x3x1 slab (60 

atoms) surfaces for Cr2Fe3C2 system having ((0 0 1), (1 0 1), (0 1 1), (0 1 0), (1 1 0), 

(1 0 0) and (1 1 1) surface terminations were constructed. The surface energies 

obtained for the different Cr2Fe3C2 slabs (Table 4.16) indicated that (1 1 1) slab 

displayed minimum energy (SFE = 0.15162 eV). For the (1 1 0) and (1 0 0) slabs the 

SFE calculated was 0.17106 and 0.16277 eV respectively. For the remaining four 

surfaces, (0 1 0), (0 1 1), (1 0 1) and (0 0 1), the surface free energies were determined 
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as 0.18814, 0.18886, 0.19380 and 0.21159 eV respectively. This showed that these 

surfaces were comparatively less stable than the remaining three surfaces. For 

Cr2Fe3C2 system, the structural changes observed for the bulk layers were calculated 

and listed in Table 4.17 and 4.18 for these seven individual surfaces. They have been 

represented in Figure 4.12, 4.13 and 4.14. In literature [24, 40, 41], (1 0 0), (1 1 0) and 

(1 1 1), known as low-index surfaces, are found to have the lowest surface energy. 

Additionally, at the surface and within the bulk layers, for Cr-Cravg, minimum change 

was determined to be in the range of 0.19 % to 0.51 % (Table 4.17) for (1 0 1), (1 0 0) 

and (0 0 1) slabs. The percentage change of Fe-Cravg within the bulk layers was also 

calculated for (0 1 0), (1 1 1) and (0 1 1) and listed in Table 4.18. For obtaining the 

most stable Fe-substituted chromium carbide, it was decided to calculate only three 

surfaces (1 1 1), (1 1 0) and (1 0 0) for Cr2Fe1C2 and Cr2Fe2C2 systems.  

 

4.4.2 Cr2Fe2C2 

Three different slabs for 1x3x1 configuration of Cr2Fe2C2 system were constructed for 

(1 0 0), (1 1 0) and (1 1 1) surfaces. The number of layers for each slab were listed in 

Table 4.16. They have been represented in Figure 4.15. The surface energies obtained 

for the different Cr2Fe3C2 slabs (Table 4.16) indicated that (1 1 1) surface displayed 

minimum energy (SFE = 0.15219 eV). For the (1 1 0) and (1 0 0) surfaces, the SFE 

calculated was 0.15825 and 0.117382 eV respectively. The structural changes for these 

stable surfaces for the surface and bulk layers was calculated and listed in Table 4.17 

and 4.18. the percentage change of Cr-Cravg for the bulk layers for (1 1 0), (1 1 1) and 

(1 0 0) was calculated to be less than 1 %. The percentage change of Cr-Cavg, Fe-Cravg 

and Fe-Cavg for the layers within the bulk were also calculated.  
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4.4.3 Cr2Fe1C2 

Similar to Cr2Fe2C2 system, 1x3x1 slabs of Cr2Fe1C2 system were constructed for  

(1 0 0), (1 1 0) and (1 1 1) surfaces. The number of layers for each slab were listed in 

Table 4.16. They have been represented in Figure 4.16. The surface energies obtained 

for the different Cr2Fe3C2 slabs (Table 4.16) indicated that (1 1 1) surface displayed 

minimum energy (SFE = 0.15743 eV). For the (1 1 0) and (1 0 0) surfaces, the SFE 

calculated was 0.16810 and 0.17549 eV respectively. The structural changes observed 

for the layers within the bulk was calculated and listed in Table 4.17 and 4.18 for these 

surfaces. Additionally, the percentage change of Cr-Cravg, Cr-Cavg, Fe-Cravg and Fe-

Cavg for the layers within the bulk were also calculated and listed in Table 4.17 and 

4.18. 

 

Table 4.16: SFE comparison of Fe-substituted chromium carbide (Cr2FeC2) surfaces 

for different slabs.  

Cr2FeC2  

Supercells 

Layers 

 

Lattice Parameter 2 x Area 

(Å2) 

SFE 

(eV) a (Å) b (Å) 

Cr2Fe3C2      

(0 0 1) 8 5.4275 8.4321 91.5304 0.21159 

(1 0 1) 6 12.4794 8.4321 210.455 0.19380 

(0 1 1) 7 5.4275 14.0491 152.503 0.18886 

(0 1 0) 6 11.2373 5.4275 121.981 0.18814 

(1 1 0) 7 11.4949 10.0914 231.999 0.17106 

(1 0 0) 5 8.4321 11.2373 189.508 0.16277 

(1 1 1) 7 12.4794 8.4321 210.455 0.15162 

Cr2Fe2C2  

(1 1 0) 6 11.2360 10.0060 224.847 0.17382 

(1 0 0) 6 8.3262 11.2360 187.101 0.15825 

(1 1 1) 7 10.006 12.5310 250.774 0.15219 

Cr2Fe1C2  

(1 1 0) 6 11.5050 9.9783 229.599 0.17549 

(1 0 0) 6 8.3263 11.5050 191.356 0.16810 

(1 1 1) 7 9.9783 12.7580 254.608 0.15743 
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Figure 4.12: Representation of slab configuration (a) (1 1 0) (b) (1 0 0) and (c) (1 1 1) 

surfaces for Cr2Fe3C2 supercells (i) before optimisation and (ii) after optimisation. 

            
 

           
 

Figure 4.13: Representation of slab configuration (a) (1 0 1) and (b) (0 1 1) surfaces 

for Cr2Fe3C2 supercells (i) before optimisation and (ii) after optimisation. 
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Figure 4.14: Representation of slab configuration (a) (0 0 1) and (b) (0 1 0) surfaces 

for Cr2Fe3C2 supercells (i) before optimisation and (ii) after optimisation. 

 

 

                                 
 
 

                                 
 
 
 

 
 
 

         
 

Figure 4.15: Representation of slab configuration (a) (1 1 0) (b) (1 0 0) and (c) (1 1 1) 

surfaces for Cr2Fe2C2 supercells (i) before optimisation and (ii) after optimisation.  



Chapter 4 Chromium carbide and Fe-sub chromium carbide surfaces Thesis 

100 | P a g e  
 

 

 

 

 

 

 

 

Figure 4.16: Representation of slab configuration (a) (1 1 0) (b) (1 0 0) and (c) (1 1 1) 

surfaces for Cr2Fe1C2 supercells (i) before optimisation and (ii) after optimisation.                                                       
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Table 4.17: Average bond distances Cr-Cravg and Cr-Cavg in crystal (before 

optimization) and in slab (after optimization) and percentage change (%) for Fe-

substituted chromium carbide supercells. 

Fe-

substituted

chromium 

carbide 

supercells 

Cr-Cravg (Å) (surface) Cr-Cravg (Å) (bulk) Cr-Cavg (Å) (surface) Cr-Cavg (Å) (bulk) 

in  

Crystal 

in 

Slab 

% 

change 

in  

Crystal 

in 

Slab 

% 

change 

in  

Crystal 

in 

Slab 

% 

change 

in 

Crystal 

in 

Slab 

% 

change 

Cr2Fe3C2             

(0 0 1) 2.811 2.811 0.00 2.811 2.811 0.00 2.001 1.907 4.70 2.070 2.009 2.95 

(1 0 0) 2.816 2.816 0.00 2.816 2.816 0.00 2.059 1.946 5.49 2.067 2.100 1.60 

(0 1 0) 2.768 2.765 0.11 2.768 2.762 0.22 2.469 2.104 7.78 2.506 2.497 0.36 

(1 1 0) 2.721 2.703 0.01 2.716 2.768 1.91 2.023 1.910 5.59 2.011 2.176 8.20 

(0 1 1) 2.772 2.847 2.71 2.769 2.783 0.51 1.969 1.871 4.98 1.994 1.990 0.20 

(1 0 1) 2.811 2.811 0.00 2.811 2.811 0.00 2.094 1.840 5.57 2.094 1.840 7.99 

(1 1 1) 2.659 2.582 2.90 2.659 2.321 7.55 1.984 1.926 2.92 2.009 1.931 3.88 

             

Cr2Fe2C2             

(1 0 0) 2.775 2.775 0.00 2.775 2.775 0.00 2.079 2.022 2.741 2.09 2.058 1.53 

(1 1 0) 2.577 2.745 6.52 2.591 2.575 0.62 3.595 3.832 6.592 3.47 3.607 3.95 

(1 1 1) 2.552 2.430 4.78 2.550 2.574 0.94 2.086 2.083 0.143 2.09 2.120 2.87 

             

Cr2Fe1C2             

(1 0 0) 2..772 2.772 0.00 2.772 2.772 0.00 2.046 1.929 5.72 2.053 2.058 0.24 

(1 1 0) 2.552 2.695 5.60 2.559 2.650 3.56 2.009 1.879 6.47 2.048 2.111 3.08 

(1 1 1) 2.560 2.570 0.39 2.530 2.497 1.30 2.101 2.078 1.09 1.993 2.059 3.31 
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Table 4.18: Average bond distances Fe-Cravg and Fe-Cavg in crystal (before 

optimization) and in slab (after optimization) and percentage change (%) for Fe-

substituted chromium carbide supercells. 

Fe-

substituted 

chromium 

carbide 

supercells 

Fe-Cravg (Å) (surface) Fe-Cravg (Å) (bulk) Fe-Cavg (Å) (surface) Fe-Cavg (Å) (bulk) 

in  

Crystal 

in 

Slab 

% 

change 

in  

Crystal 

in 

Slab 

% 

change 

in  

Crystal 

in 

Slab 

% 

change 

in 

Crystal 

in 

Slab 

% 

change 

Cr2Fe3C2             

(0 0 1) 2.543 2.677 5.27 2.649 2.649 0.00 2.009 1.995 0.70 2.011 2.011 0.00 

(1 0 0) 2.613 2.851 9.11 2.492 2.474 0.72 2.089 2.031 2.78 2.104 2.169 3.09 

(0 1 0) 2.547 2.583 1.41 2.541 2.481 2.36 2.033 1.966 3.30 2.043 2.203 7.83 

(1 1 0) 2.603 2.516 3.34 2.601 2.645 1.69 2.016 1.934 4.07 2.026 2.077 2.52 

(0 1 1) 2.664 2.846 8.99 2.637 2.602 1.33 2.054 1.825 5.57 2.068 2.077 0.44 

(1 0 1) 2.528 2.339 2.93 2.636 2.613 0.87 2.066 2.029 1.79 1.972 1.946 1.32 

(1 1 1) 2.546 3.042 9.36 2.540 2.632 3.62 2.071 2.223 7.34 2.009 1.931 3.88 

             

Cr2Fe2C2             

(1 0 0) 2.499 2.696 0.84 2.641 2.544 3.67 2.018 1.888 6.44 2.024 2.003 1.04 

(1 1 0) 2.642 2.815 6.55 2.638 2.794 5.91 1.961 1.882 4.03 1.974 1.887 4.41 

(1 1 1) 2.488 2.411 3.09 2.611 2.539 2.76 1.960 1.898 3.16 1.975 1.927 2.43 

             

Cr2Fe1C2             

(1 0 0) 2.662 2.638 0.90 2.687 2.506 6.74 2.228 1.929 8.74 2.354 2.078 9.77 

(1 1 0) 2.695 2.743 1.78 2.696 2.755 2.19 2.201 1.994 9.40 2.347 2.078 9.64 

(1 1 1) 2.701 2.723 0.81 2.702 2.777 2.78 1.959 1.839 6.13 1.985 1.915 3.53 

 

For the slabs of Cr2FeC2, (1 1 1) surfaces displayed the higher stability than (1 1 0) 

and (1 0 0) surfaces for Cr2Fe3C2, Cr2Fe2C2 and Cr2Fe1C2 systems based on SFE and 

structural changes. The slab Cr2Fe3C2 (1 1 1) was observed to be the most stable based 

on the criteria A and B and also the calculations performed.  
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4.5 Conclusions 

 

The slabs for chromium carbide (Cr3C2) was constructed along the XYZ axes with 

vacuum thickness of 15 Å. Surface Free Energy (SFE) of different slab for the Cr3C2 

systems was calculated and compared. Structural changes within the bulk layers for 

these slabs were also evaluated. Based on the SFE values and the structural changes 

within the bulk layers, 1x3x1 (1 1 1) slab was determined to have the highest stability 

for the Cr3C2 system. Further, different slabs for the Fe-substituted chromium carbide 

systems were also calculated to determine the slab with maximum stability. Cr2Fe3C2 

(1 1 1) was determined as the most stable Fe-substituted chromium carbide slab. The 

stability order for both chromium carbide and Fe-substituted chromium carbide slabs 

(Cr2Fe1C2, Cr2Fe2C2 and Cr2Fe3C2) indicated that the SFE of (1 1 1) slabs possessed 

the highest stability among the individual slabs, which was followed by the SFE values 

of (1 0 0) and (1 1 0) surfaces for 1x3x1 slabs. Thus, SFE (1 1 1) > SFE (1 0 0) > SFE 

(1 1 0) was the stability order obtained for Cr3C2 and Cr2Fe3C2.  

In the following chapter, the two stable slabs, Cr3C2 (1 1 1) and Cr2Fe3C2 (1 1 1) will 

be used for studying the surface interactions of various adsorbents under different 

oxidation conditions. 
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CHAPTER 5 

INTERACTION OF OXYGEN ON Cr3C2 (1 1 1) AND 

Cr2Fe3C2 (1 1 1) SURFACES 

 

In this chapter the interaction of O-atom with the Cr3C2 (1 1 1) surface and Cr2Fe3C2 

(1 1 1) surface have been investigated. Here, the aim is to study how these surfaces 

behave during different oxidation conditions (when gaseous O2, H2O and CO2 are the 

oxidants) and the effect of partial pressure, temperature and chemical potential on 

these stable oxygen coverages. 

  

Keywords: Cr3C2 (1 1 1) surface, Cr2Fe3C2 (1 1 1) surface, surface structure, 

coordination sites, Surface Free Energy, Adsorption Energy, oxygen, stability, 

coverage, pressure, temperature, chemical potential, Gibbs Free Energy 

 

5.1 Introduction 

 
To realise the atomic/molecular pathway of chemical reactions which are involved in 

oxidation, catalysis and other charge transfer driven processes, surface properties [1, 
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2] are crucial to be understood. For materials exposed to air (O2, CO2, etc.), chemical 

stability is considered as an essential property [3].  

From the recent literature available, it is evident that DFT, atomistic thermodynamic 

modelling, reactive force field (ReaxFF) molecular dynamics simulations and other 

computational techniques have been successfully implemented by researchers to study 

the interactions of different oxidants such as O2, CO2 and H2O on surfaces of ZrC [4-

7], TaC [7, 8], Mo2C [8-11], VC [6, 8], WC [12, 13], NbC [7, 8], Fe5C2 [14, 15], SiC 

[16, 17], HfC [7, 8], TiC [7, 8, 18, 19], etc. A summary of these findings has been 

provided in the next passages. 

 

Using DFT, Osei-Agyemang et al. [4] found that the oxygen coverage on the bare ZrC 

(1 0 0) surface was observed at all temperature and partial pressure values whereas the 

oxygen modified ZrC (1 0 0) surface only adsorbed water molecules at temperatures 

below 200 K. Additionally, oxygen modification activated the (1 0 0) surface and 

absorbed the water strongly as either atomic O with H2 release or into surface OH and 

H groups. Similarly, by combining DFT calculations with atomistic thermodynamic 

modelling, Osei-Agyemang et al. [20] found that on ZrC (1 1 1) and ZrC (1 1 0) 

surfaces, H2O dissociated into surface hydroxyl groups with the release of H2 and the 

OH groups. Employing DFT, Rodriguez et al. [6] found that small doses of O2 

molecule were adsorbed on ZrC (0 0 1) and VC (0 0 1) surfaces via dissociation. They 

reported that on ZrC (0 0 1) surface, oxygen atoms resulting from dissociation 

occupied a 3-fold hollow site having two metal and one carbon atom neighbours 

(MMC site) whereas on VC (0 0 1) surface, atomic O was bonded directly on top of a 

metal atom (M-top). Similar conclusions for the dissociation of O2 on TiC (0 0 1) and 

VC (0 0 1) were reached by Didziulis et al. [18] employing surface cluster models 
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containing 18 atoms and also by Zhang et al. [19] using periodic slab models, both via 

DFT calculations. 

Using DFT, Vines et al. [8] found that for  the (0 0 1) surface of several transition-

metal carbides (TMC – TM = Ti, Zr, Hf, V, Nb, Ta, Mo), O2 adsorbed molecularly on 

two different surface sites: either bridging two surface metal atoms or directly on top 

of a metal surface atom. The bridging site was slightly more stable on most TMCs, 

(except NbC (0 0 1) and TaC (1 0 0)) where both the sites were in degenerate state. 

Employing DFT, Kunkel et al. [7] found that CO2 molecules got adsorbed and 

activated on a range of stable (0 0 1) surfaces of transition metal carbides (TMC – TM 

= Ti, Zr, Hf, Nb, Ta, Mo). Two competitive adsorption sites such as MMC and Top C 

were reported where CO2 chemisorbed in a bent (activated) geometry. Performing 

DFT calculations, Posada-Pérez et al. [11] reported that on orthorhombic β-Mo2C (0 

0 1), Mo-terminated polar surface provoked the spontaneous cleavage of a C-O bond 

in CO2 and CO formation, whereas on a β-Mo2C (0 0 1) C-terminated polar surface or 

on a δ-MoC (0 0 1) nonpolar surface, the CO2 molecule was activated yet the C-O 

bond prevailed.  

Using DFT, Shi et al. [10] found that the dissociative adsorptions of O2 and H2O 

molecules were exothermic and the Mo2C (0 0 1) surface had stronger dissociative 

adsorption than the Mo2C (1 0 1) surface, up-taking more surface O atoms than the 

Mo2C (1 0 1) surface. Additionally, it was observed that in contrast to the Mo2C (0 0 

1) surface, OH+H and O+2H can form equilibrium on the Mo2C (1 0 1) surface. Ren 

et al. [9] used DFT to investigate the adsorption behaviour of CO2 on Mo2C (0 0 0 1) 

surfaces. They reported that CO2 dissociated spontaneously on the Mo surface, and the 

formed O relocated at three surface Mo atoms over a second layer carbons atom (VC 

site) and the formed CO bridged two surface Mo atoms of the VC site. Using DFT, 
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Zheng et al. [12] found that during water adsorption and dissociation on the WC (0 0 

0 1) surface, H2O, OH or O atoms was most likely to bind with W- termination while 

H atoms preferred C-termination over W-termination. Tong et al. [13]  performed a 

spin-polarized DFT and predicted significant reaction activity towards the 

dehydrogenation of H2O and OH on WC (0 0 0 1)  surface. Using spin-polarized DFT 

calculations, Gao et al. [14] found that the Fe region on the Fe5C2 (0 1 0) surface was 

active for H2O adsorption and dissociation, while the C region was inactive. Similarly, 

Gao et al. [15] also investigated the adsorption and energetics of H2O molecules and 

O atoms (1 1 1), (- 4 1 1) and (0 0 1) surfaces of Fe5C2 and reported (1 1 1) surface to 

have that least O adsorption and highest stability as (0 0 1) surface displaying least 

stability and highest O adsorption.  

Using reactive force field (ReaxFF) molecular dynamics simulations, Newsome et al. 

[16] performed oxidation simulations of a SiC surface exposed to O2 and H2O 

molecules at various temperatures (in the range of 500 to 5000 K). Gradual 

transformation of SiC into the oxides of silicon with simultaneous formation of a 

graphite-like layer were reported in their findings. They also stated that consumption 

of SiC with O2 was faster than that with H2O. Additionally, the oxidation simulation 

of SiC with a mixture of H2O and O2 also reported. For this instance, oxidation 

proceeded effectively as a two-part sequence, with O2 initially oxidizing the SiC, 

followed then by H2O oxidation. Simonka et al. [17] also used ReaxFF molecular 

dynamics simulations to investigate SiC oxidation with respect to various 

crystallographic faces, i.e., a (1 1 2̅ 0), C (0 0 0 1̅), m (1 1̅ 0 0), and Si (0 0 0 1) to study 

the critical orientation dependence in the early stage of the oxidation process. The 

calculated growth rates calculated by them indicated that the C-face has the highest 

oxidation rate, followed by the m-, a-, and Si-face. Further, the differences in growth 
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rates between the various faces were observed to be decrease with time. In the next 

section, the reactions of metal carbides with oxidants such as O2, CO2 and H2O have 

been provided. 

Structure of a material is also a fundamental characteristic among the properties of 

surface, interfaces and bulk. It determines or influences chemical, electrical, 

mechanical, and even magnetic and optical behaviour [21]. Additionally, surface 

energy is substantiated as one of the central thermodynamic properties of solid surfaces 

[21, 22].  Therefore, due to these reasons, it is essential to understand on a atomistic 

level how the surface interaction with materials in their surrounding environment takes 

place [3].  

Using multi-site surface adsorption model, microscopic electronic structure based on 

DFT calculations was employed by Stampfl et al. and to determine the thermodynamic 

properties of various adsorbate covered surfaces [23, 24]. In the DFT approach, the 

emphasis is laid on the relevance of surface structures [25, 26]. based on the lowest 

surface free energy and Gibbs free energy of adsorption, the stability of the surfaces 

under various (T, p) — conditions are compared by Cheng et al. [27]. This technique 

offers a valuable insight into the construction of a surface within the realm of 

realistically or scientifically applicable environments associated with the underlying 

electronic structure theory calculations [27-30]. This method further allows us to 

explore applications at different partial pressure and temperature [27, 30].  

Using the DFT technique, Reuter et al. [28] used the oxygen partial pressure as a 

function (chemical potential values) to investigate the chemical stability of RuO2 (1 1 

0) in oxygen atmosphere. Utilising their approach, further investigations of CO and 

oxygen adsorption on Ru2O (1 1 0) surface [31], nitrogen adsorption on Fe surfaces 

[30], CO adsorption and dissociation on high coverage orthorhombic Mo2C (1 0 0) 
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surface [26], dissociative hydrogen adsorption on the high coverage hexagonal Mo2C 

phase [25], oxygen adsorption at different coverages on the hexagonal Mo2C surfaces 

[27], etc. have been obtained. Initially, in all of these studies, the most stable oxygen 

adsorption configurations or different adsorption sites (Top, 3-fold, Bridging) at each 

coverage was determined. For the adsorption of oxygen on the surface, the differential 

adsorption energy (Ediff) values were used to identify the saturated coverage. Further, 

Stepwise adsorption method was applied to determine the saturated coverages for 

different surfaces to study surface interaction and effects of partial pressure and 

temperature. The thermodynamic methods used in these studies for discussing the 

effects of temperature, partial pressure have revealed results in agreement to the 

experimental findings. Thus, using this method in this study is fitting.  

Additionally, Cheng et al. [27] and Reuter et al. [28] has demonstrated that utilising 

the chemical potential values of O-atom and various oxygen sources (such as O2, CO2 

and H2O), the oxygen adsorption properties can be calculated. This approach will be 

used in this chapter to study the interactions of oxygen with Cr3C2 (1 1 1) and Cr2Fe3C2 

(1 1 1) surfaces. 

In chapter 4, DFT calculations have been performed on different Cr3C2 and Cr2Fe3C2 

slabs. It was revealed that (1 1 1) is the most stable surface for both Cr3C2 and 

Cr2Fe3C2 systems. Fe-substituted chromium carbides (Cr2FeC2) slabs were obtained 

utilising the data provided by Varmaa et al. [32], and Fors et al.’s [33]. Based on the 

Mulliken charges in Cr3C2, Cr atoms were assigned into three types, Cr1, Cr2 and Cr3. 

Employing Cr : Fe is 2:1 [32, 33], one of the three types of Cr atoms was replaced with 

Fe-atoms (see section 3.3.2), the Cr2FeC2 slabs were constructed. 
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In this chapter, interaction of these surfaces during different oxidation conditions and 

the effect of partial pressure, temperature and chemical potential on their stable oxygen 

coverages are explored. 

 

5.2 Methodology 

 

5.2.1 Computational details 

 

All calculations were performed using DFT as implemented in the Dmol3 code in 

Biovia Material Studio 2017 [34] computational module. The surface interactions with 

the O-atoms for 1x3x1-Cr3C2 (1 1 1) and 1x3x1-Cr2Fe3C2 (1 1 1) surfaces for different 

oxygen coverages were calculated using optimization with double numerical atomic 

basis set with a polarization d-function on all non-hydrogen atoms (“dnd”). The 

generalized gradient approximation (GGA) + Hubbard parameter (U = 2.50 eV) in the 

PWC_PBE form was used in all the calculations using semi-core pseudo-potentials 

[8]. A Monkhorst-Pack grid had been used to select the special k-points necessary to 

carry out numerical integrations in the reciprocal space [35]. The smearing parameter 

was set as 0.005 Ha. The energy convergence tolerance, the maximum force and the 

maximum displacement were selected as 1.0 x 10-5 Ha, 0.002 Ha/Å and 0.005 Ha 

respectively. The quality of orbital cut off was set to ‘fine’ and a global orbital cut off 

radius of 4.5 Å was used. 

Oxidation reactions of Metal Carbides: 

Under oxidising condition, carbide of metal (M = Zr, Ta, Mo, V, W, Nb, Fe, Si, Hf, 

Ti) [4-19],  reacts with oxidants such as CO2 and H2O to release CO and H2 as products. 

The reactions for these oxidants with the metal carbides have been provided. 
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Metal carbide matrix MxCy +O2  → MxCyOz                                                                                (5.a)                                             

Metal carbide matrix MxCy + 𝑎H2O → MxCyOz + 𝑎H2                                                                                  (5.b) 

Metal carbide matrix MxCy + bCO2 → MxCyOz + bCO                                                        (5.c) 

where x, y and z denote different stoichiometric ratios between metal (M), C and O.  

a and b are arbitrary numbers, required to balance the equations, 5.b and 5.c 

respectively.  

 

 

5.2.2 Modelling, surface interaction and ab initio thermodynamics 

In Chapter 4, 1x3x1-Cr3C2 (1 1 1) surface and 1x3x1-Cr2Fe3C2 (1 1 1) surface were 

concluded to be the most stable chromium carbide and Fe-substituted chromium 

carbide surfaces. For all the future references in the following text, 1x3x1-Cr3C2 (1 1 

1) and 1x3x1-Cr2Fe3C2 (1 1 1) surfaces will be referenced as Cr3C2 (1 1 1) and 

Cr2Fe3C2 (1 1 1) surfaces respectively for convenience. All further modelling, 

calculations and observations are based on the interactions of oxidants (O-atoms) on 

these two surfaces.  

Additionally, all the reported energetics include the correction of zero-point energy 

(ZPE).  Molecular O2, H2O and CO2 have been considered as different sources of 

oxygen. A vacuum layer of 15 Å as determined in Chapter4 (section 4.2.3) was set to 

exclude any slab interaction. For calculating the energies of SFEs of O-absorbed on 

surfaces, total energies of the optimised CO2, CO, H2O, H2 and O2 molecules have 

been utilised. The optimised structures of these molecules have been provided in 

Figure 5.1. 
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Figure 5.1: Optimised structure of the H2O, H2, CO2, CO and O2. C, O and H atoms 

have been represented by grey, red and white colours.   

 

It can be observed in the Side View representation of the Cr3C2 (1 1 1) and Cr2Fe3C2 

(1 1 1) surface in Figure 5.2, the exposed atoms at the surface (surface atoms) of the 

slabs have been considered to occupy up to Layer 3 (L1 to L3) based on depth. The 

surface atoms for both the slab systems are not uniformly distributed over the surfaces, 

thus providing multiple interacting (adsorption) sites. Additionally, in Figure 5.2 (a. i) 

and (b. i), the Top View of the Cr3C2 (1 1 1) and Cr2Fe3C2 (1 1 1) surfaces along with 

the 4x4 grid separation has also been represented. The grid positions have been 

labelled as Gr1 to Gr16. 

 

 

5.2.2.1 Determination of interaction of oxidant (O-atom) with Cr3C2 (1 1 1) and 

Cr2Fe3C2 (1 1 1) surfaces 

 

Following steps were taken to determine the surface interaction with an O-atom. 

A. Surface structures, Oxygen adsorption sites, Surface Free Energy and 

Adsorption Energies  

The Cr3C2 (1 1 1) and Cr2Fe3C2 (1 1 1) surface was divided into 4x4 grid across the 

surface and labelled from Gr1 to Gr16 (Figure 5.2 – (a) i. and (b) i.). Initially, one O-

atom was placed on each of the positions, then using geometry optimisation 
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calculations, total energies were calculated. The most stable position, based on the 

surface free energy, SFE (n(O)/slab) and adsorption energies (Eads), was determined 

for each of the oxygen positions on the grid surface. To consider the coverage effects, 

the most stable oxygen adsorption configurations at each oxygen coverage (two O 

atoms, three O atoms, and so on) were also identified. The SFE (n(O)/slab) [36] was 

calculated using Equation 5.1. 

 

SFE (n(O)/slab) = SFE (slab) +
1

2A
 (E (n/O)/slab) – E ((n-1)O/slab) – nE (O))        (5.1)                                    

where SFE (slab) is the surface free energy of a clean surface, E (n(O)/slab)  and  

𝐸((n − 1)O/slab)  are the total energies of the slab with n and n−1 (O) atoms in its 

equilibrium geometry.  

n E(O) is the total energy of n O-atoms and A is the surface area of one surface of the 

slab. The factor ½ takes into account the two surfaces of the slab, one at the top and 

one at the bottom. Here n = 1, 2….8. Also, the adsorption energy (Eads) of oxygen atom 

at different grid positions on the surface was calculated.  

Eads [30] is calculated by subtracting the energies of O-atoms and the clean surface 

from the total energy of the adsorbed system. 

Eads = E ((O)/slab) − [E (O) + E (slab)]                            (5.2)                                                                                                 

 

where E ((O)/slab) is the total energy of the slab with O in its equilibrium geometry, 

E(slab) is the total energy of the clean surface, and E(O) is the total energy of the O-

atom. Therefore, the more negative the Eads, the stronger is the adsorption.  

 

The values obtained for SFE and Eads have been listed in Table 5.2 and Table 5.3 for 

Cr3C2 (1 1 1) + 1O and Cr2Fe3C2 (1 1 1) + 1O surfaces respectively and presented in 
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the following section. The surfaces of Cr3C2 (1 1 1) and Cr2Fe3C2 (1 1 1) have different 

absorption sites based on their position over the surface and has been listed in Table 

5.2 and Table 5.3. 

 

              
 

                           
 

Figure 5.2: (a) Top view of (i) Cr3C2 (1 1 1) surface and (ii) Cr2Fe3C2 (1 1 1) surface 

segregated into 16 grids (Gr1 to Gr16) and (b) Side View of the exposed layers for (i) 

Cr3C2 (1 1 1) surface and (ii) Cr2Fe3C2 (1 1 1) surfaces. The green, pink and blue balls 

represent Cr, Fe and C atoms.   

 

B. Saturated monolayer coverage 

 

Surface coverage [37, 38], chemically has been defined as “the number of adsorbed 

molecules on a surface divided by the number of molecules in a filled monolayer on 

https://goldbook.iupac.org/html/M/M04015.html
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that surface” where monolayer, (ML) represents a single, closely packed layer of 

atoms or molecules [37, 39]. To get the stable adsorption configuration of associated 

oxidant (O-atom) at different coverage, Stepwise Adsorption method [25] was 

adopted, i.e.; one O atom is added to the previous most stable state in different grids 

to obtain the next most stable state. 

 

ΔEdiff = E [(n+1) (O)/slab)] + E [(n-1) (O)/slab)] – 2 [E(n(O)/slab)]                     (5.3)                                                

where E ((n+1) (O)/slab), E (n(O)/slab),and E ((n-1) (O)/slab) is the total energy of the 

slab with (n+1) O, n O-atom and  (n-1) O in its equilibrium geometry (n = 1, 2…) 

respectively. A negative ΔEdiff represents a saturated oxygen coverage with (n+1) 

adsorbed O molecules 

Once the stable configuration with one oxygen was obtained, the 2nd oxidant (O-atom) 

was added to the surfaces over the remaining grid positions to identify the most stable 

configurations during the 2nd oxidant coverage. All possible structures were 

investigated by adding the O atom on the previously most stable oxygen coverage on 

the basis of the individual adsorption energies at different adsorption sites by using 

Equation 5.3. This procedure was repeated for the 3rd oxidant (O-atom), 4th oxidant 

and so, on where 14 grid positions, 13 grid positions etc. were tested until a negative 

ΔEdiff representing a saturated oxygen coverage of n(O) with n adsorbed O molecules 

for Cr3C2 (1 1 1) and Cr2Fe3C2 (1 1 1) surfaces were obtained by using this Stepwise 

Adsorption method.  

The aim was to find the most stable surfaces by considering all different possibilities. 

The calculations have been listed in the following section (section 5.3.2). Additionally, 

the calculated values of the SFE (n(O)/slab) for Cr3C2 (1 1 1) + n (O) and Cr2Fe3C2 (1 

https://goldbook.iupac.org/html/L/L03488.html
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1 1) + n(O) have been listed in Table 5.2 and Table 5.3. The SFE (n (O)/slab) for each 

slab remains lower than the preceding slab with the previously most stable oxygen 

coverage as n(O)-atom is added to the (n-1) O/slab. A higher SFE value with respect 

to the preceding slab’s SFE values indicates a saturated oxygen coverage with n 

adsorbed O molecules. 

 

C. Gibbs Free Energy and the effects of temperature and partial pressure on 

stable O-atom coverages  

Atomistic thermodynamics method has been applied to include the effects of 

temperature (T) and partial pressure (p) on stable O-atom coverages. Considering the 

adsorption process of O-atoms on the Cr3C2 (1 1 1) and Cr2Fe3C2 (1 1 1) surfaces, 

here, the change of Gibbs free energy during the O-atom adsorption with T (K) and p 

(atm) was observed. The adsorption Gibbs free energy (Gads) [40] is used to determine 

the most stable coverage of O-atoms on the surface. 

 

Gads = G (n(O)/slab) – G (slab) – Ggas (O)                                                               (5.4)                                                             

 

where G (n(O)/slab) is the Gibbs free energies of Cr3C2 (1 1 1) and Cr2Fe3C2 (1 1 1) 

surface with n (O) atoms and G (slab) is the Gibbs free energies of clean Cr3C2 (1 1 1) 

and clean Cr2Fe3C2 (1 1 1) surfaces.  

Ggas (O) represents the Gibbs free energy of an isolated O-atom and is equal to n µO 

(T, p) where µO (T, p) is the chemical potential of O-atom. For the solid surface, the 

value of Gibbs free energy can be approximated to be the total energy [27, 41].  

 

Therefore, Equation 5.4 can be rewritten as:  

Gads = E (n(O)/slab) – E (slab) – n µO (T, p)                                                                          (5.5)  
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where E (n(O)/slab) is the total energies of Cr3C2 (1 1 1) and Cr2Fe3C2 (1 1 1) surface 

with n (O) atoms and E (slab) is the total energies of clean Cr3C2 (1 1 1) and clean 

Cr2Fe3C2 (1 1 1) surfaces. 

Considering the surrounding atmosphere to be filled with O-atoms, forming an ideal 

gas-like reservoir, it can be shown that for an ideal gas of N particles at constant 

pressure, P (atm) and temperature T (K), the chemical potential (µ) is given by the 

Gibbs free energy (G) per atom [28]: µ = (𝜕𝐺/𝜕𝑁)𝑇,𝑃,𝑁 = G/N                                         (5.6) 

                                                             

Now, as the Gibbs free energy is a potential functional depending on pressure and 

temperature, its total derivative can be written as  

dG = (𝜕𝐺/𝜕𝑇)𝑃𝑑𝑇 + (𝜕𝐺/𝜕𝑃)𝑇𝑑𝑃 = − SdT + VdP,                                               (5.7)                                 

where Maxwell relations for the entropy, S and volume, V , have been inserted.  

 

Additionally, using the ideal gas equation of state,  

PV = NkBT                                      (5.8) 

where kB is the Boltzmann constant (kB = 8.6173303x10-5 eV/K) and the partial 

derivative of G (T, P) with respect to pressure at constant temperature can 

consequently be written as  

(𝜕𝐺/𝜕𝑃)𝑇 = V = NkBT/P                                                                                         (5.9) 

 

Similarly, a finite pressure changes from P to p° results in  

G (T, P) − G (T, p°) = ∫ (𝜕𝐺
P

p°
/𝜕𝑃)𝑇dP = NkBT ln (P / p°)                                     (5.10) 

 

Combining Equations (5.6) and (5.10), for the chemical potential of O, the expression 

based on different oxygen atom sources such as O2, H2O and CO2 can be deduced as 

following. 
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At O2 condition,  

                                    O2 (g)                          2 O (g)                                                    (5.A) 

Thus, combining Equations (5.6) and (5.10), chemical potential of O can be expressed 

as [28] 

 

µO (T, pO2) = ½ µO2 (T, P) = µO (T°, p°) + ½ kBT ln (pO2
 / p°)                                             (5.11) 

 

where pO2 is the partial pressure of O2, p° = 1 atm and µO (T°, p°) is the standard 

chemical potential of an isolated O-atom at 298.15 K temperature and 1 atm pressure 

with all the thermal corrections.  

 

 

At H2O condition,  

                                2H2O (g)                                    2H2 (g) +  2O (g)                                           (5.B) 

 

Thus, the chemical potential of O can be expressed as [27, 28] 

 

µO = µH2O − µH2                                                                                                                              (5.12) 

µH2O = µH2O (T°, p°) + kBT ln (pH2O
 / p°)                                                                         (5.13) 

µH2 = µH2 (T°, p°) + kBT ln (pH2
 / p°)                                                                            (5.14)                                                                

 

Combining Equations (5.6), (5.10), (5.12), (5.13) and (5.14),  [28] 

 

µO (T, pH2O) = µH2O (T, P) − µH2 (T, P)  

Thus,  

µO (T, pH2O) = µH2O (T°, p°) − µH2 (T°, p°) + kBT (ln (pH2O/p°) − ln (pH2/p°))            (5.15) 

 

where pH2O and pH2 is the partial pressure of H2O and H2, p° = 1 atm and µH2O (T°, p°) 

and µH2 (T°, p°) is the standard chemical potential of H2O and H2 at 298.15 K 

temperature and 1 atm pressure with all thermal corrections. 
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At CO2 condition,  

                                  2CO2 (g)                                    2CO (g) +  2O (g)                                 (5.C) 

 

Thus, the chemical potential of O can be expressed as [27, 28] 

 

µO = µCO2 − µCO                                                                                                                   (5.16) 

µCO2 = µCO2 (T°, p°) + kBT ln (pCO2
 / p°)                                                                     (5.17) 

µCO = µCO (T°, p°) + kBT ln (pCO
 / p°)                                                                                             (5.18)                                                                

 

Combining Equations (5.6), (5.10), (5.16), (5.17) and (5.18), [28] 

µO (T, pCO2) = µCO2 (T, P) − µCO (T, P)  

Thus,  

µO (T, pCO2) = µCO2 (T°, p°) − µCO (T°, p°) + kBT (ln (pCO2
 / p°) − ln (pCO /p°)           (5.19) 

 

where pCO2 and pCO is the partial pressure of CO2 and CO, p° = 1 atm and µCO2 (T°, p°) 

and µCO (T°, p°) is the standard chemical potential of CO2 and CO at 298.15 K 

temperature and 1 atm pressure with all the thermal corrections.   

 

Table 5.1: Standard chemical potential µ (T°, p°) for O2, O, H2O, H2, CO2 and CO [42] 

Sl. No Standard chemical potential (eV) 

1 µO2 (T°, p°) 0 

2 µO (T°, p°) -2.402130 

3 µH2O (T°, p°) -2.369273 

4 µH2 (T°, p°) 0 

5 µCO2 (T°, p°) -4.087669 

6 µCO (T°, p°) -1.421564 
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5.3 Results and Discussion 

 

5.3.1 Surface structures and oxygen adsorption sites 

The various types of coordination of oxygen (O-atom) at different adsorption sites for 

Cr3C2 (1 1 1) and Cr2Fe3C2 (1 1 1) surface has been represented in Figure 5.3. Top 

sites (T), 3-fold sites (3F), Long Bridge sites (LB) and Short Bridge sites (SB) are four 

different ways in which O-atom binds with different surfaces. In Top sites, an O-atom 

binds with a single Cr or C or an Fe-atom situated on the surface without interacting 

any other atoms. In 3-fold sites, an O-atom coordinates with three other atoms situated 

either on the surface or within the bulk. Bridging sites consist of O binding with two 

atoms. In case of Long Bridge sites, O-atoms bind with Cr and Fe atoms. In case of 

Short Bridge sites, O-atom binds with either a Cr/Fe atom and a C-atom. 

 

 

 

Figure 5.3: Side view representation of the various types of coordination of the oxygen 

(O-atom) binding at different adsorption sites. 

 

5.3.1.1 Interaction of O-atom at Cr3C2 (1 1 1) surface 

The Cr3C2 (1 1 1) surface has three top sites (T1, T2 and T3). At T1, T2 and T3, O 

coordinates with a single Cr-atom (Cr-O). There are six bridging sites observed on the 
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Cr3C2 (1 1 1) surface. Four of those are short bridging (SB1, SB2, SB3 and SB4) sites 

(Cr-O-C) and two of them are long bridging (LB1 and LB2 sites (Cr2-O). There are 

seven 3-fold hollow sites (3F11, 3F12, 3F13, 3F2, 3F31, 3F41 and 3F42) present on the 

Cr3C2 (1 1 1) surface. For 3F11, 3F12 and 3F13, the O atom interacts with two Cr atoms 

and a C atom present on the surface. For 3F2, the O atom interacts with a Cr atom and 

a C atom occupying the surface and a Cr atom situated within the bulk. For 3F31, the 

O atom interacts with two Cr atoms occupying the surface and a Cr atom embedded 

within the bulk and for 3F41 and 3F42, the O atom interacts with three Cr atoms 

occupying the surface.  

Using Equations 5.1 and 5.2, Surface Free Energy, SFE (O/Cr3C2 (1 1 1)) and 

adsorption energy (Eads (O)) across the different grid positions for one O-atom was 

calculated. Figure 5.4 represents the graph of SFE (eV) for one oxidant (O-atom) over 

different grid positions on Cr3C2 (1 1 1) surface. Based on the SFE (O/Cr3C2 (1 1 1)) 

and adsorption energy (Eads (O)) for all the grid positions over the surface, the 

interacting site (Gr13) was determined as the most stable interacting site. Here, O-

atom coordinates with three Cr-atoms situated at the 3-fold hollow site (3F31). 

Coordination sites and structure of O-atom with Cr-atoms and C-atoms at all the 16 

grid positions have been displayed in Figure 5.5.  

Primarily, 3-fold structures (3F) and Top (T) interaction sites were observed to display 

the stable sites, followed by Short Bridge (SB) and Long Bridge (LB) structures for 

one O-atom adsorbed to the Cr3C2 (1 1 1). The SFE (O/Cr3C2 (1 1 1)), the Eads (O) for 

the most stable site (Gr13) for Cr3C2 (1 1 1) +1O surface has been calculated as 

0.145999 and eV. Additionally, more negative Eads (O) indicate stronger adsorption on 

the surface [26]. For all the grid positions, the SFE (O/Cr3C2 (1 1 1)) and Eads (O) has 

been listed in Table 5.2.  
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Table 5.2: SFE, Eads (O) values, coordination sites and structures formed at different 

adsorption sites for single oxygen on Cr3C2 (1 1 1) surface.  

 
Cr3C2 

+ O1 Surface 

Sites 

SFE (O/ 

Cr3C2) 

(eV) 

 Eads (O)  

(eV) 

 

Coordination of single O-

atom with Cr3C2 at different 

adsorption sites 

Structures formed 

at adsorption sites 

a Gr13 0.145999 -8.24945 3-fold (3F31) Cr3O 

b Gr2 0.146119 -8.21861 Top (T1) CrO 

c Gr16 0.146399 -8.14672 3-fold (3F41) Cr3O 

d Gr10 0.146831 -8.03551 3-fold (3F2) (Cr2C)O 

e Gr11 0.147070 -7.97382 3-fold (3F13) (Cr2C)O 

f Gr9 0.148583 -7.58463 3-fold (3F12) (Cr2C)O 

g Gr14 0.148795 -7.53013 3-fold (3F42) Cr3O 

h Gr3  0.149111 -7.44858 Top (T2) CrO 

i Gr7 0.149217 -7.42137 3-fold (3F11) (Cr2C)O 

j Gr8 0.149601 -7.32273 Top (T3) CrO 

k Gr15 0.150360 -7.12738 Short Bridge (SB4) (CrC)O 

l Gr4 0.150611 -7.06259 Short Bridge (SB2) (CrC)O 

m Gr5 0.151007 -6.96066 Long Bridge (LB1) Cr2O 

n Gr6 0.15141 -6.85707 Short Bridge (SB3) (CrC)O 

o Gr12 0.151588 -6.81133 Long Bridge (LB2) Cr2O 

p Gr1 0.151667 -6.79084 Short Bridge (SB1) (CrC)O 

 

 

 

Figure 5.4: SFE (eV) for single O-atom over different grid positions on Cr3C2 (1 1 1) 

surface. The lowest energy point has been represented by the red dot (marker).  
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Figure 5.5: Single O-atom adsorption on different sites across the 16 grid positions for 

Cr3C2 (1 1 1) surface based on minimum (a) to maximum (p) Eads (O) values. The 

green and blue balls represent Cr and C atoms. The red ball represents O-atom. 
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5.3.1.2 Interaction of O-atom at Cr2Fe3C2 (1 1 1) surface 

 
The Cr2Fe3C2 (1 1 1) surface has two top sites (T4 and T5). There are six bridging sites 

observed on the Cr2Fe3C2 (1 1 1) surface [SB5 ((FeC)O), SB6 ((CrC)O) and SB7 

((CrC)O)] and [LB3 (Fe2O), LB4 (Cr2O) and LB5 ((CrFe)O)] sites. There are eight 3-

fold hollow sites (3F5, 3F14, 3F43, 3F15, 3F6, 3F7, 3F16 and 3F17) over the Cr2Fe3C2 (1 

1 1) surface respectively. At 3F14, 3F15, 3F16 and 3F17, the O atom interacts with two 

Cr atoms and a C atom present on the surface. At 3F6, the O atom interacts with a Cr 

atom, Fe atom and a C atom occupying the surface. At 3F5, the O atom interacts with 

one Cr atom and two Fe atoms occupying the surface and for 3F7, the O atom interacts 

with two Cr atoms and one Fe atom occupying the surface. At 3F43, the O atom 

interacts with three Cr atoms occupying the surface. Using Equations 5.1 and 5.2, 

Surface Free Energy, SFE (O/Cr2Fe3C2 (1 1 1)) and adsorption energy (Eads (O)) across 

the different grid positions for single O-atom was calculated. In Figure 5.6, SFE (eV) 

for one O-atom over different grid positions on Cr2Fe3C2 (1 1 1) surface was 

graphically displayed. Based on the SFE (O/ Cr2Fe3C2 (1 1 1)) and (Eads (O)) values 

for all the grid positions over the Cr2Fe3C2 (1 1 1) surface, the interacting site (Gr13) 

was determined as the most stable interacting site. At Gr13, O-atom coordinates with 

two Cr-atoms and one Fe-atom situated at the 3-fold hollow site (3F71). Coordination 

sites and structure formation of O-atom with Cr-atoms, Fe-atoms and C-atoms 

Cr2Fe3C2 (1 1 1) surface at all the 16 grid positions have been displayed in Figure 5.7. 

Primarily, similar to Cr3C2 (1 1 1), for Cr2Fe3C2 (1 1 1), 3-fold structures (3F) and Top 

(T) sites were observed to display the highest stable sites, followed by the bridging 

(LB and SB) structures. For all the grid positions, the SFE (O/ Cr2Fe3C2 (1 1 1)), and 

Eads (O) has been listed in Table 5.3.  
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Table 5.3: SFE, Eads (O) values, coordination sites and structures formed at different 

adsorption sites for single oxygen on Cr2Fe3C2 (1 1 1) surface. 

 
 

 

 

Figure 5.6: SFE (eV) for single O-atom on different grid positions for Cr2Fe3C2 (1 1 

1) surface. The lowest energy point has been represented by the red dot (marker).  
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SFE (O/ 

Cr2Fe3C2) 

(eV) 

Eads (O) 

(eV) 

Coordination of 1 O-atom 

with Cr2Fe3C2 at stable 

adsorption sites 

Structures formed 

at stable adsorption 

sites  

a Gr13 0.115104 -9.13877 3-fold (3F7) (FeCr2)O 

b Gr1 0.122786 -8.4877 3-fold (3F5) (CrFe2)O 

c Gr2 0.122589 -9.01001 3-fold (3F14) (Cr2C)O 

d Gr3 0.117288 -8.59211 3-fold (3F43) Cr3O 

e Gr6 0.121206 -8.32637 3-fold (3F15) (Cr2C)O 

f Gr10 0.121222 -8.11347 3-fold (3F6) (CrFeC)O 

g Gr11 0.120325 -7.83181 Top (T4) CrO 

h Gr14 0.122620 -8.28411 3-fold (3F16) (Cr2C)O 

i Gr15 0.118518 -7.87216 Top (T5) CrO 

j Gr16 0.120281 -8.38718 3-fold (3F17) (Cr2C)O 

k Gr4 0.119200 -7.61132 Short Bridge (SB5) (FeC)O 

l Gr5 0.115618 -7.21601 Long Bridge (LB3) Fe2O 

m Gr7 0.121235 -7.60414 Short Bridge (SB6) (CrC)O 

n Gr8 0.120164 -7.2575 Long Bridge (LB4) Cr2O 

o Gr9 0.117705 -7.26531 Long Bridge (LB5) (CrFe)O 

p Gr12 0.118350 -7.60751 Short Bridge (SB7) (CrC)O 
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Figure 5.7: Single O-atom adsorption on different sites across the 16 grid positions for 

Cr2Fe3C2 (1 1 1) surface based on minimum (a) to maximum (p) Eads (O) values. The 

green, pink and blue balls represent Cr, Fe and C atoms respectively. The red ball 

represents O-atom. 
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5.3.2 Stable adsorption at different coverage 

Using stepwise adsorption method (Equation 5.3), it was aimed to find the most stable 

adsorption sites at individual coverages; i.e., one additional O-atom was added to the 

previously most stable Cr3C2 (1 1 1) and Cr2Fe3C2 (1 1 1) slab surface to get the next 

most stable slab-surface at all grid positions. 

 
 

5.3.2.1 Cr3C2 (1 1 1) surface 

For the Cr3C2 (1 1 1) +1O surface, based on the SFE (1O/Cr3C2 (1 1 1)) and adsorption 

energy (Eads) (using Equations 5.1 and 5.2) the O-atom at the grid 13 (Gr13) position 

was found to show maximum stability. It was located at the 3F31 site where the O-atom 

interacted with two Cr atoms occupying the surface and a Cr atom embedded within 

the bulk. Using Equations 5.1 and 5.3, for the Cr3C2 (1 1 1) + 2O surface, the SFE 

(2O/Cr3C2 (1 1 1)) and ΔEdiff (stepwise adsorption energy difference) was calculated 

between Cr3C2 (1 1 1) + 2O and Cr3C2 (1 1 1) + 1O slabs. In Gr16, the 2nd O-atom 

binding with 3 Cr atoms occupying the surface (3F44) was found to be the most stable 

interacting site for the Cr3C2 (1 1 1) + 2O slab. The ΔEdiff obtained for the 2O was 

0.141381 eV. The SFE (2O/ Cr3C2 (1 1 1)) for the maximum stable site for Cr3C2 (1 1 

1) + 2O surface was also determined.  For the remaining 14 grid positions, the SFE 

(2O/ Cr3C2 (1 1 1)) has been listed in the Appendix A.1.  

Similarly, ΔEdiff for 3rd to 7th O-atom binding was also calculated.  The Top site (T1), 

binding with a Cr-atom located at Gr2 and the 3-fold hollow site (3F32) at Gr14, 

binding with two Cr-atoms at the surface and one atom situated within the bulk were 

determined to be the most stable interacting site for Cr3C2 (1 1 1) + 3O slab and Cr3C2 
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(1 1 1) + 4O slabs respectively. For the remaining grid positions, SFE (3O/ Cr3C2 (1 1 

1)) and SFE (4O/ Cr3C2 (1 1 1)) has been listed in Appendix A.2 and A.3. 

Further, 3F45, 3F33 and SB8 were ascertained as the interacting sites for Cr3C2 (1 1 1) 

+ 5O, Cr3C2 (1 1 1) + 6O and Cr3C2 (1 1 1) + 7O which were located in Gr5, Gr10 and 

Gr12 grid positions respectively. 3F43 and 3F33 refer to the 3-fold hollow sites where 

the O-atom (Gr5) binds with three Cr atoms occupying the surface and the O-atom 

(Gr10) interacts with two Cr atoms occupying the surface and a Cr atom embedded 

within the bulk respectively and the Short Bridge site (SB8) represents the interaction 

of O-atom with one Cr atom and C atom situated on the Cr3C2 (1 1 1) surface. All the 

SFEs for the O-atom interacting on the Cr3C2 (1 1 1) surface have been listed in Table 

5.4. The saturated monolayer coverage for Cr3C2 (1 1 1) was revealed at 7th O-atom 

binding on the Cr3C2 (1 1 1) slab. It was obtained by calculating ΔSFE (7(O)/ Cr3C2 

(1 1 1)) and ΔEdiff value between Cr3C2 (1 1 1) + 8O and Cr3C2 (1 1 1) + 7O slabs.  

 

Combining the information that the ΔSFE (7(O)/ Cr3C2 (1 1 1)) value was greater than 

ΔSFE (6(O)/ Cr3C2 (1 1 1)) which indicated lesser stability of the 7O-atom adsorbed 

on the Cr3C2 (1 1 1) surface and a negative ΔEdiff  value (- 0.120040 eV) between the 

slabs Cr3C2 (1 1 1) + 8O and Cr3C2 (1 1 1) + 7O,  it was determined that a saturated 

monolayer coverage was achieved at the Cr3C2 (1 1 1) + 7O for the Cr3C2 (1 1 1) slab.  

The values of SFE (nO/ Cr3C2 (1 1 1)) where n = 5 to 7, for the lesser stable grid 

position of Cr3C2 (1 1 1) + 5O, Cr3C2 (1 1 1) + 6O and Cr3C2 (1 1 1) + 7O 

configurations have been listed in the Appendix A.4-6. 

 

The saturated oxygen coverage for Cr3C2 (1 1 1) consists of four different adsorption 

configurations, (T, SB, 3F3 and 3F4) which coexist on the Cr3C2 (1 1 1) surface. On 

analysing the structures of n O-atom interaction sites at different oxygen coverages on 
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Cr3C2 (1 1 1) surface (Figure 5.8), it was observed that the adsorption configurations 

change significantly upon an increase of the oxygen coverage. At very low oxygen 

coverage, when n = 1, the O adsorbs at the 3-fold hollow site with the O-atom 

interacting with two surface Cr atoms and one bulk Cr-atom.  

 

With oxygen coverage increase, for n = 3, the O-atom interacting with a Cr at a top 

site was determined as the most stable site for Cr3C2 (1 1 1) + 3O coverage. For nO = 

4, 5 and 6, different 3-fold hollow site occupied the most stable site. The Eads for nO = 

1 to 6 on the Cr3C2 (1 1 1) surface has been almost similar in terms with the ΔEdiff 

values ranging from 0.0845 to 0.2409 eV (Table 5.4), though the adsorption 

configurations differ considerably for each of the coverages. Finally, the saturated 

oxygen coverage for Cr3C2 (1 1 1) was reached at nO = 7 where a Short Bridge (SB) 

configuration was observed. 

 

Table 5.4: SFE, ΔEdiff values, oxygen coverage, coordination sites and structures 

formed at different adsorption (adsn) sites for Cr3C2 (1 1 1) + n O-atoms. 

Cr3C2 

+nO-atoms 

surface sites 

Oxygen coverage 

on Cr3C2 (ML)  

SFE (nO/ 

Cr3C2 (eV) 

ΔEdiff  

(eV) 

Coordination of 

nth O-atom with 

Cr3C2 at stable 

adsn sites 

Structures 

formed at 

stable adsn 

sites 

1O/Gr13 1/7 = 0.14 ML 0.145999 _ 3F31 Cr3O 

2O/Gr16 2/7 = 0.29 ML 0.115043 0.141381 3F45 Cr3O 

3O/Gr2 3/7 = 0.43 ML 0.086265 0.234055 T5 CrO 

4O/Gr14 4/7 = 0.57 ML 0.056982 0.084546 3F32 Cr3O 

5O/Gr5 5/7 = 0.71 ML 0.037997 0.216102 3F46 Cr3O 

6O/Gr10 6/7 = 0.86 ML -0.00140 0.240877 3F33 Cr3O 

7O/Gr12 7/7 = 1.0 ML 0.002776 0.888527 SB8 (CrC)O 

8O/Gr3 8/7 = 1.14 ML -0.025995 - 0.12004 T6 CrO 
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Figure 5.8: (A) Top and (B) Side View of the structures of n O-atom interaction sites 

at different oxygen coverages on Cr3C2 (1 1 1) surface (n = 1 to 8). The green balls 

represent Cr atoms and the blue balls represent C atoms. The red balls represent O-

atoms.  
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5.3.2.2 Cr2Fe3C2 (1 1 1) surface 

 

For the Cr2Fe3C2 (1 1 1) + 1O surface, in the previous section (5.2.2.1.A) based on the 

SFE (1O/ Cr2Fe3C2 (1 1 1)) and adsorption energy (Eads), it was determined that the 

O-atom which interacted with Cr2Fe3C2 (1 1 1) surface at the grid 13 (Gr13) position 

possessed the maximum stability. It was located at the 3F71 site where the O-atom 

interacted with two Cr-atoms and one Fe-atom situated at the 3-fold hollow site. For 

the Cr2Fe3C2 (1 1 1) + 2O surface, the SFE (2O/ Cr2Fe3C2 (1 1 1)) and ΔEdiff between 

Cr2Fe3C2 (1 1 1) + 2O and Cr2Fe3C2 (1 1 1) + 1O slabs was calculated. In Gr5, the 2nd 

O-atom interacted with 3 Fe atoms occupying the surface (3F8). It was determined to 

be the most stable interacting site for the Cr2Fe3C2 (1 1 1) + 2O slab.   

Similarly, the SFE and the ΔEdiff for 3rd to 6th O-atom binding with the Cr2Fe3C2 (1 1 

1) surface was calculated. 3-fold hollow sites (3F47 and 3F72), binding with three Cr-

atoms located at Gr3 position and binding with two Cr-atoms and one Fe-atom located 

at the surface (Gr10) were ascertained to be the most stable interacting sites for 

Cr2Fe3C2 (1 1 1) + 3O and Cr2Fe3C2 (1 1 1) + 4O slabs respectively. For the remaining 

grid positions, the Surface Free energies has been listed in the Appendix A.7, A.8 and 

A.9 respectively. Additionally, using the obtained information, SB9 and SB10 were 

ascertained as the interacting sites for Cr2Fe3C2 (1 1 1) + 5O and Cr2Fe3C2 (1 1 1) + 

6O which were located in Gr8 and Gr12 grid positions respectively. SB9 refers to the 

Short Bridge site where the O-atom binds with a Cr-atom and C-atom occupying the 

surface and SB9 refers the O-atom interacting with a Cr atom located within the bulk 

and a C atom situated at the surface. The saturated monolayer coverage for Cr2Fe3C2 

(1 1 1) was revealed by calculating ΔSFE (6(O)/ Cr3C2 (1 1 1)) and the ΔEdiff, between 
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the slabs Cr2Fe3C2 (1 1 1) + 7O and Cr2Fe3C2 (1 1 1) + 6O. The stepwise oxygen 

coverage of Cr2Fe3C2 (1 1 1) by nO = 6 is shown in Figure 5.9. 

 

Combining the information of the ΔSFE (6(O)/ Cr2Fe3C2 (1 1 1)) value, which was 

determined by calculating the difference between SFE (6(O)/ Cr2Fe3C2 (1 1 1)) value 

SFE(5(O)/ Cr2Fe3C2 (1 1 1)), thus, indicating lesser stability of the 6O-atoms adsorbed 

Cr2Fe3C2 (1 1 1) surface and a negative ΔEdiff  value (1.292759 eV) between the slabs 

Cr2Fe3C2 (1 1 1) + 7O and Cr2Fe3C2 (1 1 1) + 6O reflected that a saturated monolayer 

coverage was achieved at the Cr2Fe3C2 (1 1 1) + 6O for the Cr2Fe3C2 (1 1 1) slab. The 

values of SFE (nO/ Cr2Fe3C2 (1 1 1)) where n = 5 and 6, for the lesser stable grid 

position of Cr2Fe3C2 (1 1 1) + 5O and Cr2Fe3C2 (1 1 1) + 6O configurations have been 

listed in the Appendix A.10-11.  

 

Table 5.5: SFE, ΔEdiff values, oxygen coverage, coordination sites and structures 

formed at different adsorption (adsn) sites for Cr2Fe3C2 (1 1 1) + n O-atoms. 

 

Cr2Fe3C2  

+nO-atoms 

surface sites 

Oxygen coverage 

on Cr2Fe3C2 

(ML) 

SFE (nO/ 

Cr2Fe3C2  

(eV) 

ΔEdiff  

(eV) 

Coordination of 

nth O-atom with 

Cr2Fe3C2 at stable 

adsn sites  

Structures 

formed at 

stable adsn 

sites 

1O/Gr13 1/6 = 0.17 ML 0.115104 _ 3F71 (Cr2Fe)O 

2O/Gr5 2/6 = 0.33 ML 0.091410 1.604340 3F8 Fe3O 

3O/Gr3 3/6 = 0.50 ML 0.065118 0.318006 3F47 Cr3O 

4O/Gr10 4/6 = 0.66 ML 0.038462 0.136173 3F72 (Cr2Fe)O 

5O/Gr8 5/6 = 0.83 ML 0.015631 0.273198 SB9 (CrC)O 

6O/Gr12 6/6 = 1.0 ML 0.030239 1.743885 SB10 (CrC)O 

7O/Gr1 7/6 = 1.17 ML -0.026147 -1.29276 LB6 (CrFe)O 
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Figure 5.9: (A) Top and (B) Side View of the structures of n O-atom interaction sites 

at different oxygen coverages on Cr2Fe3C2 (1 1 1) surface (n = 1 to 7). The green, pink 

and blue balls represent Cr, Fe and C atoms respectively. The red balls represent O-

atoms. 
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For Cr2Fe3C2 (1 1 1) surface, the saturated oxygen coverage consists of four different 

adsorption configurations, (SB, 3F4, 3F7 and 3F8) which coexists. Unlike the Cr3C2 (1 

1 1) surface, at low oxygen coverage (Figure 5.8 and 5.9) the nO atoms while 

interacting with the Cr2Fe3C2 (1 1 1) preferred to occupy sites with similar 

configurations (3F sites) for nO = 1 to 4. The ΔEads for n = 1 varied significantly, in 

comparison to nO = 2 to 4. Despite the two O atoms at nO = 5 and 6, oxygen coverage 

occupied similar configurations (SB9 and SB10), the ΔEads energy varied significantly 

for both the sites.  Finally, the saturated oxygen coverage for Cr2Fe3C2 (1 1 1) surface 

was reached at nO = 6 unlike the Cr3C2 (1 1 1) surface which reached saturation at nO 

= 7. The ΔEdiff values have been listed in Table 5.5.  

 

5.3.2.2 Adsorption energies on Cr3C2 (1 1 1) and Cr2Fe3C2 (1 1 1) 

surface 

The adsorption energies of oxygen presented obvious changes at different oxidation 

conditions on Cr3C2 (1 1 1) and Cr2Fe3C2 (1 1 1) has been listed and compared in 

Table 5.6. Since Eads (O2), Eads (H2O) and Eads (CO2) for Cr2Fe3C2 (1 1 1) was less 

than Cr3C2 (1 1 1) surface at a particular oxygen coverage, Cr2Fe3C2 (1 1 1) surface 

absorbs oxygen more efficiently. It was observed that for both the surfaces, O2 gave 

the highest adsorption energy followed by H2O and CO2, which indicated their 

considerable difference in oxidation ability. Additionally, more negative Eads indicated 

stronger adsorption on the surface [26].  

Adsorption strength is the ability of a material to absorb oxygen atoms from an oxygen 

source. Under O2 oxidation condition, the saturated oxygen coverage on Cr2Fe3C2 (1 

1 1) surface is lower than the Cr3C2 (1 1 1) surface which indicate stronger absorption 

strength of the Cr2Fe3C2 (1 1 1) surface. Similar absorption strength was also observed 
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for weaker oxidation conditions such as H2O and CO2 when interacting with the Cr3C2 

(1 1 1) surface has higher saturated oxygen coverage that Cr2Fe3C2 (1 1 1) surface.  

Additionally, on the Cr3C2 (1 1 1) surface, the saturated oxygen coverage was observed 

at nO = 7. On, the Cr2Fe3C2 (1 1 1) surface, the saturated oxygen coverage was 

revealed at nO = 6 which indicated both Cr3C2 (1 1 1) and Cr2Fe3C2 (1 1 1) surfaces, 

being structurally different behaved differently to similar environment, interacting 

with the oxidant in a dissimilar manner.  

However, the oxygen coverage is also related to the temperature and partial pressures. 

Therefore, the effects of oxidation conditions essential for determining the stable 

oxygen coverage has been discussed in the following section. 

 

 

Table 5.6: List of Eads (O2), Eads (H2O) and Eads (CO2) at different oxygen coverage on 

Cr3C2 (1 1 1) + n O-atoms and Cr2Fe3C2 (1 1 1) + n O-atoms surfaces with O2, H2O 

and CO2 as oxygen sources.  

 

Adsorption  

Energy (Eads) 

Eads (O2) (eV) Eads (H2O) (eV) Eads (CO2) (eV) 

Cr3C2  Cr2Fe3C2  Cr3C2  Cr2Fe3C2  Cr3C2  Cr2Fe3C2  

nO  

1O -4.43919 -5.328516 -2.187177 -3.076500 -1.018763 -0.601120 

2O -4.29781 -3.724176 -2.045796 -1.472159 -0.877381 -0.303745 

3O -4.06376 -3.406170 -1.811740 -1.154153 -0.643326 0.014261 

4O -3.97921 -3.269997 -1.727194 -1.017980 -0.558780 0.150434 

5O -3.76311 -2.996799 -1.511092 -0.744781 -0.342678 0.423633 

6O -3.52223 -1.252914 -1.270215 0.999103 -0.101801 2.167517 

7O -2.63370 -2.545673 -0.381687 -0.293655 0.786727 0.874759 
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5.3.3 The effects of temperature and partial pressure on stable O-

atom coverage 

As discussed in the previous section (5.2.2.1.C) the theory behind the relationship of 

chemical potential (µO) to partial pressure (logarithmic values of (pO2/pθ), (pH2O/pH2) 

and (pCO2/pCO) and temperatures (K) for gaseous O2, H2O and CO2 molecules has been 

demonstrated. Additionally, with the obtained information, the relationship of 

chemical potential with the adsorption Gibbs Free Energy (Gads) at different partial 

pressures and temperatures have also been explored (Appendix A.18-19). Moreover, 

on the basis of different oxygen sources (in this case O2, H2O and CO2), it was 

attempted to build the relationship between oxygen adsorption, oxygen coverage on 

the surface and Gads at different partial pressure and temperature. Using Equations 

5.11, 5.15 and 5.19, chemical potentials for O2, H2O and CO2 molecules at different 

temperature (K) and partial pressure values (log (pO2/pθ), log (pH2O/pH2) and log 

(pCO2/pCO)) were calculated and listed in Table 5.7. At a particular partial pressure and 

temperature, the chemical potential value calculated for O2 was higher than both H2O 

and CO2 chemical potential. This indicated O2 was a stronger oxidising agent than both 

H2O and CO2. It was also revealed (Table 5.7), the chemical potential values for all 

three oxidants increased at higher partial pressure for higher temperature but decreased 

significantly at lower partial pressure for higher temperature. Additionally, a less 

negative μO indicated a higher oxygen chemical potential and also the higher driving 

force towards a thermodynamically reaction [43].  
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Table 5.7: The chemical potential (µO) values at different partial pressure values (log 

(pO2/pθ), log (pH2O/pH2) and log (pCO2/pCO)) and temperature (K) of O2, H2O and CO2. 

 
Logarithmic 

Pressure 

Ratios 

Temperature  

(K) 

0  300  600  900  1200  1500  

log (pO2/pθ)  

 

 

For O2 

molecule  

(µO = ½ µO2) 

µO at 0 K µO at 300 K µO at 600 K µO at 900 K µO at 1200 K µO at 1500 K 

-24 -2.40213 -3.11658 -3.83102 -4.54547 -5.25991 -5.97436 

-20 -2.40213 -2.99750 -3.59287 -4.18824 -4.78362 -5.37899 

-16 -2.40213 -2.85775 -3.35472 -3.83102 -4.30732 -4.78362 

-12 -2.40213 -2.75935 -3.11658 -3.47380 -3.83102 -4.18824 

-8 -2.40213 -2.64028 -2.87843 -3.11658 -3.35472 -3.59287 

-4 -2.40213 -2.52120 -2.64028 -2.75935 -2.87843 -2.99750 

0 -2.40213 -2.40213 -2.40213 -2.40213 -2.40213 -2.40213 

4 -2.40213 -2.28306 -2.16398 -2.04491 -1.92583 -1.80676 

log  

(pH2O/pH2) 

 

 

 

For H2O 

molecule  

(µO = µH2O – 

µH2) 

µO at 0 K µO at 300 K µO at 600 K µO at 900 K µO at 1200 K µO at 1500 K 

-24 -2.36927 -3.79816 -5.22706 -6.65595 -8.08484 -9.51373 

-20 -2.36927 -3.56002 -4.75076 -5.9415 -7.13224 -8.32299 

-16 -2.36927 -3.32187 -4.27446 -5.22706 -6.17965 -7.13224 

-12 -2.36927 -3.08372 -3.79816 -4.51261 -5.22706 -5.94150 

-8 -2.36927 -2.84557 -3.32187 -3.79816 -4.27446 -4.75076 

-4 -2.36927 -2.60742 -2.84557 -3.08372 -3.32187 -3.56002 

0 -2.36927 -2.36927 -2.36927 -2.36927 -2.36927 -2.36927 

4 -2.36927 -2.13112 -1.89298 -1.65483 -1.41668 -1.17853 

log 

(pCO2/pCO) 

 

 

 

For CO2 

molecule  

(µO = µCO2 – 

µCO) 

µO at 0 K µO at 300 K µO at 600 K µO at 900 K µO at 1200 K µO at 1500 K 

-24 -2.66611 -4.09500 -5.52389 -6.95278 -8.38167 -9.81056 

-20 -2.66611 -3.85685 -5.04759 -6.23833 -7.42908 -8.61982 

-16 -2.66611 -3.61870 -4.57129 -5.52389 -6.47648 -7.42908 

-12 -2.66611 -3.38055 -4.09500 -4.80944 -5.52389 -6.23833 

-8 -2.66611 -3.14240 -3.61870 -4.09500 -4.57129 -5.04759 

-4 -2.66611 -2.90425 -3.14240 -3.38055 -3.61870 -3.85685 

0 -2.66611 -2.66611 -2.66611 -2.66611 -2.66611 -2.66611 

4 -2.66611 -2.42796 -2.18981 -1.95166 -1.71351 -1.47536 
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5.3.3.1 Adsorption Gibbs free energy  

 

The adsorption Gibbs free energy (Gads) was calculated for Cr3C2 (1 1 1) and Cr2Fe3C2 

(1 1 1) surfaces to determine their stable oxygen coverage of O-atoms. By using the 

chemical potential values of (a) O2 (μO = ½ μO2), (b) H2O (μO = μH2O – μH2) and (c) 

CO2 (μO = μCO2 – μCO) at different temperature (T) and partial pressure (p), the 

adsorption Gibbs free energy, Gads was obtained as:  

Gads = E (n(O)/slab) – E (slab) – n µO (T, p) (Equation 5.5) 

where E (n(O)/slab) is the total energies of Cr3C2 (1 1 1) and Cr2Fe3C2 (1 1 1) surface 

with n (O) atoms and E (slab) is the total energies of clean Cr3C2 (1 1 1) and clean 

Cr2Fe3C2 (1 1 1) surfaces. 

 

The adsorption Gibbs free energy, Gads (eV) were calculated across a range of 

temperature values, 0 K to 1500 K for Cr3C2 (1 1 1) and Cr2Fe3C2 (1 1 1) surfaces 

when pressure of the adsorbent (O2/H2O/CO2) on the surfaces is one atmosphere 

(Figure 5.10), i.e. the surface is fully covered with the adsorbent with a pressure of 1 

atm. The relationship between Gads and the temperature was found to be linear in nature 

for both the surfaces. With the increase in temperature, the calculated adsorption Gibbs 

free energy values were observed to increase in a systematic manner. It was observed 

that for O2 adsorbent, the slope of the coverage (Figure 5.10 (i.a) and (ii.a)) became 

more steep as the concentration of O2 was increased (from n = 1 to 7) via stepwise 

adsorption method unlike the slope of the coverages observed for H2O and CO2 

adsorbents (Figure 5.10 (i.b), (ii.b), (i.c) and (ii.c)). 
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Figure 5.10: Relationship of Gibbs Free Energy (eV) of (i) Cr3C2 (1 1 1) + n O-atom 

oxygen coverage where n = 1-7 and (ii) Cr2Fe3C2 (1 1 1) + n O-atom oxygen coverage 

where n = 1-6 at different temperatures and 1atm pressure of the adsorbent (a) O2 (b) 

H2O and (c) CO2. 
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A. When gaseous oxygen was the oxidant: 

If gas phase oxygen (O2) was chosen as the oxidant, then using Equation 5.11 (written 

in section 5.2.2.1.C), the oxygen adsorption Gibbs free energy (Gads) for Cr3C2 (1 1 1) 

surface can be expressed as [27, 28]:  

 

Gads [(Cr3C2 (1 1 1)] = E [nO/ Cr3C2 (1 1 1)] – E [Cr3C2 (1 1 1)] – n [µO (T°, p°) + ½ 

kBT ln (pO2/p°)] where n = 1-7 and  

 

for Cr2Fe3C2 (1 1 1) surface, 

 

Gads [(Cr2Fe3C2 (1 1 1)] = E [nO/ Cr2Fe3C2 (1 1 1)] – E [Cr2Fe3C2 (1 1 1)] – n [µO 

(T°, p°) + ½ kBT ln (pO2/p°)] where n = 1-6.  

 

Hence, Gads is a function of temperature and oxygen partial pressure in the gas phase. 

The coverage that had the lowest value of Gads represent the most stable oxygen 

coverage on the surface. Then, the stable oxygen coverage as functions of temperature 

and partial pressure was described in the form of phase diagram in Figure 5.11. On the 

Cr3C2 (1 1 1) surface in Figure 5.11 (a), the 1 ML oxygen coverage is stable in a wide 

range of temperature and at normal and higher oxygen partial pressure. This meant 

that the surface will be easily oxidized in the oxygen gas condition. Similarly, the 

Cr2Fe3C2 (1 1 1) surface in Fig. 5.11 (b) will also be covered with high oxygen 

coverage under O2 gas condition. The saturated oxygen coverage was observed with 7 

O-atoms for Cr3C2 (1 1 1) surface and 6 O-atoms for Cr2Fe3C2 (1 1 1) surface. 

However, for both the surfaces, at lower partial pressure, stable saturated coverage can 

be observed only at higher temperatures. The Cr2Fe3C2 (1 1 1) surface in Figure 5.11 

(b), was revealed to be covered with slightly lower oxygen coverage than Cr3C2 (1 1 

1) surface at lower temperature and higher partial pressure under O2 condition. This 
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indicate that the oxidation of Cr2Fe3C2 (1 1 1) surface occurs more easily in the oxygen 

atmosphere than Cr3C2 (1 1 1) surface. 

 

B. When H2O was the oxidant: 

If H2O was chosen as the oxidant, then using Equation 5.15 (written in section 

5.2.2.1.C), the H2O adsorption Gibbs free energy (Gads) for Cr3C2 (1 1 1) surface can 

be expressed as [27, 28]:  

Gads [(Cr3C2 (1 1 1)] = E [nO/ Cr3C2 (1 1 1)] – E [Cr3C2 (1 1 1)] – n [µH2O (T°, p°) – 

µH2 (T°, p°) + kBT (ln (pH2O/p°) – ln (pH2/p°))] where n = 1-7 and  

for Cr2Fe3C2 (1 1 1) surface,  

Gads [(Cr2Fe3C2 (1 1 1)] = E [nO/ Cr2Fe3C2 (1 1 1)] – E [Cr2Fe3C2 (1 1 1)] – n [µH2O 

(T°, p°) – µH2 (T°, p°) + kBT (ln (pH2O/p°) – ln (pH2/p°))]  

where n = 1-6. Hence, Gads is a function of temperature and H2O/H2 ratio in the gas 

phase. 

 In comparison to the O2, H2O has relatively weaker oxidation ability. As shown in 

Figure 5.12 (b) on the Cr2Fe3C2 (1 1 1) surface, the saturated oxygen coverage was 

changed from 1 ML to 5/6 ML. Also, on the Cr3C2 (1 1 1) surface in Figure 5.12 (a), 

the saturated oxygen coverage changed from 1 ML to 5/7 ML, which is lower than 1 

ML. This means that both Cr3C2 (1 1 1) and Cr2Fe3C2 (1 1 1) surface will not be fully 

oxidized by H2O. Also, at equal partial pressure and higher temperature, Cr2Fe3C2 (1 

1 1) surface oxidises more than Cr3C2 (1 1 1) surface under H2O condition. Due to the 

surface saturation of Cr3C2 (1 1 1) surface at slightly lower temperature and higher 

partial pressure, it was revealed that Cr2Fe3C2 (1 1 1) surface was more susceptible to 

oxidation than Cr3C2 (1 1 1) surface via H2O oxidation.  
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C. When CO2 was the oxidant: 

If CO2 was chosen as the oxidant, then using Equation 5.19 (written in section 

5.2.2.1.C), the oxygen adsorption Gibbs free energy (Gads) for Cr3C2 (1 1 1) surface 

can be expressed as [27, 28]:  

Gads [(Cr3C2 (1 1 1)] = E [nO/ Cr3C2 (1 1 1)] − E [Cr3C2 (1 1 1)] – n [µCO2 (T°, p°) – 

µCO (T°, p°) + kBT (ln ((pCO2/p°) – ln (pCO/p°))] where n = 1-7 and  

for Cr2Fe3C2 (1 1 1) surface,   

Gads [(Cr2Fe3C2 (1 1 1)] = E [nO/ Cr2Fe3C2 (1 1 1)] – E [Cr2Fe3C2 (1 1 1)] – n [µCO2 

(T°, p°) – µCO (T°, p°) + kBT (ln (pCO2/p°) – ln (pCO/p°))]  

where n = 1-6. Hence, Gads is a function of temperature and CO2/CO ratio in the gas 

phase.  

Under CO2 condition, partial oxygen coverage was only observed on Cr3C2 (1 1 1) and 

Cr2Fe3C2 (1 1 1) surfaces at all the partial pressure values the surface is in a wide range 

of temperature. 5/6 ML of Cr2Fe3C2 (1 1 1) surface was observed to be covered by 

oxygen, which became even smaller compared with H2O condition (Figure 5.13 (b)). 

The Cr3C2 (1 1 1) surface could only have a maximum coverage of 5/7 ML, even at 

high temperature and partial pressure (Figure 5.13 (a)). Thus, each oxidant has quite 

different oxidation ability, which resulted in different oxidation state of on Cr3C2 (1 1 

1) and Cr2Fe3C2 (1 1 1) surfaces.  
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Figure 5.11: Stable oxygen coverage on at (a) Cr3C2 (1 1 1) and (b) Cr2Fe3C2 (1 1 1) 

surfaces at different oxygen partial pressure (log (pO2/θ)) and temperatures (K).  

 

 
 

        
 

Figure 5.12: Stable oxygen coverage on at (a) Cr3C2 (1 1 1) and (b) Cr2Fe3C2 (1 1 1) 

surfaces at different oxygen partial pressure (log (pH2O/pH2)) and temperatures (K). 
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Figure 5.13: Stable oxygen coverage on at (a) Cr3C2 (1 1 1) and (b) Cr2Fe3C2 (1 1 1) 

surfaces at different oxygen partial pressure (log (pCO2/pCO)) and temperatures (K). 

 

By this study, it has been revealed (Figure 5.11 (b), 5.12 (b) and 5.13 (b)) that Cr2Fe3C2 

(1 1 1) surface is more susceptible to oxidation via adsorbents such as O2, H2O and 

CO2 than Cr3C2 (1 1 1) surface (Figure 5.11 (a), 5.12 (a) and 5.13 (a)). The Eads and 

SFE values obtained for the Cr3C2 (1 1 1) surface (in Table 5.4 and 5.6) indicate 

formation of stable oxidised products on the chromium carbide for a very low 

concentration of O-atoms. As the concentration of oxygen source increased, it was 

observed that the stability of the Cr3C2 (1 1 1) surface decreased. The Gibbs Free 

energy values obtained for the Cr3C2 (1 1 1) surface at various temperature and partial 

pressure on interaction with various adsorbents (O2, H2O and CO2) also supported the 

possibility of surface oxidation. From Figure 5.11 (a), 5.12 (a) and 5.13 (a), it was 

observed that O2 as an oxidant behaved significantly different from H2O and CO2 when 

interacting with Cr3C2 (1 1 1). In case of Cr3C2 (1 1 1) surface, CO2 revealed to cause 

partial oxidation whereas H2O was able to oxidise the Cr3C2 (1 1 1) surface above 300 

K and higher partial pressure. Thus, O2 was determined to be the strongest oxidant 
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followed by H2O and CO2 adsorbents. Thus, of the three oxidants, O2 degraded the 

Cr3C2 (1 1 1) surface at room temperature and above. H2O as an oxidant can oxidised 

the Cr3C2 (1 1 1) surface at high temperature and high partial pressure. CO2 was 

observed to only partially deteriorating the Cr3C2 (1 1 1) surface. 

It was determined that Cr3C2 (1 1 1) surface oxidises more for lower oxygen coverages 

than Cr2Fe3C2 (1 1 1) surface at equal concentration of O-atoms. Thus, the (Cr/Fe) 

carbide surface (Cr2Fe3C2 (1 1 1) surface) degrades faster than the primary Cr3C2 (1 1 

1) surface coating. From Figure 5.11 (b), 5.12 (b) and 5.13 (b), it was observed that O2 

as an oxidant behaved quite differently from H2O and CO2 when interacting with 

Cr2Fe3C2 (1 1 1) surfaces at different oxygen partial pressure and temperatures (K). 

No drastic surface reconstruction was observed during the formation of saturated 

oxygen coverage on Cr3C2 (1 1 1) and Cr2Fe3C2 (1 1 1) surfaces. This, thus, indicate 

that these surfaces are quite stable in terms of electronic structure during oxidation. 

Both Cr3C2 (1 1 1) and Cr2Fe3C2 (1 1 1) surfaces are more susceptible to oxidation via 

gas phase oxygen than with H2O and CO2. In case of both Cr3C2 (1 1 1) surfaces and 

Cr2Fe3C2 (1 1 1) surface, surface oxidation via CO2 was determined to be least 

favourable (Figure 5.11 (a, b), 5.12 (a, b) and 5.13 (a, b)). Among the oxidants, O2 can 

fully oxidise the surfaces for both Cr3C2 (1 1 1) and Cr2Fe3C2 (1 1 1) surfaces. H2O 

can completely oxidise the Cr3C2 (1 1 1) surface only at over 300 K and high partial 

pressure whereas under H2O condition, partial oxidation of Cr2Fe3C2 (1 1 1) surface 

was possible. Via CO2 oxidation, partial oxidation of Cr3C2 (1 1 1) and Cr2Fe3C2 (1 1 

1) surfaces can only be attained.  
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5.4 Conclusions 

 

Surface adsorption of O-atoms as oxidant on Cr3C2 (1 1 1) and Cr2Fe3C2 (1 1 1) 

surfaces has been systematically investigated based on density functional theory. The 

surface for both Cr3C2 (1 1 1) and Cr2Fe3C2 (1 1 1) was divided into a 4x4 grid to 

determine the different oxygen adsorption sites. The surface free energies and 

adsorption energies of oxygen on Cr3C2 (1 1 1) and Cr2Fe3C2 (1 1 1) surfaces at 

different oxygen coverages via stepwise adsorption method was calculated to obtain 

their stability. For Cr3C2 (1 1 1) and Cr2Fe3C2 (1 1 1) surfaces formation of a saturated 

oxygen coverage was determined as nO = 7-atoms and nO = 6-atoms respectively. Due 

to the presence of O2, CO2 and H2O in air and their oxidising ability, the surface studies 

were conducted using these oxygen sources to discuss the oxygen coverage.  

The influence of temperature, oxygen partial pressure and chemical potential on the 

stable oxygen coverages on Cr3C2 (1 1 1) and Cr2Fe3C2 (1 1 1) surfaces was also 

determined. It was found that the oxygen chemical potential (µO) is a significant 

parameter to connect surface Gibbs free energies with surrounding environment (e.g. 

T, p, and gas composition) [43]. Calculations revealed that both partial pressure and 

temperature are linearly related to different chemical potential values. H2O and CO2 

were determined to be weaker oxidants, which can only cause partial oxidation of both 

the surfaces at room temperature. H2O was able to completely oxidise the Cr3C2 (1 1 

1) surface at higher temperature and partial pressure. It was determined that O2 is the 

adsorbent primarily responsible for deteriorating the Cr3C2 (1 1 1) surface and 

Cr2Fe3C2 (1 1 1) surfaces at room temperature and normal pressure. Diffusion of Fe 

into the hard-facing surface increased oxidation, thus, reducing the strength of the 

surface coating. 
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Additionally, on the basis of phase diagram, the stable oxygen coverage at different 

temperature and oxygen partial pressure values can easily be identified. When the 

pressure of the adsorbent is one atmosphere, i.e. the surface is fully covered with the 

adsorbent, under oxygen condition, the coverage was observed to be fully saturated 

for both Cr3C2 (1 1 1) and Cr2Fe3C2 (1 1 1) surfaces. Only, partial oxygen coverage 

was observed under H2O and CO2 conditions for both the surfaces. Thus, the oxidising 

ability of adsorbents for both the surfaces are O2 > H2O > CO2. 

In the following chapter, the summary of the conclusions drawn from this thesis along 

with recommendations for further work have been provided in various sections.  
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CHAPTER 6 

 

CONCLUSIONS AND RECOMMENDATIONS 

The aim of this thesis was to investigate the surface oxidation phenomenon on 

chromium carbide and Fe-substituted chromium carbide (Cr2FeC2) surfaces. 

Molecular modelling approach based on the DFT was carried out study the electronic 

and structural properties of the bulk and surfaces of chromium carbide and Fe-

substituted chromium carbide. The most stable chromium carbide bulk phase and Fe-

substituted chromium carbide system was determined. The stability order of different 

Cr3C2 surfaces and Cr2FeC2 surfaces was also obtained. The process of surface 

oxidation was investigated using stepwise adsorption method. On the basis of phase 

diagrams, the stable oxygen coverage at different partial pressure and temperature 

values was easily be identified. This chapter summarises the conclusions drawn from 

this thesis and provides recommendations for further work.  

 

6. 1 Conclusions 

 

i)  Using DFT, the structural and electronic properties of chromium carbide bulk 

phases have been investigated. For the chromium carbides, the calculated lattice 
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parameters, cohesive energies and enthalpy of formation were in good agreement with 

the experimental findings and also revealed that the order of stability for the Cr-C 

phases as Cr3C2 > Cr7C3 > Cr23C6. Additionally, on studying the Fe-substituted 

chromium carbide bulk, based on the values obtained for the formation enthalpy and 

Mulliken charges, the probability of formation of Cr2Fe1C2 was found to be less likely 

compared to Cr2Fe2C2 and Cr2Fe3C2. For Fe-substituted chromium carbides, 

Cr2Fe3C2 was found to be the most stable system.  

 

ii) Then, different slabs of Cr3C2 and Fe-substituted chromium carbide were 

constructed with vacuum thickness of 15 Å. Based on their slab sizes, stability and 

surface energies, different surfaces of Cr3C2 and Fe-substituted chromium carbides 

have been investigated. Additionally, the structural changes within the bulk and at the 

surface of the various slabs and surfaces of Cr3C2 and Fe-substituted chromium carbide 

systems were also obtained. Combining both the information, the relative stability 

order of Cr3C2 and Fe-substituted chromium carbide surfaces was determined. Cr3C2 

(1 1 1) and Cr2Fe3C2 (1 1 1) surfaces were found to be the most stable chromium 

carbide and Fe-substituted chromium carbide respectively. 

 

iii) On Cr3C2 (1 1 1) and Cr2Fe3C2 (1 1 1) surfaces, the process of surface oxidation 

has been investigated using stepwise adsorption method. O2 was found to be the 

adsorbent mainly responsible for deteriorating these surfaces at room temperature and 

normal pressure, followed by H2O and CO2 oxidants. It was found that the oxygen 

chemical potential (µO) is a significant parameter to calculate surface Gibbs free 

energies with surrounding environment (e.g. T, p, and gas composition). Calculations 

also showed that the relationship of chemical potential with partial pressure and 
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temperature is linear in nature. All the results indicated the surface oxidation of Cr3C2 

(1 1 1) and Cr2Fe3C2 (1 1 1) surfaces was facile.  

 

6.2 Recommendations for Future work  

 

(i) Based on the information that has been gained from this current project, dopants like 

Nb, Ti could replace the Cr/Fe on the slab (surface) in fractional quantities. Using 

DFT, the influence of these metals on the hard-facing coating  (1-3) can be studied.  

(ii) In this research, the affinity of oxygen to bind with the surface of the chromium carbide 

and Fe-substituted chromium carbide surfaces was determined to estimate the 

susceptibility of the surface to oxidation. Employing this information, various 

simulations could be carried out with other adsorbents like H2S  (4), NH3 (5), etc. 

Focus will be laid on simulating sea water, pH and salinity levels on the metal carbide 

surface (2, 6). 

(iii) In recent literature, some of the theoretical studies on nitrides and borides of chromium 

stated that CrB4 and hypothetical metastable CrN2 can have hardness of 47 (7, 8) and 

46 (9) GPa respectively. Based on this information, surface interactions of Cr-B and 

Cr-N surfaces can be studied using DFT. 
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Appendices 

 

A.1: List of SFE, Eads (O2), Eads (H2O) and Eads (CO2) for Cr3C2 (1 1 1) + 2O 

Cr3C2 

(1 1 1) + 2O 

Eads [O2] 

(eV) 

Eads [H2O] 

(eV) 

Eads [CO2] 

(eV) 

SFE (2O/ Cr3C2  

(1 1 1)) (eV) 

Grid 1 -2.59421 -0.34219 0.826226 0.128282 

Grid 2 -3.83635 -1.58433 -0.41592 0.118629 

Grid 3 -3.27066 -1.01864 0.149776 0.123025 

Grid 4 -3.57567 -1.32365 -0.15524 0.120655 

Grid 5 -3.19277 -0.94076 0.227658 0.123631 

Grid 6 -2.9555 -0.70349 0.464927 0.125475 

Grid 7 -2.81165 -0.55963 0.608782 0.126593 

Grid 8 -2.69998 -0.44797 0.720447 0.12746 

Grid 9 -2.0403 0.211713 1.380127 0.132587 

Grid 10 -2.95517 -0.70316 0.465257 0.125477 

Grid 11 -2.38783 -0.13581 1.032605 0.129886 

Grid 12 -2.69998 -0.44797 0.720447 0.12746 

Grid 14 -2.38777 -0.13575 1.032665 0.129887 

Grid 15 -3.29959 -1.04757 0.120843 0.1228 

Grid 16 -4.29781 -2.0458 -0.87738 0.115043 

 

 

A.2: List of SFE, Eads (O2), Eads (H2O) and Eads (CO2) for Cr3C2 (1 1 1) + 3O 

Cr3C2 

(1 1 1) +3O 

Eads [O2] 

(eV) 

Eads [H2O] 

(eV) 

Eads [CO2] 

(eV) 

SFE (3O/ Cr3C2 

 (1 1 1)) (eV) 

Grid 1 -2.92646 -0.67444 0.493972 0.099523 

Grid 2 -4.06376 -1.81174 -0.64333 0.086265 

Grid 3 -3.60542 -1.3534 -0.18499 0.091608 

Grid 4 -3.73723 -1.48521 -0.3168 0.090071 

Grid 5 -2.81844 -0.56643 0.601988 0.100782 

Grid 6 -3.31968 -1.06766 0.10075 0.094939 

Grid 7 -3.07098 -0.81896 0.349456 0.097838 

Grid 8 -3.72664 -1.47463 -0.30621 0.090195 

Grid 9 -3.28295 -1.03093 0.137485 0.095367 

Grid 10 -2.92009 -0.66807 0.500339 0.099597 

Grid 11 -2.77299 -0.52097 0.647441 0.101312 

Grid 12 -3.70991 -1.45789 -0.28948 0.090390 

Grid 14 -2.93696 -0.68495 0.483469 0.099400 

Grid 15 -1.85077 0.401252 1.569666 0.112063 
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A.3: List of SFE, Eads (O2), Eads (H2O) and Eads (CO2) for Cr3C2 (1 1 1) + 4O 

Cr3C2 (1 1 1) + 

4O 

Eads [O2] 

(eV) 

Eads [H2O] 

(eV) 

Eads [CO2] 

(eV) 

SFE (4O/ Cr3C2  

(1 1 1)) (eV) 

Grid 1 -2.55111 -0.2991 0.869317 0.07918 

Grid 3 -3.61652 -1.36451 -0.19609 0.06262 

Grid 4 -3.19682 -0.94481 0.223607 0.069143 

Grid 5 -3.5463 -1.29428 -0.12587 0.063711 

Grid 6 -3.29984 -1.04783 0.120587 0.067542 

Grid 7 -3.58099 -1.32897 -0.16055 0.063172 

Grid 8 -2.39335 -0.14133 1.027084 0.081632 

Grid 9 -2.72998 -0.47796 0.690452 0.076399 

Grid 10 -2.72998 -0.47796 0.690452 0.076399 

Grid 11 -3.57809 -1.32607 -0.15766 0.063217 

Grid 12 -2.34793 -0.09591 1.072502 0.082338 

Grid 13 -2.55111 -0.2991 0.869317 0.07918 

Grid 14 -3.97921 -1.72719 -0.55878 0.056982 

 

A.4: List of SFE, Eads (O2), Eads (H2O) and Eads (CO2) for Cr3C2 (1 1 1) + 5O 

Cr3C2 (1 1 1) + 

5O 

Eads [O2] 

(eV) 

Eads [H2O] 

(eV) 

Eads [CO2] 

(eV) 

SFE (5O/ Cr3C2 

 (1 1 1)) (eV) 

Grid 1 -3.14023 -0.88821 0.280202 -1.09911 

Grid 3 -2.79589 -0.54387 0.62454 -1.03583 

Grid 4 -1.75046 0.501559 1.669972 -0.84373 

Grid 5 -3.76311 -1.51109 -0.34268 -1.21356 

Grid 6 -3.39848 -1.14646 0.021951 -1.14656 

Grid 7 -1.66495 0.587071 1.755485 -0.82802 

Grid 8 -0.43195 1.820069 2.988483 -0.60146 

Grid 9 -2.59345 -0.34143 0.826985 -0.99863 

Grid 10 -1.88869 0.363331 1.531745 -0.86913 

Grid 11 -3.0242 -0.77218 0.396234 -1.07778 

Grid 12 -1.45597 0.796049 1.964463 -0.78962 

Grid 13 -2.59362 -0.3416 0.826811 -0.99867 
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A.5: List of SFE, Eads (O2), Eads (H2O) and Eads (CO2) for Cr3C2 (1 1 1) + 6O 

Cr3C2 (1 1 1) 

+6O 

Eads [O2] 

(eV) 

Eads [H2O] 

(eV) 

Eads [CO2] 

(eV) 

SFE (6O/ Cr3C2  

(1 1 1)) (eV) 

Grid 1 -1.39044 0.861575 2.029989 0.056802 

Grid 3 -2.81966 -0.56764 0.600771 0.023481 

Grid 4 -2.39814 -0.14612 1.02229 0.033308 

Grid 6 -2.00993 0.242088 1.410502 0.042359 

Grid 7 -3.13485 -0.88283 0.285582 0.016132 

Grid 8 -2.3014 -0.04938 1.119032 0.035564 

Grid 9 -2.52679 -0.27477 0.893643 0.030309 

Grid 10 -3.52223 -1.27021 -0.1018 0.007101 

Grid 11 -2.37582 -0.1238 1.044613 0.033829 

Grid 12 -2.64118 -0.38916 0.779252 0.027642 

Grid 13 -2.10459 0.14743 1.315844 0.040152 

Grid 15 -1.81879 0.433224 1.601638 0.046816 

 

 

A.6: List of SFE, Eads (O2), Eads (H2O) and Eads (CO2) for Cr3C2 (1 1 1) + 7O 

Cr3C2 (1 1 1) + 

7O 

Eads [O2] 

(eV) 

Eads [H2O] 

(eV) 

Eads [CO2] 

(eV) 

SFE (7O/ Cr3C2  

(1 1 1)) (eV) 

Grid 1 -2.38562 -0.13361 1.034807 0.009524 

Grid 3 -2.28875 -0.03674 1.131677 0.012159 

Grid 4 -2.53091 -0.2789 0.889518 0.005572 

Grid 6 -2.26212 -0.0101 1.158316 0.012884 

Grid 7 -2.02481 0.227207 1.39562 0.019339 

Grid 8 -2.50072 -0.2487 0.919716 0.006394 

Grid 9 -2.04438 0.207642 1.376056 0.018806 

Grid 11 -2.6337 -0.38169 0.786727 0.002776 

Grid 12 -2.43817 -0.18615 0.982263 0.008095 

Grid 13 -2.58541 -0.33339 0.835026 0.00409 

Grid 15 -2.02723 0.224785 1.393199 0.019273 
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A.7: List of SFE, Eads (O2), Eads (H2O) and Eads (CO2) for Cr2Fe3C2 (1 1 1) + 2O 

Cr2Fe3C2  

(1 1 1) + 2O 

SFE (2O/ Cr2Fe3C2 

(1 1 1)) (eV) 
Eads [O2] 

(eV) 

Eads [H2O] 

(eV) 

Eads [CO2] 

(eV) 

Grid 1 0.10346 -2.21573 0.036289 1.204704 

Grid 2 -0.04620 -1.97083 0.281186 1.449600 

Grid 3 -0.05730 -3.36084 -1.10882 0.059596 

Grid 4 -0.04676 -2.04101 0.211010 1.379424 

Grid 5 -0.06021 -3.72414 -1.472121 -0.303710 

Grid 6 -0.04032 -1.23584 1.016174 2.184588 

Grid 7 -0.05081 -2.54789 -0.295871 0.872543 

Grid 8 -0.03205 -0.20029 2.051732 3.220146 

Grid 9 -0.05016 -2.46702 -0.215003 0.953410 

Grid 10 -0.05651 -3.26096 -1.008946 0.159467 

Grid 11 -0.04511 -1.83486 0.417158 1.585572 

Grid 12 -0.05412 -2.96219 -0.710175 0.458238 

Grid 14 -0.04162 -1.3981 0.853917 2.022331 

Grid 15 -0.04402 -1.69872 0.553293 1.721707 

Grid 16 -0.05674 -3.2898 -1.037787 0.130627 

 

 

A.8: List of SFE, Eads (O2), Eads (H2O) and Eads (CO2) for Cr2Fe3C2 (1 1 1) + 3O 

Cr2Fe3C2  

(1 1 1) + 3O 

SFE (3O/ Cr2Fe3C2 

(1 1 1)) (eV) 

Eads [O2] 

(eV) 

Eads [H2O] 

(eV) 

Eads [CO2] 

(eV) 

Grid 1 0.091405 -1.21311 1.038905 2.207318646 

Grid 2 -0.06431 -1.55482 0.697193 1.865606675 

Grid 3 -0.0865 -3.40616 -1.15414 0.014272279 

Grid 4 -0.07614 -2.54219 -0.29018 0.878236494 

Grid 6 -0.06008 -1.20247 1.049544 2.21795803 

Grid 7 -0.04698 -0.10939 2.142625 3.311039059 

Grid 8 -0.0576 -0.99554 1.256482 2.424895403 

Grid 9 -0.05838 -1.06041 1.191611 2.360025094 

Grid 10 -0.04755 -0.15668 2.095333 3.263746863 

Grid 11 -0.0649 -1.60435 0.647669 1.816083201 

Grid 12 -0.0599 -1.18746 1.064556 2.232970173 

Grid 14 -0.06432 -1.55621 0.695805 1.86421893 

Grid 15 -0.06962 -1.99841 0.253604 1.422017844 

Grid 16 -0.07469 -2.42066 -0.16864 0.999773086 
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A.9: List of SFE, Eads (O2), Eads (H2O) and Eads (CO2) for Cr2Fe3C2 (1 1 1) + 4O 

Cr2Fe3C2  

(1 1 1)  + 4O 

SFE (4O/ Cr2Fe3C2 

(1 1 1)) (eV) 

Eads [O2] 

(eV) 

Eads [H2O] 

(eV) 

Eads [CO2] 

(eV) 

Grid 1 0.063405 -1.70925 0.542766 1.711179 

Grid 2 0.054229 -2.2834 -0.03138 1.137034 

Grid 4 0.0719 -1.17775 1.074272 2.242686 

Grid 6 0.051185 -2.4739 -0.22188 0.946531 

Grid 7 0.046619 -2.75957 -0.50755 0.660860 

Grid 8 0.071515 -1.2018 1.050218 2.218631 

Grid 9 0.046289 -2.78026 -0.52825 0.640166 

Grid 10 0.038462 -3.27001 -1.01799 0.150425 

Grid 11 0.067599 -1.44686 0.805159 1.973572 

Grid 12 0.070041 -1.29402 0.958001 2.126415 

Grid 14 0.067313 -1.46476 0.787254 1.955667 

Grid 15 0.049623 -2.5716 -0.31958 0.848835 

Grid 16 0.043687 -2.94302 -0.691 0.477414 

 

 

A.10: List of SFE, Eads (O2), Eads (H2O) and Eads (CO2) for Cr2Fe3C2 (1 1 1) + 5O 

Cr2Fe3C2  

(1 1 1)  + 5O 

SFE (5O/ Cr2Fe3C2 

(111)) (eV) 

Eads [O2] 

(eV) 

Eads [H2O] 

(eV) 

Eads [CO2] 

(eV) 

Grid 1 0.032713 -2.1417 0.110313 1.278726908 

Grid 2 0.026718 -2.44179 -0.18977 0.978641866 

Grid 4 0.022215 -2.6672 -0.41519 0.753228428 

Grid 6 0.042287 -1.66245 0.58957 1.757983525 

Grid 7 0.015632 -2.99675 -0.74474 0.423676919 

Grid 8 0.034624 -2.04606 0.205953 1.374367077 

Grid 9 0.03203 -2.17589 0.076131 1.244544827 

Grid 11 0.023703 -2.5927 -0.34068 0.827731324 

Grid 12 0.022735 -2.64119 -0.38917 0.779241857 

Grid 14 0.027225 -2.41641 -0.16439 1.004024007 

Grid 15 0.023148 -2.62048 -0.36846 0.7999492 

Grid 16 0.024139 -2.5709 -0.31889 0.849527095 
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A.11: List of SFE, Eads (O2), Eads (H2O) and Eads (CO2) for Cr2Fe3C2 (1 1 1) + 6O 

Cr2Fe3C2  

(1 1 1) + 6O 

SFE (6O/ Cr2Fe3C2 

(1 1 1)) (eV) 

Eads [O2] 

(eV) 

Eads [H2O] 

(eV) 

Eads [CO2] 

(eV) 

Grid 1 0.038646 -0.90223 1.349785 2.518199156 

Grid 2 0.037065 -0.96817 1.283848 2.452262188 

Grid 4 0.046251 -0.58499 1.667032 2.835445987 

Grid 6 0.040155 -0.83929 1.412726 2.581140227 

Grid 7 0.037313 -0.95785 1.294169 2.462583207 

Grid 8 0.045542 -0.61459 1.637432 2.805846187 

Grid 9 0.038646 -0.90223 1.349785 2.518199156 

Grid 11 0.055112 -0.21537 2.036651 3.205065251 

Grid 12 0.02774 -1.35714 0.89488 2.063293395 

Grid 14 0.033886 -1.10079 1.151232 2.3196454 

Grid 15 0.048562 -0.48857 1.763445 2.931858939 

Grid 16 0.030239 -1.25292 0.999099 2.167513097 
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A.12: Gads of different Cr3C2 (1 1 1) + nO-atom oxygen coverage where n = 1-7 to 

chemical potential (μO = 1/2μO2) of O2 at different temperature and partial pressure.  

T 

(K) 

Partial 

Pressure 

log(pO2/pθ) 

µO 1O 2O 3O 4O 5O 6O 7O 

0 -24 -2.40213 -2.03706 -3.93275 -5.59437 -7.17146 -8.53244 -9.65254 -9.88411 

0 -20 -2.40213 -2.03706 -3.93275 -5.59437 -7.17146 -8.53244 -9.65254 -9.88411 

0 -16 -2.40213 -2.03706 -3.93275 -5.59437 -7.17146 -8.53244 -9.65254 -9.88411 

0 -12 -2.40213 -2.03706 -3.93275 -5.59437 -7.17146 -8.53244 -9.65254 -9.88411 

0 -8 -2.40213 -2.03706 -3.93275 -5.59437 -7.17146 -8.53244 -9.65254 -9.88411 

0 -4 -2.40213 -2.03706 -3.93275 -5.59437 -7.17146 -8.53244 -9.65254 -9.88411 

0 -0 -2.40213 -2.03706 -3.93275 -5.59437 -7.17146 -8.53244 -9.65254 -9.88411 

0 4 -2.40213 -2.03706 -3.93275 -5.59437 -7.17146 -8.53244 -9.65254 -9.88411 

300 -24 -3.11657 -1.32262 -2.50386 -3.45104 -4.31367 -4.96021 -5.36586 -4.88299 

300 -20 -2.99750 -1.44169 -2.74200 -3.80826 -4.78997 -5.55558 -6.08031 -5.71651 

300 -16 -2.85774 -1.58145 -3.02152 -4.22753 -5.34899 -6.25436 -6.91884 -6.6948 

300 -12 -2.75935 -1.67984 -3.21830 -4.52271 -5.74256 -6.74632 -7.5092 -7.38355 

300 -8 -2.64027 -1.79892 -3.45645 -4.87993 -6.21886 -7.34169 -8.22365 -8.21707 

300 -4 -2.52120 -1.91799 -3.6946 -5.23715 -6.69516 -7.93706 -8.93809 -9.05059 

300 -0 -2.52120 -1.91799 -3.6946 -5.23715 -6.69516 -7.93706 -8.93809 -9.05059 

300 4 -2.28305 -2.15614 -4.1709 -5.9516 -7.64775 -9.12781 -10.367 -10.7176 

600 -24 -3.83102 -0.60817 -1.07496 -1.3077 -1.45589 -1.38798 -1.07919 0.118127 

600 -20 -3.59287 -0.84632 -1.55126 -2.02215 -2.40849 -2.57872 -2.50808 -1.54891 

600 -16 -3.35472 -1.08447 -2.02756 -2.73659 -3.36108 -3.76946 -3.93697 -3.21595 

600 -12 -3.11657 -1.32262 -2.50386 -3.45104 -4.31367 -4.96021 -5.36586 -4.88299 

600 -8 -2.87842 -1.56077 -2.98015 -4.16548 -5.26627 -6.15095 -6.79475 -6.55003 

600 -4 -2.64027 -1.79892 -3.45645 -4.87993 -6.21886 -7.34169 -8.22365 -8.21707 

600 -0 -2.64027 -1.79892 -3.45645 -5.23715 -6.21886 -7.34169 -8.22365 -8.21707 

600 4 -2.16398 -2.27521 -4.40904 -5.9516 -8.12405 -9.72318 -11.0814 -11.5512 

900 -24 -4.54546 0.106272 0.353926 0.835636 1.401891 2.184249 3.207484 5.119246 

900 -20 -4.18824 -0.25095 -0.36052 -0.23603 -0.027 0.398135 1.064147 2.618687 

900 -16 -3.83102 -0.60817 -1.07496 -1.3077 -1.45589 -1.38798 -1.07919 0.118127 

900 -12 -3.47379 -0.9654 -1.78941 -2.37937 -2.88478 -3.17409 -3.22253 -2.38243 

900 -8 -3.11657 -1.32262 -2.50386 -3.45104 -4.31367 -4.96021 -5.36586 -4.88299 

900 -4 -2.75935 -1.67984 -3.2183 -4.52271 -5.74256 -6.74632 -7.5092 -7.38355 

900 -0 -2.75935 -1.67984 -3.2183 -4.52271 -5.74256 -6.74632 -7.5092 -7.38355 

900 4 -2.04490 -2.39429 -4.64719 -6.66604 -8.60035 -10.3185 -11.7959 -12.3847 

1200 -24 -5.25991 0.820718 1.782817 2.978972 4.259674 5.756477 7.494158 10.12037 

1200 -20 -4.78361 0.344421 0.830223 1.550081 2.354485 3.374992 4.636375 6.786286 

1200 -16 -4.30731 -0.13188 -0.12237 0.12119 0.449297 0.993506 1.778593 3.452206 

1200 -12 -3.83102 -0.60817 -1.07496 -1.3077 -1.45589 -1.38798 -1.07919 0.118127 

1200 -8 -3.35472 -1.08447 -2.02756 -2.73659 -3.36108 -3.76946 -3.93697 -3.21595 

1200 -4 -2.87842 -1.56077 -2.98015 -4.16548 -5.26627 -6.15095 -6.79475 -6.55003 

1200 -0 -2.87842 -1.56077 -2.98015 -4.16548 -5.26627 -6.15095 -6.79475 -6.55003 

1200 4 -1.92583 -2.51336 -4.88534 -7.02327 -9.07664 -10.9139 -12.5103 -13.2182 

1500 -24 -5.97435 1.535164 3.211709 5.122309 7.117456 9.328705 11.78083 15.12148 

1500 -20 -5.37898 0.939792 2.020966 3.336195 4.735971 6.351848 8.208603 10.95389 

1500 -16 -4.78361 0.344421 0.830223 1.550081 2.354485 3.374992 4.636375 6.786286 

1500 -12 -4.18824 -0.25095 -0.36052 -0.23603 -0.027 0.398135 1.064147 2.618687 

1500 -8 -3.59287 -0.84632 -1.55126 -2.02215 -2.40849 -2.57872 -2.50808 -1.54891 

1500 -4 -2.99750 -1.44169 -2.742 -3.80826 -4.78997 -5.55558 -6.08031 -5.71651 

1500 -0 -2.99750 -1.44169 -2.742 -3.80826 -4.78997 -5.55558 -6.08031 -5.71651 

1500 4 -1.80675 -2.63244 -5.12349 -7.38049 -9.55294 -11.5093 -13.2248 -14.0517 
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A.13: Gads of different Cr3C2 (1 1 1) + nO-atom oxygen coverage where n = 1-7 to 

chemical potential (μO = μH2O - μH2) of H2O at temperatures and partial pressure. 

T 

(K) 

Partial Pressure 

log(pH2O/pH2) 

µO 1O 2O 3O 4O 5O 6O 7O 

0 -24 -2.36927 0.1821 0.50557 1.06311 1.705185 2.563367 3.662425 5.650011 

0 -20 -2.36927 0.1821 0.50557 1.06311 1.705185 2.563367 3.662425 5.650011 

0 -16 -2.36927 0.1821 0.50557 1.06311 1.705185 2.563367 3.662425 5.650011 

0 -12 -2.36927 0.1821 0.50557 1.06311 1.705185 2.563367 3.662425 5.650011 

0 -8 -2.36927 0.1821 0.50557 1.06311 1.705185 2.563367 3.662425 5.650011 

0 -4 -2.36927 0.1821 0.50557 1.06311 1.705185 2.563367 3.662425 5.650011 

0 -0 -2.36927 0.1821 0.50557 1.06311 1.705185 2.563367 3.662425 5.650011 

0 4 -2.36927 0.1821 0.50557 1.06311 1.705185 2.563367 3.662425 5.650011 

300 -24 -3.79816 1.61099 3.36336 5.34978 7.42075 9.707823 12.23577 15.65225 

300 -20 -3.56002 1.37284 2.88706 1.63533 6.468156 8.51708 10.80688 13.98521 

300 -16 -3.32187 1.13469 2.41076 3.92089 5.515562 7.326337 9.37799 12.31817 

300 -12 -3.08372 0.89654 1.93446 3.20644 4.562968 6.135595 7.949099 10.65113 

300 -8 -2.84557 0.65839 1.45817 2.492 3.610374 4.944852 6.520208 8.98409 

300 -4 -2.60742 0.42024 0.98187 1.77755 2.65778 3.754109 5.091316 7.317051 

300 -0 -2.60742 0.42024 0.98187 1.77755 2.65778 3.754109 5.091316 7.317051 

300 4 -2.13112 -0.0561 0.02928 0.34866 0.752591 1.372624 2.233534 3.982971 

600 -24 -5.22706 3.03988 6.22114 9.63645 13.13632 -2.98015 20.80912 25.65449 

600 -20 -4.75076 2.56358 5.26854 8.20756 11.23113 16.85228 17.95134 22.32041 

600 -16 -4.27446 2.08728 4.31595 6.77867 9.325939 14.47079 15.09356 18.98633 

600 -12 -3.79816 1.61099 3.36336 5.34978 7.42075 12.08931 12.23577 15.65225 

600 -8 -3.32187 1.13469 2.41076 3.92089 5.515562 9.707823 9.37799 12.31817 

600 -4 -2.84557 0.65839 1.45817 2.492 3.610374 7.326337 6.520208 8.98409 

600 -0 -2.84557 0.65839 1.45817 2.492 3.610374 4.944852 6.520208 8.98409 

600 4 -1.89298 -0.2942 -0.447 -0.36579 -0.2 4.944852 0.804643 2.315931 

900 -24 -6.65595 4.46877 9.07892 13.9231 18.85188 23.99674 29.38247 35.65673 

900 -20 -5.9415 3.75432 7.65003 11.7798 15.9941 20.42451 25.09579 30.65561 

900 -16 -5.22706 3.03988 6.22114 9.63645 13.13632 16.85228 20.80912 25.65449 

900 -12 -4.51261 2.32543 4.79225 7.49312 10.27853 13.28005 16.52245 20.65337 

900 -8 -3.79816 1.61099 3.36336 5.34978 7.42075 9.707823 12.23577 15.65225 

900 -4 -3.08372 0.89654 1.93446 3.20644 4.562968 6.135595 7.949099 10.65113 

900 -0 -3.08372 0.89654 1.93446 3.20644 4.562968 6.135595 7.949099 10.65113 

900 4 -1.65483 -0.5323 -0.9233 -1.08023 -1.1526 -1.00886 -0.62425 0.648892 

1200 -24 -8.08484 5.89766 11.9367 18.2098 24.56745 31.14119 37.95581 45.65897 

1200 -20 -7.13224 4.94507 10.0315 15.352 20.75707 26.37822 32.24025 38.99081 

1200 -16 -6.17965 3.99247 8.12633 12.4942 16.94669 21.61525 26.52469 32.32265 

1200 -12 -5.22706 3.03988 6.22114 9.63645 13.13632 16.85228 20.80912 25.65449 

1200 -8 -4.27446 2.08728 4.31595 6.77867 9.325939 12.08931 15.09356 18.98633 

1200 -4 -3.32187 1.13469 2.41076 3.92089 5.515562 7.326337 9.37799 12.31817 

1200 -0 -3.32187 1.13469 2.41076 3.92089 5.515562 7.326337 9.37799 12.31817 

1200 4 -1.41668 -0.7705 -1.3996 -1.79468 -2.10519 -2.1996 -2.05314 -1.01815 

1500 -24 -9.51373 7.32655 14.7945 22.4965 30.28301 38.28565 46.52916 55.6612 

1500 -20 -8.32299 6.13581 12.413 18.9242 25.52004 32.33193 39.38471 47.32601 

1500 -16 -7.13224 4.94507 10.0315 15.352 20.75707 26.37822 32.24025 38.99081 

1500 -12 -5.9415 3.75432 7.65003 11.7798 15.9941 20.42451 25.09579 30.65561 

1500 -8 -4.75076 2.56358 5.26854 8.20756 11.23113 14.47079 17.95134 22.32041 

1500 -4 -3.56002 1.37284 2.88706 4.63533 6.468156 8.51708 10.80688 13.98521 

1500 -0 -3.56002 1.37284 2.88706 4.63533 6.468156 8.51708 10.80688 13.98521 

1500 4 -1.17853 -1.0086 -1.8759 -2.50912 -3.05779 -3.39035 -3.48203 -2.68519 
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A.14: Gads of different Cr3C2 (1 1 1) + nO-atom oxygen coverage where n = 1-7 to 

chemical potential (μO = μCO2 - μCO) of CO2 at temperature and partial pressure. 

 
T 

(K) 

Partial Pressure 

log(pCO2/pCO) 

µO 1O 2O 3O 4O 5O 6O 7O 

0 -24 -2.66611 1.64734 3.43607 5.45884 7.56617 9.889598 12.4539 15.90673 

0 -20 -2.66611 1.64734 3.43607 5.45884 7.56617 9.889598 12.4539 15.90673 

0 -16 -2.66611 1.64734 3.43607 5.45884 7.56617 9.889598 12.4539 15.90673 

0 -12 -2.66611 1.64734 3.43607 5.45884 7.56617 9.889598 12.4539 15.90673 

0 -8 -2.66611 1.64734 3.43607 5.45884 7.56617 9.889598 12.4539 15.90673 

0 -4 -2.66611 1.64734 3.43607 5.45884 7.56617 9.889598 12.4539 15.90673 

0 -0 -2.66611 1.64734 3.43607 5.45884 7.56617 9.889598 12.4539 15.90673 

0 4 -2.66611 1.64734 3.43607 5.45884 7.56617 9.889598 12.4539 15.90673 

300 -24 3.076233 3.07623 6.29385 9.74552 13.2817 17.03405 21.02725 25.90897 

300 -20 2.838085 2.83808 5.81755 9.03107 12.3291 15.84331 19.59836 24.24193 

300 -16 2.599936 2.59994 5.34125 8.31663 11.3765 14.65257 18.16947 22.57489 

300 -12 2.361788 2.36179 4.86496 7.60218 10.424 13.46183 16.74058 20.90785 

300 -8 2.123639 2.12364 4.38866 6.88774 9.47136 12.27108 15.31169 19.24081 

300 -4 1.885491 1.88549 3.91236 6.17329 8.51876 11.08034 13.88279 17.57377 

300 -0 1.885491 1.88549 3.91236 6.17329 8.51876 11.08034 13.88279 17.57377 

300 4 1.409194 1.40919 2.95977 4.7444 6.61358 8.698855 11.02501 14.23969 

600 -24 -5.52389 4.50512 9.15163 14.0322 18.9973 24.17851 29.6006 35.91121 

600 -20 -5.04759 4.02883 8.19904 12.6033 17.0921 21.79702 26.74282 32.57713 

600 -16 -4.57129 3.55253 7.24644 11.1744 15.1869 19.41554 23.88503 29.24305 

600 -12 -4.095 3.07623 6.29385 9.74552 13.2817 17.03405 21.02725 25.90897 

600 -8 -3.6187 2.59994 5.34125 8.31663 11.3765 14.65257 18.16947 22.57489 

600 -4 -3.1424 2.12364 4.38866 6.88774 9.47136 12.27108 15.31169 19.24081 

600 -0 -3.1424 2.12364 4.38866 6.88774 9.47136 12.27108 15.31169 19.24081 

600 4 -2.18981 1.17105 2.48347 4.02995 5.66098 7.508113 9.59612 12.57266 

900 -24 -6.95278 5.93402 12.0094 18.3189 24.7129 31.32297 38.17394 45.91345 

900 -20 -6.23833 5.21957 10.5805 16.1755 21.8551 27.75074 33.88727 40.91233 

900 -16 -5.52389 4.50512 9.15163 14.0322 18.9973 24.17851 29.6006 35.91121 

900 -12 -4.80944 3.79068 7.72274 11.8889 16.1395 20.60628 25.31392 30.91009 

900 -8 -4.095 3.07623 6.29385 9.74552 13.2817 17.03405 21.02725 25.90897 

900 -4 -3.38055 2.36179 4.86496 7.60218 10.424 13.46183 16.74058 20.90785 

900 -0 -3.38055 2.36179 4.86496 7.60218 10.424 13.46183 16.74058 20.90785 

900 4 -1.95166 0.9329 2.00717 3.31551 4.70839 6.31737 8.167229 10.90562 

1200 -24 -8.38167 7.36291 14.8672 22.6055 30.4284 38.46742 46.74729 55.91569 

1200 -20 -7.42908 6.41031 12.962 19.7478 26.6181 33.70445 41.03173 49.24753 

1200 -16 -6.47648 5.45772 11.0568 16.89 22.8077 28.94148 35.31616 42.57937 

1200 -12 -5.52389 4.50512 9.15163 14.0322 18.9973 24.17851 29.6006 35.91121 

1200 -8 -4.57129 3.55253 7.24644 11.1744 15.1869 19.41554 23.88503 29.24305 

1200 -4 -3.6187 2.59994 5.34125 8.31663 11.3765 14.65257 18.16947 22.57489 

1200 -0 -3.6187 2.59994 5.34125 8.31663 11.3765 14.65257 18.16947 22.57489 

1200 4 -1.71351 0.69475 1.53088 2.60106 3.75579 5.126627 6.738338 9.238576 

1500 -24 -9.81056 8.7918 17.725 26.8922 36.144 45.61188 55.32064 65.91793 

1500 -20 -8.61982 7.60106 15.3435 23.32 31.381 39.65817 48.17618 57.58273 

1500 -16 -7.42908 6.41031 12.962 19.7478 26.6181 33.70445 41.03173 49.24753 

1500 -12 -6.23833 5.21957 10.5805 16.1755 21.8551 27.75074 33.88727 40.91233 

1500 -8 -5.04759 4.02883 8.19904 12.6033 17.0921 21.79702 26.74282 32.57713 

1500 -4 -3.85685 2.83808 5.81755 9.03107 12.3291 15.84331 19.59836 24.24193 

1500 -0 -3.85685 2.83808 5.81755 9.03107 12.3291 15.84331 19.59836 24.24193 

1500 4 -1.47536 0.4566 1.05458 1.88662 2.8032 3.935884 5.309446 7.571536 
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A.15: Gads of Cr2Fe3C2 (1 1 1) + nO-atom oxygen coverage where n = 1-6 to chemical 

potential (μO = 1/2μO2) of O2 at different temperatures and partial pressures.  

T 

(K) 

Partial Pressure 

log(pO2/pθ) 

µO 1O 2O 3O 4O 5O 6O 

0 -24 -2.36927 

-2.92639 -4.24843 -5.25247 -6.12034 -6.71501 -5.56579 

0 -20 -2.36927 

-2.92639 -4.24843 -5.25247 -6.12034 -6.71501 -5.56579 

0 -16 -2.36927 

-2.92639 -4.24843 -5.25247 -6.12034 -6.71501 -5.56579 

0 -12 -2.36927 

-2.92639 -4.24843 -5.25247 -6.12034 -6.71501 -5.56579 

0 -8 -2.36927 

-2.92639 -4.24843 -5.25247 -6.12034 -6.71501 -5.56579 

0 -4 -2.36927 

-2.92639 -4.24843 -5.25247 -6.12034 -6.71501 -5.56579 

0 -0 -2.36927 

-2.92639 -4.24843 -5.25247 -6.12034 -6.71501 -5.56579 

0 4 -2.36927 

-2.92639 -4.24843 -5.25247 -6.12034 -6.71501 -5.56579 

300 -24 -3.79816 

-2.21194 -2.81954 -3.10914 -3.26256 -3.14278 -1.27912 

300 -20 -3.56002 

-2.33101 -3.05769 -3.46636 -3.73885 -3.73815 -1.99356 

300 -16 -3.32187 

-2.47077 -3.3372 -3.88563 -4.29788 -4.43693 -2.8321 

300 -12 -3.08372 

-2.56916 -3.53399 -4.1808 -4.69145 -4.92889 -3.42246 

300 -8 -2.84557 

-2.68824 -3.77214 -4.53803 -5.16775 -5.52427 -4.1369 

300 -4 -2.60742 

-2.80731 -4.01028 -4.89525 -5.64404 -6.11964 -4.85135 

300 -0 -2.60742 

-2.95615 -4.30797 -5.34178 -6.23941 -6.86385 -5.7444 

300 4 -2.13112 

-3.04546 -4.48658 -5.6097 -6.59664 -7.31038 -6.28024 

600 -24 -5.22706 

-1.4975 -1.39065 -0.9658 -0.40477 0.429448 3.007555 

600 -20 -4.75076 

-1.73564 -1.86695 -1.68024 -1.35737 -0.76129 1.578664 

600 -16 -4.27446 

-1.97379 -2.34324 -2.39469 -2.30996 -1.95204 0.149773 

600 -12 -3.79816 

-2.21194 -2.81954 -3.10914 -3.26256 -3.14278 -1.27912 

600 -8 -3.32187 

-2.45009 -3.29584 -3.82358 -4.21515 -4.33352 -2.70801 

600 -4 -2.84557 

-2.68824 -3.77214 -4.53803 -5.16775 -5.52427 -4.1369 

600 -0 -2.84557 

-2.98592 -4.36751 -5.34178 -6.35849 -7.01269 -5.92301 

600 4 -1.89298 

-3.16453 -4.72473 -5.6097 -7.07293 -7.90575 -6.99468 

900 -24 -6.65595 -0.78305 0.038241 1.177538 2.453008 4.001676 7.294229 

900 -20 -5.9415 -1.14027 -0.6762 0.10587 1.024117 2.215562 5.150892 

900 -16 -5.22706 -1.4975 -1.39065 -0.9658 -0.40477 0.429448 3.007555 

900 -12 -4.51261 -1.85472 -2.1051 -2.03747 -1.83367 -1.35667 0.864218 

900 -8 -3.79816 -2.21194 -2.81954 -3.10914 -3.26256 -3.14278 -1.27912 

900 -4 -3.08372 -2.56916 -3.53399 -4.1808 -4.69145 -4.92889 -3.42246 

900 -0 -3.08372 -3.01569 -4.42704 -5.52039 -6.47756 -7.16154 -6.10163 

900 4 -1.65483 -3.28361 -4.96288 -6.32414 -7.54923 -8.50112 -7.70913 

1200 -24 -8.08484 -0.0686 1.467133 3.320875 5.310791 7.573904 11.5809 

1200 -20 -7.13224 -0.5449 0.514538 1.891984 3.405602 5.192419 8.72312 

1200 -16 -6.17965 -1.0212 -0.43806 0.463092 1.500414 2.810933 5.865338 

1200 -12 -5.22706 -1.4975 -1.39065 -0.9658 -0.40477 0.429448 3.007555 

1200 -8 -4.27446 -1.97379 -2.34324 -2.39469 -2.30996 -1.95204 0.149773 

1200 -4 -3.32187 -2.45009 -3.29584 -3.82358 -4.21515 -4.33352 -2.70801 

1200 -0 -3.32187 -3.04546 -4.48658 -5.6097 -6.59664 -7.31038 -6.28024 

1200 4 -1.41668 -3.40268 -5.20103 -6.68136 -8.02553 -9.09649 -8.42357 

1500 -24 -9.51373 0.645842 2.896024 5.464212 8.168573 11.14613 15.86758 

1500 -20 -8.32299 0.05047 1.705281 3.678098 5.787088 8.169276 12.29535 

1500 -16 -7.13224 -0.5449 0.514538 1.891984 3.405602 5.192419 8.72312 

1500 -12 -5.9415 -1.14027 -0.6762 0.10587 1.024117 2.215562 5.150892 

1500 -8 -4.75076 -1.73564 -1.86695 -1.68024 -1.35737 -0.76129 1.578664 

1500 -4 -3.56002 -2.33101 -3.05769 -3.46636 -3.73885 -3.73815 -1.99356 

1500 -0 -3.56002 -3.07523 -4.54612 -5.699 -6.71571 -7.45922 -6.45885 

1500 4 -1.17853 -3.52176 -5.43918 -7.03859 -8.50182 -9.69186 -9.13802 
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A.16: Gads of Cr2Fe3C2 (1 1 1) + nO-atom oxygen coverage where n = 1-6 to chemical 

potential (μO = μH2O - μH2) of H2O at different temperature and partial pressure. 

T 

(K) 

Partial Pressure 

log(pH2O/pH2) 

µO 1O 2O 3O 4O 5O 6O 

0 -24 -2.36927 

-0.70723 0.18989 1.40501 2.756302 4.38079 7.74917 

0 -20 -2.36927 

-0.70723 0.18989 1.40501 2.756302 4.38079 7.74917 

0 -16 -2.36927 

-0.70723 0.18989 1.40501 2.756302 4.38079 7.74917 

0 -12 -2.36927 

-0.70723 0.18989 1.40501 2.756302 4.38079 7.74917 

0 -8 -2.36927 

-0.70723 0.18989 1.40501 2.756302 4.38079 7.74917 

0 -4 -2.36927 

-0.70723 0.18989 1.40501 2.756302 4.38079 7.74917 

0 -0 -2.36927 

-0.70723 0.18989 1.40501 2.756302 4.38079 7.74917 

0 4 -2.36927 

-0.70723 0.18989 1.40501 2.756302 4.38079 7.74917 

300 -24 -3.79816 

0.72167 3.04767 5.69168 8.471867 11.5253 16.32252 

300 -20 -3.56002 

0.48352 2.57137 1.97724 7.519273 10.3345 14.89363 

300 -16 -3.32187 

0.24537 2.09508 4.26279 6.566679 9.14376 13.46474 

300 -12 -3.08372 

0.00722 1.61878 3.54835 5.614085 7.95302 12.03584 

300 -8 -2.84557 

-0.23093 1.14248 2.8339 4.66149 6.76228 10.60695 

300 -4 -2.60742 

-0.46908 0.66619 2.11945 3.708896 5.57154 9.178061 

300 -0 -2.60742 

-0.76676 0.07081 1.2264 2.518154 4.08311 7.391947 

300 4 -2.13112 

-0.94537 -0.2864 0.69056 1.803708 3.19005 6.320279 

600 -24 -5.22706 

2.15056 5.90545 9.97836 14.18743 -4.4866 24.89587 

600 -20 -4.75076 

1.67426 4.95286 8.54946 12.28224 18.6697 22.03808 

600 -16 -4.27446 

1.19796 4.00027 7.12057 10.37706 16.2882 19.1803 

600 -12 -3.79816 

0.72167 3.04767 5.69168 8.471867 13.9067 16.32252 

600 -8 -3.32187 

0.24537 2.09508 4.26279 6.566679 11.5253 13.46474 

600 -4 -2.84557 

-0.23093 1.14248 2.8339 4.66149 9.14376 10.60695 

600 -0 -2.84557 

-0.8263 -0.0483 1.04779 2.280005 6.76228 7.034725 

600 4 -1.89298 

-1.18352 -0.7627 -0.0239 0.851114 3.78542 4.891388 

900 -24 -6.65595 3.57945 8.76324 14.265 19.903 25.8142 33.46921 

900 -20 -5.9415 2.865 7.33434 12.1217 17.04521 22.2419 29.18254 

900 -16 -5.22706 2.15056 5.90545 9.97836 14.18743 18.6697 24.89587 

900 -12 -4.51261 1.43611 4.47656 7.83502 11.32965 15.0975 20.60919 

900 -8 -3.79816 0.72167 3.04767 5.69168 8.471867 11.5253 16.32252 

900 -4 -3.08372 0.00722 1.61878 3.54835 5.614085 7.95302 12.03584 

900 -0 -3.08372 -0.88584 -0.1673 0.86917 2.041857 3.48774 6.677502 

900 4 -1.65483 -1.42167 -1.239 -0.7383 -0.10148 0.80857 3.462497 

1200 -24 -8.08484 5.00834 11.621 18.5517 25.61856 32.9586 42.04256 

1200 -20 -7.13224 4.05574 9.71583 15.6939 21.80819 28.1956 36.327 

1200 -16 -6.17965 3.10315 7.81064 12.8361 17.99781 23.4327 30.61143 

1200 -12 -5.22706 2.15056 5.90545 9.97836 14.18743 18.6697 24.89587 

1200 -8 -4.27446 1.19796 4.00027 7.12057 10.37706 13.9067 19.1803 

1200 -4 -3.32187 0.24537 2.09508 4.26279 6.566679 9.14376 13.46474 

1200 -0 -3.32187 -0.94537 -0.2864 0.69056 1.803708 3.19005 6.320279 

1200 4 -1.41668 -1.65982 -1.7153 -1.4528 -1.05407 -0.3822 2.033605 

1500 -24 -9.51373 6.43723 14.4788 22.8384 31.33413 40.1031 50.61591 

1500 -20 -8.32299 5.24649 12.0973 19.2661 26.57116 34.1494 43.47145 

1500 -16 -7.13224 4.05574 9.71583 15.6939 21.80819 28.1956 36.327 

1500 -12 -5.9415 2.865 7.33434 12.1217 17.04521 22.2419 29.18254 

1500 -8 -4.75076 1.67426 4.95286 8.54946 12.28224 16.2882 22.03808 

1500 -4 -3.56002 0.48352 2.57137 4.97724 7.519273 10.3345 14.89363 

1500 -0 -3.56002 -1.00491 -0.4055 0.51195 1.565559 2.89237 5.963056 

1500 4 -1.17853 -1.89797 -2.1916 -2.1672 -2.00667 -1.5729 0.604714 
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A.17: Gads of Cr2Fe3C2 (1 1 1) + nO-atom oxygen coverage where n = 1-6 to chemical 

potential (μO = μCO2 - μCO) of CO2 at different temperature and partial pressure. 

T 

(K) 

Partial Pressure 

log(pCO2/pCO) 

µO 1O 2O 3O 4O 5O 6O 

0 -24 -2.36927 0.75802 3.12038 5.80075 8.61729 11.70703 16.54065 

0 -20 -2.36927 0.75802 3.12038 5.80075 8.61729 11.70703 16.54065 

0 -16 -2.36927 0.75802 3.12038 5.80075 8.61729 11.70703 16.54065 

0 -12 -2.36927 0.75802 3.12038 5.80075 8.61729 11.70703 16.54065 

0 -8 -2.36927 0.75802 3.12038 5.80075 8.61729 11.70703 16.54065 

0 -4 -2.36927 0.75802 3.12038 5.80075 8.61729 11.70703 16.54065 

0 -0 -2.36927 0.75802 3.12038 5.80075 8.61729 11.70703 16.54065 

0 4 -2.36927 0.75802 3.12038 5.80075 8.61729 11.70703 16.54065 

300 -24 -3.79816 2.186912 5.97816 10.0874 14.3329 18.85148 25.114 

300 -20 -3.56002 1.948763 5.50187 9.37298 13.3803 17.66074 23.6851 

300 -16 -3.32187 1.710615 5.02557 8.65853 12.4277 16.47 22.25621 

300 -12 -3.08372 1.472466 4.54927 7.94408 11.4751 15.27925 20.82732 

300 -8 -2.84557 1.234317 4.07298 7.22964 10.5225 14.08851 19.39843 

300 -4 -2.60742 0.996169 3.59668 6.51519 9.56988 12.89777 17.96954 

300 -0 -2.60742 0.698483 3.00131 5.62214 8.37914 11.40934 16.18342 

300 4 -2.13112 0.519872 2.64408 5.0863 7.66469 10.51628 15.11176 

600 -24 -5.22706 3.615803 8.83595 14.3741 20.0484 25.99594 33.68734 

600 -20 -4.75076 3.139506 7.88335 12.9452 18.1432 23.61445 30.82956 

600 -16 -4.27446 2.663209 6.93076 11.5163 16.238 21.23297 27.97178 

600 -12 -3.79816 2.186912 5.97816 10.0874 14.3329 18.85148 25.114 

600 -8 -3.32187 1.710615 5.02557 8.65853 12.4277 16.47 22.25621 

600 -4 -2.84557 1.234317 4.07298 7.22964 10.5225 14.08851 19.39843 

600 -0 -2.84557 0.638946 2.88223 5.44352 8.14099 11.11165 15.8262 

600 4 -1.89298 0.281723 2.16779 4.37186 6.7121 9.32554 13.68287 

900 -24 -6.65595 5.044694 11.6937 18.6608 25.764 33.14039 42.26069 

900 -20 -5.9415 4.330248 10.2648 16.5174 22.9062 29.56817 37.97402 

900 -16 -5.22706 3.615803 8.83595 14.3741 20.0484 25.99594 33.68734 

900 -12 -4.51261 2.901357 7.40705 12.2308 17.1906 22.42371 29.40067 

900 -8 -3.79816 2.186912 5.97816 10.0874 14.3329 18.85148 25.114 

900 -4 -3.08372 1.472466 4.54927 7.94408 11.4751 15.27925 20.82732 

900 -0 -3.08372 0.579409 2.76316 5.26491 7.90284 10.81397 15.46898 

900 4 -1.65483 0.043575 1.69149 3.65741 5.7595 8.134797 12.25397 

1200 -24 -8.08484 6.473585 14.5515 22.9474 31.4795 40.28485 50.83404 

1200 -20 -7.13224 5.520991 12.6463 20.0897 27.6692 35.52188 45.11847 

1200 -16 -6.17965 4.568397 10.7411 17.2319 23.8588 30.75891 39.40291 

1200 -12 -5.22706 3.615803 8.83595 14.3741 20.0484 25.99594 33.68734 

1200 -8 -4.27446 2.663209 6.93076 11.5163 16.238 21.23297 27.97178 

1200 -4 -3.32187 1.710615 5.02557 8.65853 12.4277 16.47 22.25621 

1200 -0 -3.32187 0.519872 2.64408 5.0863 7.66469 10.51628 15.11176 

1200 4 -1.41668 -0.19457 1.21519 2.94296 4.80691 6.944054 10.82508 

1500 -24 -9.51373 7.902477 17.4093 27.2341 37.1951 47.42931 59.40738 

1500 -20 -8.32299 6.711734 15.0278 23.6619 32.4321 41.47559 52.26293 

1500 -16 -7.13224 5.520991 12.6463 20.0897 27.6692 35.52188 45.11847 

1500 -12 -5.9415 4.330248 10.2648 16.5174 22.9062 29.56817 37.97402 

1500 -8 -4.75076 3.139506 7.88335 12.9452 18.1432 23.61445 30.82956 

1500 -4 -3.56002 1.948763 5.50187 9.37298 13.3803 17.66074 23.6851 

1500 -0 -3.56002 0.460335 2.52501 4.90769 7.42654 10.2186 14.75453 

1500 4 -1.17853 -0.43272 0.7389 2.22852 3.85432 5.753312 9.396192 
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A.18: Linear relationship of Gibbs free energy of different Cr3C2 (1 1 1) + n O-atom 

oxygen coverage where n = 1-7 to chemical potential of (a) O2 (μO = ½ μO2), (b) ) H2O 

(μO = μH2O – μH2) and (c) CO2 (μO = μCO2 – μCO) at different temperature and partial 

pressure.  
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A.19: Linear relationship of Gibbs free energy of different Cr2Fe3C2 (1 1 1) + n O-

atom oxygen coverage where n = 1-6 to chemical potential of (a) O2 (μO = ½ μO2), (b) 

H2O (μO = μH2O – μH2) and (c) CO2 (μO = μCO2 – μCO) at different temperature and 

partial pressure. 
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