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Abstract 

 

Low-dimensional transition metal carbides known as MXene are suitable 

catalysts with implications in heterogeneous catalysis given their similar 

properties with the transition metal carbides (TMCs) with the advantage 

of high surface area. In particular, MXenes active easily carbon dioxide 

(CO2) emerging as solutions to fight against the climate change. This 

motives the study of using MXenes as heterogeneous catalysis in 

processes where CO2 is transformed into valuable chemical products. 

In this Doctoral Thesis, the abatement of CO2 by MXene nitrides  is 

discussed through the novel kinetic phase diagrams. This allows one 

identifying pressure-temperature conditions at which the MXene capture 

CO2. To distinguish different the atomic stacking of MXene, the 

vibrational modes of CO2 molecule are used. The Reverse Water Gas 

Shift (RWGS) reaction is investigated considering the Mo2C MXene as 

catalyst. The analysis of the thermodynamic, kinetic, and microkinetic 

aspects confirm the feasibility of  MXenes to transform CO2 into CO.  

  



 
 

  



 
 

 

 
 

 

Resum en Català 

Els carburs metàl·lics de baixa dimensionalitat,  MXene, han emergit 

com a candidats per a catàlisi heterogènia donades les propietats similars 

amb els seus homòlegs tridimensionals, però amb l’avantatge de tenir 

una superfície superior. Això, És una motivació clara a l’estudi de l’ús 

de MXenes com a catalitzador heterogeni en processos on el CO2 es 

transforma en productes químics de valor afegit. 

En aquesta tesi doctoral, la reducció de CO2 per part de nitrurs de MXene 

es discuteix a través dels nous diagrames de fase cinètica. Això permet 

identificar condicions de temperatura i pressió en què el MXene captura 

CO2. Per distingir els diferents apilaments atòmics del MXene, s'utilitzen 

els modes vibracionals de la molècula de CO2. La reacció Inversa de 

Desplaçament d’Aigua en Gas (RWGS) s'investiga considerant el 

MXene Mo2C com a catalitzador. L'anàlisi dels aspectes termodinàmics, 

cinètics i microcinètics confirmen la viabilitat de MXenes per 

transformar CO2 en CO. 
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Chapter 1 

 

1.1  Motivation and Outline 

The current climate emergency calls for realistic and suitable 

solutions to fight against the climate change. Several strategies have been 

proposed including catalytic solutions. Indeed, the transition metal 

carbides (TMCs) have been proposed as plausible heterogeneous catalyst 

to activate and capture CO2, the main contributor to the greenhouse effect 

and, consequently, the main actor of global warming, ocean acidification 

and melting of the poles. 

Recently, low-dimensional carbides/nitrides have been 

synthetized. These bidimensional materials are known as MXenes. 

These materials can be seen as the bidimensional counterpart of TMCs, 

thus one wonder about the suitability of MXenes as heterogeneous 

catalysts for activating CO2 and contribute to the minimization of the 

impact in the greenhouse effect. Therefore, the goal of this Doctoral 

Thesis is focused on the study of the performance of MXenes on the 

conversion of CO2. To achieve this goal, three main applications will be 

described through, (i) the abatement of CO2 by MXene nitrides, (ii) the 

effect of the MXene stacking on the activation of probe molecules with 

interest in heterogeneous catalysis, and (iii) the catalytic performance of 

MXenes in the reverse water gas shift (RWGS) reaction.  

The present Doctoral Thesis starts with a brief introduction of the 

current carbon capture methods, main features of MXenes structure and 
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CO2 transformation methods. In Chapter 2, the background theory and 

the computational methods are described, together structures and, 

subsequent analysis. Further computational concerns are explained in 

Chapter 3 within multiscale approaches, the newly developed kinetic 

phase diagrams, and the microkinetic modelling. Chapters 4, 5 and 6 

contain the main results of this Doctoral Thesis within discussion. 

Chapter 4 is focused on nitride MXenes, specifically in the adsorption 

and activation of CO2 on bare nitride MXenes with different thickness 

and compositions. Chapter 5 discusses the effect of stacking on carbide 

MXenes, and, finally, Chapter 6 contains a full description of the RWGS 

reaction on carbide MXenes, specifically on bare Mo2C. This Doctoral 

thesis finishes with Chapter 7, where the main conclusions are given.  

Chapters 8 correspond to contributions to the published papers and 

finally, the appendix of the published papers. 

 

1.2 The climate change: problems and challenges 

The anthropogenic emissions coming from the use of fossil fuels 

and deforestation1,2 has led to a progress increasing of the concentration 

of CO2, H2O, CH4 and NOx gases among others in the atmosphere. These 

gases have the capacity of absorbing the heat emitted by the Earth 

avoiding its emission to the external space. Such a heat is returned to the 

Earth promoting a global warming process. These gases are thus known 

as greenhouse gases and, in particular, the high CO2 concentration also 

induces the acidification of the oceans. Among mentioned gases, CO2 is 

not the one mostly contributing to the greenhouse effect; however, its 
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concentration in the atmosphere is the largest one, therefore becoming 

the main contributor. 

The current atmospheric concentration of CO2 is 421 ppm with 

an annual growth of 2.7% in the last decade or 60% since 1990.3 These 

concentrations have direct consequences in the environment such as the 

increasing of global temperature by 1.18 ºC and sea levels due to the 

melting of poles. However, not only environmental changes will occur, 

social and economic consequences derived from the alterations on 

weather like harvest declining, shorts on the production chain and the 

consequence lack of food and water.4 

 There are no doubts that overcoming this global issue is on the 

table of scientific agenda of countries. Thus, the last treaty on climate 

change, Paris Agreements,5 brings an ambitious series of goals to reduce 

global CO2 atmospheric concentration above the pre-industrial values, 

around 280 ppm.6 To reach this goal, we have to reduce to half the CO2 

emissions by 2030 and reach zero emissions by 2050. This great 

challenge must be coupled with the development of eco-friendly energy 

sources (e.g., solar and wind energy) and waste-to-product strategies 

(e.g., carbon capture technologies).7 Eco-friendly energy sources provide 

an alternative way to obtain clean energy at relative low cost. However, 

this transition energy has to be coupled with the reduction of the current 

concentration of greenhouse gases. For this reason, technologies for a 

selective separation and capture of CO2 have arisen interest. 

 Nevertheless, it is needed to know whether or not these 

technologies are prepared to fulfil the requirements of Paris. For this 

reason, the Technology Readiness Level scale was created (TRL). First 
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described by Mankins,8 this scale describes the technological maturity of 

technology and is used as a tool to administrate the progress of research 

and development activity of technological issues, being thus how 

advanced is a technology in the process of creation and utilization. For 

instance, the first six levels describe technologies at laboratory scale 

whereas the three remaining show systems with prototypes, complete or 

operational. Methods that currently reach 6 or more could fulfil the 

requirements of Paris by 2030 and 1 or more by 2050, see Figure 1.1.  

 

Figure 1.1. Scale of Technology Readiness Level. Lower values correspond to immature 

technologies while higher values correspond finished technologies. CCU and CCS present high 

values of TRL levels.  

 

Thereby, the list of technologies capable to perform these 

demands is quite diverse. Nevertheless, materials capable to capture 
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CO2, store and use it are in high tiers of TRL. For this reason and more 

that will be presented in section 1.3, these materials have arisen interest. 

 

1.3 Carbon Capture: Storage and Utilisation 

Carbon Capture and Storage (CCS) is an emerging technology 

that uses active solid substrates for trapping CO2, allowing its storage.9 

These types of technologies can be employed to reduce the CO2 

concentration in the atmosphere meanwhile reducing emissions. More 

interesting is the Carbon Capture and Usage (CCU) technology because 

it goes a step further transforming CO2 into more valuable chemical 

products. The combinations of both strategies could provide an eco-

friendly strategy in a long-term.  

Currently CCS technologies includes a large group of 

technologies that involves different processes for CO2, including 

capture, separation, transport and storage. However, processes based on 

Enhanced Oil Recovery (EOR) and Enhanced Gas Recovery (EGR) are 

the upmost representative technologies.10 Indeed, EOR captures 

supercritical CO2 (scCO2) by injecting the gas because in such a state the 

microscopic displacement efficiency improves significantly. Here 

residual oil and gases are extracted, and the CO2 remains stored approx. 

139-320 GT of CO2.
11 Gas reservoirs show even a larger capacity to store 

CO2 i.e., 390-750 GT.12 However, EGR based technology presents a 

more complex process due to several factors―adsorption of gases on the 

surface of the rocks, the CO2 break possibility and, the miscibility of 

natural gas and CO2―among other.  
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Up to here, technologies based on the storage have been briefly 

described. However, one wants to move forward the usage and 

transformation of CO2 as implemented in CCU strategies. Thus, the use 

of CO2 can be chemical, technological and even biological, being the 

main effort the improvement of traditional processes while reducing CO2 

emissions. Starting with these technologies, CO2 as a solvent is the first 

step. Liquid CO2 and scCO2 act as solvent in numerous processes such 

as the decaffeination of coffee and tea13 or the extraction of flavours and 

essential oils,14 reporting multiples advantages such as lower amounts of 

needed solvent and energy savings. Another process successful is the 

hydrogenation reaction in scCO2 atmosphere at industrial scale. For 

example, the hydrogenation of nitrile to primary amines or the 

hydrogenation of oleic acid catalysed by platinum, where the scCO2 

improves the yield from 95% to 97%.15,16 Hereunder, one can consider 

CO2 as a direct feedstock, where this molecule is employed to produce 

chemicals. Here, one can distinguish between CO2 as a precursor for 

organic compounds and as a precursor for fuels. Thus, carboxylation of 

substrates,17 formation of carbamic acids18 and the formation of linear 

and cyclic carbonates19 are some examples of the first group.  Regarding 

the formation of fuels, in section 1.6 some extended explanation is 

detailed.  

However, even though CCU materials present minor drawbacks 

as the conventional methods, the development of suitable catalysts 

capable to favour the activation and transformation of CO2 are in 

demand, promoted by the urge of improvement. 
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1.4 The Need of Catalysis in CCU 

The high stability of CO2 represents a huge challenge for its 

possible utilization as in CCU technologies. To overcome this obstacle, 

efficient, active, and selective catalysts are needed. The term catalyst was 

first used by Berzelius in 1835 on the definition: “Catalyst are 

substances that by their mere presence evoke chemical reactions that 

would not otherwise take place”. Hereinafter, Wilhelm Ostwald 

reformulated it defining “a catalyst is a substance that changes the 

velocity of a chemical reaction without itself appearing in the end 

products”. IUPAC catalysis definition is a substance that increases the 

rate of a reaction without modifying the overall standard Gibbs energy 

change in the reaction.20 This substance, called catalyst, is both reactant 

and product and provides a new reaction mechanism with new transition 

states, displaying lower energy requirements. To understand the impact 

of catalysis in our society, one has to think that over 90% of industrial 

chemicals are obtained using catalysts.21 



Chapter 1 

12 
 

 

Figure 1.2. Scheme of a catalysis reaction coordinate path including reactant, transition state, and 

product.  

 

Catalysis can be classified in homogeneous and heterogeneous. 

The first one only involves one phase. This means that both reactants and 

catalyst are in solution. On the other hand, the heterogeneous catalysis 

reaction occurs at the interface or near, involving two phases. These 

catalysts are mostly solid-state surfaces or nanostructures, which have 

more freedom degrees than molecules in the gas. Hence, gas molecules 

trend to diffuse and interact with the surface of the catalyst forming 

bonds. Further recombination can take place in multiple steps, followed 

by the desorption of final products and diffusion.  

Heterogeneous catalysis is one of the pillars of industry given that 

not only allows some reactions to work but also improves the cost-

efficiency of them. Haber-Bosch process, used to synthetize ammonia 

from nitrogen and hydrogen gases using Osmium as catalyst, is probably 
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the most famous example of heterogeneous catalysis owing to it allowed 

a practically unlimited production of ammonia for fertilizers, and 

therefore, the growth on population of the Century 20th.22,23 Indeed, 

transition metals (TM) are considered the classical heterogeneous 

catalyst triggered by their intrinsic properties. These encompasses a large 

variety of oxidation states, an electronic structure with an incomplete d-

shell, being able to share or withdraw electrons from reactants. However, 

pristine metals are not the only with these properties: transition metal 

carbides and nitrides share these properties and are abundant and 

cheaper, being more affordable for industrial purposes. For these 

reasons, transition metal carbides and nitrides are being increasingly 

considered for CCU and CCS utilization24 and this is further considered 

in the present thesis. 

 

1.5 Transition Metal Carbides as catalyst 

Transition metal carbides and nitrides are widely known for their 

interesting and versatile features such as high melting points or 

superconductivity. These materials, which combine the physical 

properties of ionic crystals, covalent solids, and transition metal, show 

high melting temperatures and hardness. Presented by Levy and 

Boudart25 in 1973, these materials are comparable with the noble or Pt-

group metals. However, whereas transition metal carbides and nitrides 

present comparable catalytic properties, this group of materials are more 

abundant and cheaper, being thus, more affordable for industrial 

purposes. 
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Recently, a newly family of low-dimensional carbides and 

nitrides have been synthetized. The so-called MXenes,26,27 discovered by 

Michael Barsoum and Yury Gogotsi, present a two-dimensional 

structural framework, similar to graphene28 or boron nitride.29 MXenes 

show a versatile composition with the general formula Mn+1XnTx where 

n ranges from 1 to 3; M to an early transition metal; X carbon or nitrogen 

and Tx stands for the surface termination. Thus, these materials can 

display a large diversity of thickness and composition according to the 

used precursor: the MAX phase. Currently, there are more than 150 of 

these phases.30 

MAX phases are polycrystalline nanolaminates of ternary 

carbides and nitrides with Mn+1AXn formula, where M and X are the 

same as MXenes and A belongs to an element of the group 13 and 14. 

Here, the Mn+1Xn layers are stable but the M-A bonds are more 

chemically active. Hence, this layer can be removed with a selective 

etching and exfoliation, being the most common method the wet etching. 

On this top-down procedure, the etching agents are HF, LiF/HCl, or 

NH4HF2, and promotes the functionalization of MXenes with a mixture 

of -OH, -O and -F.31-33 Nevertheless, recent studies reported new alkali-

halides routes for the MXene synthesis. Here, termination is a halide 

(Tx= -Cl, -Br)32,33 and the bond M-T is weaker than the MXenes with -

OH, -O and -F terminations. Thus, these materials are suitable for the 

recently described post-processing strategy to obtain clean or bare 

MXenes, where the hydrogenation reaction is combined with high 

temperature to remove all terminations on the structure.33,34 
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 Thereby, MXene materials have shown a large variety of 

properties, including electronic, optical, mechanical, and chemical. 

Some application examples are electromagnetic interference shielding, 

energy storage and harvesting, biomedicine, sensors and catalysis. In 

fact, these materials are promising candidates for capturing CO2 and its 

subsequent conversion.35,36 

 

Figure 1.3. Scheme of formation of MXenes through the selective etching of the A layer. 
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1.6 The CO2 conversion challenge 

 As mentioned on section 1.3, CO2 is a feasible feedstock for 

many reactions of interest. For example, dry reforming of methane 

(DRM)37 produces syngas at high temperature and low pressures using a 

specific heterogeneous catalyst (cat.) 

𝐶𝑂2 + 𝐶𝐻4
𝑐𝑎𝑡.
→  𝐶𝑂 + 𝐻2𝑂 ΔH =  247 kJ mol

−1, 

 and dry reforming of ethanol (DRE)38 uses agricultural raw materials,  

𝐶𝑂2 + 𝐶2𝐻5𝑂𝐻
𝑐𝑎𝑡.
→  3𝐶𝑂 + 3𝐻2 ΔH =  297 kJ mol

−1 

or glycerol  

𝐶𝑂2 + 𝐶3𝐻8𝑂3
𝑐𝑎𝑡.
→  4𝐶𝑂 + 3𝐻2 + 𝐻2𝑂ΔH =  292 kJ mol

−1. 

However, there are some reactions that take advantage of this molecule 

as a first step to a larger process. Fischer-Tropsch process39 for example, 

hydrogenates the CO obtained from the RWGS reaction. 

The RWGS reaction is one of the most known examples to 

convert CO2 into more value-added chemicals, such as CO. Here, a 

catalytic process reduces CO2 into CO, a C-1 building block used for 

feedstock and fuels and the base of the so-called syngas mixture 

(CO:H2). 

𝐶𝑂2 + 𝐻2 → 𝐶𝑂 + 𝐻2𝑂 ΔH =  42.1 kj mol
−1 

 

However, the RWGS is not that simple, the mechanism presents 

three different competitive ways according to the formation of the first 
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intermediate. Thus, the paths are via redox, via associative formate 

(HCOO) and via associative carboxyl (COOH), see Figure 1.4. 

Moreover, it is important to note that the RWGS is an endergonic 

process, even though this can be modulated with high temperatures and 

H2:CO2 ratios.40 

Among the actual catalysts, thanks to this thermal stability and 

high oxygen mobility, iron-based catalysts are considered one of the 

most suitable catalysts for the reaction on high temperatures, whereas 

copper is the appropriate for the lower ones.41,42 However, transition 

metals such as Pt, Ni or Co have shown suitable performances towards 

the reaction43-45 and transition metal carbides and nitrides such as α- and 

β-Mo2C
46,47 have exhibit similar features. Nevertheless, the 

aforementioned MXenes show properties compatible with the reaction 

and may be interesting material to explore the RWGS mechanism. 

 

 

 

 

 

 

 

Figure 1.4. Reverse Water Gas Shift scheme process including the three reaction sequences. Black 

refers to redox, red to associative formate path (HCOO) and green, to associative carboxyl path 

(COOH). 
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Chapter 2 

  

 

The present chapter describes the theoretical background used in 

this Doctoral Thesis. This Chapter starts with a brief description of the 

Hartree-Fock (HF) and Density Functional Theory (DFT) methods, 

followed by the description of computational models considering 

extended crystalline structure and surfaces. Finally, Transition State 

Theory (TST) that encompasses the methodology used to find transition 

state is described. 

 

2.1 Schrödinger equation and the Hartee-Fock method 

The goal of quantum methods is to describe the electronic 

structure of matter with the resolution of the non-relativistic time-

independent Schrodinger equation. 

 

�̂� = 𝐸                                          (2.1) 

 

Herein, �̂� is the Hamiltonian of the system, which is a lineal 

differential operator that depends on the coordinates of electron – r –, 

the coordinates of nuclei –R– and the interaction between them. Thus, 

the Hamiltonian for N electrons and M nuclei can be expressed as
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where the first two terms belong to the kinetic energy of electrons and 

nuclei, the third term is the Coulomb interaction (i.e., interaction of the 

electrons with the nuclei), the last two terms stand for the repulsion 

between electrons and nuclei, respectively. Here, Mj is the ratio of the 

mass of nucleus j to the mass of an electron, and Zj the atomic number 

of nucleus j. 

To approach a solution of the time-independent Schrodinger 

equation it is customary to rely on the Born-Oppenheimer approximation 

(BOA).1 This is based on the fact that nuclei are much heavier than 

electrons (the electron mass is 1836 times smaller than the proton). 

Therefore, in a first step, the kinetic energy of the nuclei (second term) 

of the nuclei is neglected, the repulsion between nuclei becomes a 

constant (fifth term) and, for a given position of the nuclei, the resulting 

equation depends on the electron coordinates only. Thereby, the 

electronic Hamiltonian can be decomposed in kinetic energy of 

electrons, potential repulsion between electrons and between nuclei and 

electrons Eq. (2.3) 
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                      . 

The solution of electronic Hamiltonian in Eq. (2.3) leads to an N-

electron wave function depending parametrically on the position of the 

nuclei and to an electronic energy. Inserting the solutions of Eq. (2.3) in 

Eq. (2.1) shows that the electronic energy plus the nuclei repulsion 

correspond to the potential under nuclei motion takes place and leads to 

the important concept of potential energy surface. The solution of Eq. 

(2.3) is not a simple task as the motion of the electrons is correlated 

leading to a many-body problem. However, it is possible to find 

approximate solutions by assuming that electrons interacting with an 

average potential provided by the rest of electrons. This is the basis for 

the well-known Hartree-Fock (HF) method.2 

Hartree-Fock is a variational method which makes use of an 

approximate form of the N-electron wave function. In particular, the 

ground state wave function is approximated by a single Slater 

determinant built of spinorbitals, to ensure fulfilling the antisymmetry 

principle. The spinorbitals are one-electron wave functions and its form 

is obtained such it minimizes the expectation value of the electronic 

energy of the system.  

 

(�̂�𝐻𝐹 − 𝐸𝐻𝐹)𝜑𝐻𝐹 = 0                               (2.4) 
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In practice, spinorbitals are chosen as a variational linear 

combination of known functions that are considered a basis set. Thanks 

to the antisymmetry, the Hartree-Fock methods accounts for electron 

correlation between two electrons with the same spin, i.e., it includes the 

so-called Fermi hole but neglects the Coulomb hole. Thus, the energy 

found by the Hartree-Fock method, EHF, is higher than the exact energy 

of the ground state, E0 and the difference between them is the correlation 

energy of the system Eq. (2.5). 

 

𝐸𝑐𝑜𝑟𝑟 = 𝐸0 − 𝐸𝐻𝐹                                      (2.5) 

 

A significant number of methods exist that aim at including 

electron correlation in a more or less accurate way. Configuration 

Interaction (CI)3 uses a variationally derived lineal combination of Slater 

determinants build from the Hartree-Fock spinorbitals. Møller-Plesset4 

uses the perturbation theory to approach the CI coefficients while 

Couple-Cluster uses the linked cluster theorem. All post-Hartree-Fock -

methods provide accurate results of the electronic structure but at high 

computational costs, being expensive to current computational 

technology. Note also that, in general, Hartree-Fock and post-Hartree-

Fock methods neglects relativistic effects as they aim at solving the non-

relativistic Schrödinger equation. 
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2.2 Density Functional Theory 

 Density functional theory (DFT)5 is an alternative, broadly used, 

methods of termed ab initio even if it contains some parameters external 

to the theory and is best described as a first principles approach. DFT 

does not require the knowledge of the N-electron wave function and 

allows one to carry out electronic structure calculations and to approach 

the ground state energy of molecules, surfaces, and solids from the one 

electron density ̶ 𝜌(𝑟) ̶ only. This feature permits to treat larger systems 

than the Hartree-Fock and other wave function-based methods. In DFT, 

the ground state energy is determined by the ground state electron 

density  𝜌(𝑟) implying that the ground state energy is a functional of the 

density as expressed by Eq. (2.6) 

 

𝐸 = 𝑓(𝜌(𝑟⃗⃗⃗⃗ ))                                          (2.6)                                                       

 

with the constraint that the integral of 𝜌(𝑟)  over the total space must be 

the equal to the total number of electrons of the system and also that it 

must vanish when 𝜌 tends to infinite. This is:  

 

∫𝜌(𝑟)d𝑟 = 𝑁                                          (2.7) 

                                                      

𝜌(𝑟 → ∞) = 0                                        (2.8)                                                    
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Historically, DFT arises from the Thomas-Fermi model,6,7 which 

was the first to employ to calculate the kinetic energy as a functional of 

the density. However, modern DFT starts with the famed Hohenberg and 

Kohn theorems.8 

2.2.1 Hohenberg-Kohn theorems 

First reported in 1964, the Hohenberg and Kohn theorems provide 

the foundations of modern Density Functional Theory. The introduced 

two theorems states that: 

• First theorem: “The external potential 𝑉𝑒𝑥𝑡(𝑟) is (to within a 

constant) a unique functional of 𝜌(𝑟). Since, in turn 𝑉𝑒𝑥𝑡(𝑟) fixes 

the Hamiltonian we see that, in principle, the full many particles 

ground state is a unique functional of 𝜌(𝑟)”. 

• Second theorem: “The ground state energy can be obtained 

variationally. This is the density that minimizes the total energy 

is the exact ground state density”. 

The first theorem stablishes that the ground state electronic density 

cannot be derived from two different external potentials 𝑉𝑒𝑥𝑡(𝑟), only 

differing in a constant. Thus, for a given external potential, the total 

energy is determined by the ground state electron density the 𝜌𝑜(𝑟)  as  

 

𝐸[𝜌] = 𝑇[𝜌] + 𝑉𝑒𝑒[𝜌] + 𝑇𝑁𝑒[𝜌]                                (2.9) 

𝐸[𝜌] = ∫ 𝜌(𝑟)𝑉𝑒𝑥𝑡(𝑟)𝑑𝑟 + 𝐹𝐻𝐾[𝜌]                        (2.10) 

𝐹𝐻𝐾 = 𝑇[𝜌] + 𝑉𝑒𝑒[𝜌]                                          (2.11) 
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where 𝐹𝐻𝐾[𝜌] is the Hohenberg-Kohn functional, a universal functional 

involving an electron-electron interaction term 𝑉𝑒𝑒[𝜌] and a kinetic 

energy 𝑇[𝜌], the remaining nuclei-electron interaction term 𝑇𝑁𝑒[𝜌] is 

directly obtained from the external potential as shown in Eq. (2.9). The 

problem for practical applications is that 𝐹𝐻𝐾[𝜌] is unknow, an issue that 

was solved elegantly, not without approximation, by Kohn and Sham as 

described below. 

 

2.2.2 Kohn-Sham method 

Almost a year after the two main DFT theorems were proven, 

Walter Kohn and Lu Sham proposed a practical formalism to approach 

𝐹𝐻𝐾[𝜌].
9 This consists of introducing an auxiliar fictious system of non-

interacting electrons with the same 𝜌(𝑟) density of the real system. This 

allows to write the density from a set of independent one electron 

functions called the Kohn-Sham orbitals, 

 

𝜌𝐾𝑆(𝑟) =∑|𝜓𝑖(𝑟)|
2

𝑁

𝑖=1

                         (2.12). 

                                                . 

From the Kohn-Sham orbitals the kinetic energy term can be 

obtained as  
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1

2
∑〈𝜓𝑖(𝑟)|∇

2|𝜓𝑖(𝑟)〉

𝑁

𝑖=1

                   (2.13). 

Hence, Eq. (2.14) can be rewritten as 

 

𝐹𝐻𝐾 = 𝑇𝑠[𝜌] + +𝑉𝑒𝑒[𝜌] = 𝑇𝑠[𝜌] +  𝐽[𝜌] + 𝐸𝑥𝑐[𝜌]             (2.14) 

 

where 𝑇𝑠[𝜌] is the kinetic term of the non-interacting systems and, by 

analogy to the Hartree-Fock formalism, the 𝑉𝑒𝑒[𝜌] terms has been 

splitted into a 𝐽[𝜌] term corresponding to the classical Coulomb 

repulsion between the 𝜌 densities and the 𝐸𝑥𝑐[𝜌] term known as the 

exchange-correlation energy functional accounting for all missing 

interactions including exchange as electrons are fermions and no 

reference to the Pauli principle is made, correlation to correct the 

classical Coulomb interaction and, the difference between the real 

system and the non-interacting system kinetic energies. Note that this 

last functional exact form is unknown, but can be expressed as 

 

𝐸𝑥𝑐[𝜌(𝑟)] = 𝑇[𝜌] − 𝑇𝑠[𝜌] + 𝑉𝑒𝑒[𝜌] − 𝐽[𝜌]                (2.15), 

 

where 𝑇[𝜌] − 𝑇𝑠[𝜌] is the difference between the kinetic energy of the 

interacting and non-interacting system and 𝑉𝑒𝑒[𝜌] − 𝐽[𝜌] term, is the 

exchange-correlation distribution. 
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2.2.3 Exchange-correlation functionals 

As stated in section 2.2.2, the exact form of 𝐸𝑥𝑐[𝜌] is unknown, 

but several approaches have been proposed to describe an approximation 

of it. These functionals are classified by the relation 

accuracy/computational cost and are gathered in the so-called Jacob’s 

Ladder of functional improvements,10 being the last step the “divine” or 

universal functional.  

The first step on the Jacob’s Ladder and the simplest to calculate 

the 𝐸𝑥𝑐[𝜌] is the Local Density Approximation (LDA), where is assumed 

that the density can be treated locally as that of a homogeneous electron 

gas of uniform density. This functional have shown suitable performance 

for some properties of metallic systems such as bond lengths and lattice 

parameters. Nevertheless, the lack of accuracy of non-homogeneous 

systems and the overestimation of bond energies have some 

disadvantages. Vosko-Wilk-Nusair (VWN)11 and Ceperly and Adler 

(CA)12 are some forms of this functional. 

The Generalized Gradient Approximation (GGA) was developed 

as an improvement to the LDA functionals, being thus, the next level in 

the Jacobs Ladder. This level of approximation adds the gradient of the 

density, ∇𝜌 , to the density itself, accounting the non-homogeneity of the 

real electron density and allowing a semilocal approximation. Perdew-

Wang 9113 and its successor, Perdew-Burke-Erzenhof (PBE)14 are some 

of the most common functionals of this group, free of parameters fitted  
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Figure 2.1. Jacob’s ladder of functional improvements. Climbing up the ladder accuracy and 

computational costs increases.  

 

to experiment but containing parameters derived from mathematical 

constraints. The PBE functional has been modified several times in order 

to improve its performance for some systems (e.g., PBEsol15 for solids 

or RPBE16 for adsorption of small molecules on metallic surfaces).  

The next step of the ladder belongs to the Meta-Generalized 

Gradient Approximation (meta-GGA), an extension of GGA, 

introducing the Laplacian of the density in addition to the density and its 

gradient. However, these functionals do not improve to a large extent the 

accuracy with respect the description of extended transition metal 

systems. Some proposed forms are the Tao-Perdew-Staroverov-Scuseria 

(TPSS)17 or the Perdew-Kurth-Zupan-Blaha (PKZB).18 
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Finally, hybrid functionals are on the last step and are based on a 

mix of the explicit form of non-local HF and DFT exchange. Usually, 

these hybrid functionals have been parametrized with experimental 

properties data and, in general, the description of molecular systems is 

improved but that of delocalised systems such as metals19,20 are less 

accurate. 

The calculations reported in this Thesis have been carried out 

using a GGA approach based on the PBE exchange correlation 

functional. This functional has been proven to be suitable to describe the 

properties of bulk, surface transition metals,21-23 and more importantly 

MXenes.24-26 All these calculations have been carried out using as non-

polarized configurations. 

2.2.4 Plane-wave basis 

In all electronic structure methods, the electron density is 

described by a basis set that is used to represents the one electron wave 

functions or orbitals. One type of basis sets, especially well-suited for 

the treatment of periodic systems, is the one employing plane-waves 

(PW). These are implemented in the code employed on this Doctoral 

Thesis, Vienna Ab Initio Simulation Program (VASP).27-29  

As said, plane wave functions are commonly used in calculation 

of periodic systems and their general form is  

 

𝑃𝑊 = 𝑒𝑖𝒌𝒓                                           (2.16) 
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where k is the plane wave vector and r the position one. Even though 

their use is advantageous, both for their periodicity properties and 

affordable computational cost, a large number of plane waves is needed 

to describe all the system electrons accurately. To solve this 

inconvenience, the number of electrons selected to be represented by the 

plane waves may reduce, thus decreasing the computational cost but 

without losing accuracy thanks to the use of pseudopotentials. This is 

possible because electron in a given atom can be separated into core 

electrons, those not involved in processes of breaking/making bonds, and 

valence electrons responsible for the chemistry. Thus, the core electrons 

can freeze at their atomic form during calculations or the effect of the 

corresponding density into the valence density of a systems represented 

by pseudopotentials or effective core potentials. 

There are different types of pseudopotentials, being the ultrasoft 

potentials,30 norm-conserving pseudopotentials31 and, the projected 

augmented wave (PAW) potentials,32 those mostly employed in 

calculations for periodic systems. The calculations reported in this 

Thesis have been carried out with the PAW pseudopotentials which are 

proven to provide accurate results for a broad range of systems. 

 

2.3 Periodic solids 

Crystalline solids are described as an ordered periodic structure 

of atoms. The periodic symmetry allows to reproduce the totality of the 

solid from a translational repetition of a given motif, known as unit cell, 

in the three-dimensional space. The unit cell is forming the atomic base 
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containing a certain number of atoms and the periodic symmetry depends 

on how this is replicated in space. As a consequence, to approximately 

solve the Schrödinger equation for the atoms in the unit cell, the electron 

density or wavefunction must remain invariant when applying a 

translational operator (�̂�) defined by the three orthogonal vectors of the 

crystalline lattice 

 

�̂� = 𝑛1𝑎 + 𝑛2𝑏 + 𝑛3𝑐                           (2.17), 

 

describing an infinite array of discrete points called the Bravais lattice. 

The irreducible unit cell that can describe a periodic solid is the primitive 

cell.  

The most common unit cells encountered in many materials are 

body-centered cubic (bcc), face-centered cubic (fcc) and, hexagonal 

closed packed (hcp). fcc and hcp have the same packing efficiency, being 

the highest of all possible structures, although these structures differ in 

the stacking (ABA for fcc and ABC for hcp). The most used structure in 

this Thesis is the hcp, a feature of the MXene structure.33 

 

2.3.1 Reciprocal space 

To properly describe the atomic and electronic structure of 

periodic systems, it is necessary to introduce and make use of the 

reciprocal space. This, is a mathematical construction related to the real 
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space, defined by the unit cell vectors of Eq. (2.17), a, b and c, in their 

translated form, a’, b’ and c’ that satisfies: 

 

𝒂′ = 2𝜋
𝒃 × 𝒄

𝒂 · (𝒃 × 𝒄)
;  𝒃′ = 2𝜋

𝒂 × 𝒄

𝒃 · (𝒂 × 𝒄)
; 𝒄′ = 2𝜋

𝒂 × 𝒃

𝒄 · (𝒂 × 𝒃)
(2.18). 

 

Hence, the vectors on the reciprocal space can be presented as 

 

𝑫 = 𝑚1𝒂′ + 𝑚2𝒃′ + 𝑚3𝒄′                              (2.19)       

 

being mi integers. Further, the description of the real unit cell can be done 

with the corresponding unit cell in the reciprocal space. This is called 

Wigner Seitz cell or first Brillouin zone which volume is equal to 

(2𝜋)3/𝑉𝑐 , being 𝑉𝑐 the volume of the real space. Therefore, the volumes 

of direct and reciprocal unit cells are inversely proportional, meaning 

that the larger the real unit cell, the smaller in the reciprocal lattice. 

Thus, in a periodic system where the one electron wavefunctions 

can be described as a combination of plane waves with vectors which are 

reciprocal to those of the direct lattice, the use of the reciprocal lattice 

has advantages as discussed in 2.3.2. 
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2.3.2 Bloch’s theorem 

Bloch’s theorem34 shows that it is possible to use the reciprocal 

space and plane waves to describe the periodic system. This theorem 

states that the values of all observables of the unit cell are equal for the 

Bravais lattice equivalent positions. Therefore, the potential in a given 

position of the unit cell, r, remains equal in an equivalent position in a 

replicated cell, r + R, obtained by the translational operator in Eq. (2.17) 

 

𝑉(𝑟) = 𝑉(𝑟 + �⃗⃗�)                              (2.20) 

 

Satisfying Eq. (2.20) for a periodic system, the electronic wave 

functions can be expressed as 

 

Ψ𝑖(𝑟) = 𝑒
𝑖𝑘𝒓𝜐𝑖(𝑟)                                 (2.21) 

 

where 𝑒𝑖𝑘𝒓 is a plane wave and 𝜐𝑖(𝑟) a periodic function for the Bravais 

lattice that can be expressed as 

 

𝜐𝑖(𝑟) =∑𝐶𝑖,𝑫𝑒
𝑖𝑫𝒓

𝑫

                        (2.22) 
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where D is the reciprocal vector of Eq. (2.19). Combining Eq. (2.21) and 

Eq. (2.22) 

Ψ𝑖(𝑟) =∑𝐶𝑖,𝑘+𝑫𝑒
𝑖(𝑘+𝑫)𝒓

𝐷

                              (2.23). 

 

Each plane wave of this linear combination is characterized by a 

kinetic energy, 
|𝑘+𝐷|2ℎ

2𝑚
. Therefore, the plane wave set can be defined by 

the kinetic energy, varying thus the number of plane waves and with this, 

the description of the observables of the system. 

 

2.4 Extended Surfaces 

A given periodic system can be represented as a packing of 

atomic planes and cleaving the material at one of these planes leads to 

well defined surface. Crystal planes and the corresponding surfaces can 

be described by Miller indices as described below. 

 

2.4.1 Miller indices 

Miller indices are used to name the combination of three non-

colinear points of the Bravais lattice or planes. These indices are defined 

by the inverse of three points, x, y and z, which are the intersection 

between this defined plane and the coordinate axis. Then these indices 

are multiplied by the least common multiple. 
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ℎ =
1

𝑥
 ; 𝑘 =

1

𝑦
; 𝑙 =

1

𝑧
                                 (2.24) 

 

For example, for x = 3, y = 1, and z = 2, h is 1/3, k is 1 and l is ½ 

and therefore, when multiplying by the least common multiple, the 

Miller indices are (263). It is important to note that if there is no 

intersection between the plane and the coordinate axis, the value of the 

Miller indices is 0. Figure 2.2 display the most common planes of the 

cubic Bravais lattice, (100), (110) and (111) as an example. 

 

 

 

  

2.4.2 Surface models 

To theoretically study a solid surface, a model is needed. In the 

present Doctoral Thesis, we make use of the periodic slab model is used. 

Here, a slab is built from the bulk unit increasing the dimension of the 

plane of interest and adding a vacuum zone (≤10 Å), to avoid interactions 

between periodically repeated replicas. These slabs contain a large 

Figure 2.2. Miller indices planes of the Bravais lattice. From left to right, (100), (110), and (111). 
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number of atomic layers to correctly describe the bulk material and 

surface properties. Usually, to carry out adsorption calculations, the 

bottom layers of the slab are fixed while the remain layers are allowed 

to relax. Thus, the bulk environment and the surface atoms are simulated. 

Figure 2.3 shows an example of slab cell. 

 

 

 

 

 

 

 

 

2.5 Transition State Theory 

In the study of the mechanisms of chemical reactions, the 

structures of reactants and products correspond to the optimized minima 

of the Potential Energy Surface (PES). However, the reactions proceed 

through an intermediate structure called the transition state, an activated 

complex formed from reactants which corresponds to a saddle point of 

the PES. Thus, for a reaction coordinate, their energy is maximum whilst 

Figure 2.3. Representation of a four-layered face- centered cubic (100) slab cell with 10 Å of vacuum Dark spheres 

correspond to fixed layers. 
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for the rest, are minima. Additionally, this transition state must satisfy 

two conditions. First, the gradient of the energy with respect the 

coordinates of all atoms must be zero and second, the Hessian matrix 

must have one negative eigenvalue along the reaction coordinate which 

corresponds to the path between reactants to products. Both methods 

have been simultaneously used in the present Thesis to identify the 

transitions states of the Reverse Water Gas Shift (RWGS) catalysed by 

Mo2C MXene as described in Chapter 6. 

2.5.1 Climbing-Image Nudged elastic band method 

Climbing-Image Nudged elastic band method (CI-NEB) is one of 

the proposed algorithms to find transition states.35 Here, using the 

structures of reactants and products, I0 and IN, a set of images, (I0, I1, I2, 

…, IN), is generated. This set, connected by spring forces, is constrained 

by the same chain of springs linking them (Figure 2.4). Hence, the 

structures do not evolve towards a minimum and the structure with the 

highest energy shifts until finding the correct transition state. However, 

it is important to note this method requires a doble check regarding the 

path selected, due to the possibility of not being the lowest energy path. 
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Figure 2.4. CI-NEB schematic representation. Black spheres represent the initial and final state, 

blue spheres the intermediate images and, red sphere, the found transition state. 

 

 

2.5.2 The Dimer method 

The Dimer method is the other algorithm proposed to find 

transition states.36,37 Unlike the CI-NEB method, this methodology 

recalls to two images of the same system, practically the same, but 

displaced a fixed distance. From the initial state to the saddle point, the 

dimer moves through the PES rotating. This is to find the potential 

energy lowest curvature mode, which once found, the dimer follows its 

direction. In comparison with the CI-NEB, the Dimer methods requires 

less previous information and computational effort, given that is not 

needed the pathway of the reaction. 
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Chapter 3 

  

The present chapter is focused on the multiscale approaches 

carried out on this Doctoral Thesis. Firstly, a description of the Kinetic 

Phase Diagrams is presented, followed by the Microkinetic Modelling 

employed to describe the Reverse Water Gas Shift reaction as shown on 

Chapter 6. These methods represent a practical approach to estimate the 

performance of a reaction promoting reliable results from computational 

inputs. 

 

3.1 Kinetic Phase Diagrams 

 The framework of the transition state theory (TST)1,2 is employed 

to build the kinetic phase diagrams through the analysis of adsorption 

and desorption rates. This allows us to access to temperature and pressure 

conditions when both rates are equal, stablishing regions of activation 

and deactivation of those molecules susceptible to interact with 

substrates. The construction of these phase diagrams requires the 

analysis of the potential energy surface exploring the activation of CO2 

where the adsorption energy is the main descriptor.  
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3.1.1 Adsorption energy and Zero Point Energy 

The adsorption energy (𝐸𝑎𝑑𝑠) is defined as the delivered energy 

when molecules or single atoms are chemically adsorbed on one 

particular surface,3 as the MXene surfaces. This energy is achieved as 

follows, 

 

𝐸𝑎𝑑𝑠 = 𝐸𝑠𝑦𝑠𝑡𝑒𝑚 − (𝐸𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 + 𝐸𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒)               (3.1) 

 

In Eq. (3.1), 𝐸𝑠𝑦𝑠𝑡𝑒𝑚 corresponds to the total energy of the system 

containing the slab model representing the surface and the specie 

(molecule or single atom) anchored; the 𝐸𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 term stands for the 

energy of the pristine surface model and, 𝐸𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒 is the energy of 

molecule or single atom in its gas phase configuration. According to this 

definition the adsorption is exothermic or energetically favorable when 

𝐸𝑎𝑑𝑠 < 0. Precise 𝐸𝑎𝑑𝑠 requires the inclusion of the contribution of the 

zero-point energy (ZPE) term. This term considers the contribution of 

the vibrations at 0 K of the molecule in its adsorbed and isolated 

configurations. The ZPE energy is described as follows: 

 

𝑍𝑃𝐸 =
1

2
∑ ℎ𝜈𝑖

𝑖
                                           (3.2) 

                                                     

where ℎ is the Planck constants and 𝜈𝑖 stands for the vibrational 

frequencies of species. Based on Eq. (3.2), one can define the ∆𝑍𝑃𝐸 term 
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as the difference between the ZPE contribution of an adsorbed and gas 

phase species.  

 

∆𝑍𝑃𝐸 = 𝑍𝑃𝐸𝑎𝑑𝑠 − 𝑍𝑃𝐸𝑔𝑎𝑠 𝑝ℎ𝑎𝑠𝑒                      (3.3) 

 

We note that all energies of the present document are 

systematically corrected with the ∆ZPE term as defined in Eq. (3.3). 

 

3.1.2 Kinetic rate constant 

To obtain the kinetic rates, the TST approach is used. The Eyring, 

Evans and, Polanyi equation4,5 defines the rate for a unimolecular 

elementary reaction described as 

 

𝑟 =
𝑘𝐵 · 𝑇

ℎ

𝑄𝑇𝑆

𝑄
𝑒
−𝐸𝑎

𝑘𝐵·𝑇
⁄

                                (3.4)  

                                                

here, 𝑄𝑇𝑆 and 𝑄 are the partition functions of the transition state (TS) 

and the initial state, respectively. The Ea term corresponds to the 

activation energy, ℎ  and kB are the Planck and Boltzmann constants and, 

T is the temperature. The kinetic rate of adsorption, rads, is defined by the 

Hertz-Knudsen6,7 equation as follows, 
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𝑟𝑎𝑑𝑠 =
𝑆0 ·  𝑝𝑋 · 𝐴

√2 · 𝜋 · 𝑚 · 𝑘𝐵 · 𝑇
                                             (3.5) 

 

where  𝑆0 is the sticking coefficient, 𝑝𝑋 stands for the partial pressure of 

the molecule x adsorbed on the surface, 𝐴  corresponds to the area of an 

active adsorption site, m relates to the mass of the molecule adsorbed on 

the studied surface, kB is the Boltzmann constant and finally, 𝑇 recalls 

for the temperature. 

On the other hand, the desorption rate rdes, also estimated from 

the TST, assumes the transition state for the desorption process close 

enough to the final state and thus, with the desorption energy, the energy 

barrier can be estimated as 

 

𝑟𝑑𝑒𝑠 = 𝜈𝑑𝑒𝑠 · 𝑒𝑥𝑝 (
𝐸𝑎𝑑𝑠
𝑘𝐵·𝑇

) 

; 

𝜈𝑑𝑒𝑠 =
𝑘𝐵·𝑇 · 𝑞𝑡𝑟𝑎𝑛𝑠,2𝐷

𝑔𝑎𝑠
· 𝑞𝑟𝑜𝑡
𝑔𝑎𝑠
· 𝑞𝑣𝑖𝑏
𝑔𝑎𝑠

𝑞𝑣𝑖𝑏
𝑎𝑑𝑠                    (3.6), 

 

where 𝜈𝑑𝑒𝑠 englobes the partition function of the molecule in a 2D 

transition state, 𝐸𝑎𝑑𝑠 is the adsorption energy presented in Eq. (3.1) and 

kB is the Boltzmann constant and 𝑇 is the temperature.  

Thus, the rotational, translational, and vibrational partition 

function are needed. Rotational partition function can be calculated as 
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𝑞𝑟𝑜𝑡 =
8𝜋2𝐼𝑘𝐵𝑇

ℎ2
                                       (3.7) 

 

where I is the rotational moment of inertia in the three directions, kB is 

the Boltzmann constant, T is the temperature and h, the Planck constant. 

Regarding the translational moment of inertia, it can be calculated as  

 

𝑞𝑡𝑟𝑎𝑛𝑠 =
𝐿√2𝜋𝑚𝑘𝐵𝑇

ℎ
 

                           (3.8) 

 

where L is the length of the translation and m, the mass of the particle. 

Last, the vibrational partition function can be calculated using the 

frequencies of the vibration modes, , with the following equation 

 

𝑞𝑣𝑖𝑏 =
1

1 − ex p (−
ℎ𝜔
𝑘𝐵𝑇

)
                              (3.9). 

 

Combining Eqs. (3.6), (3.7), (3.8) and (3.9), the desorption rate 

results in 
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𝑟𝑑𝑒𝑠 =
𝑘𝐵 · 𝑇

3

ℎ3
𝐴2𝜋𝑚𝑘𝐵𝑇

𝜎Θ𝑟𝑜𝑡
𝑒
−∆𝐸𝑑𝑒𝑠

𝑘𝐵·𝑇
⁄

                  (3.10)  

 

where σ is the symmetry number of the molecule and Θ𝑟𝑜𝑡 the 

characteristic temperature of rotation. 

To analyse the crossover between the adsorption and desorption 

of the system anchored on the substrate, the rates have to be equal at a 

certain condition of pressure and temperature,  

 

𝑟𝑎𝑑𝑠 = 𝑟𝑑𝑒𝑠                                              (3.11) 

 

as a dynamic equilibrium defined by a partial pressure of the molecule 

(𝑝𝑋) and temperature. As it, a set of pressure and temperature are 

obtained, the needed inputs to build the kinetic phase diagram, as shown 

in Figure 3.1. Selecting a grid of temperatures and pressures allows one 

plotting the kinetic phase diagrams shown Figure 3.2. 
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Figure 3.1. Illustration of the evolution of adsorption and desorption rates with the temperature. 

The temperature at which rads=rdes corresponds to a certain pressure. 
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3.2 Microkinetic modelling 

The microkinetic analysis of a reaction is a technique used to 

predict the result of complex chemical reactions under different 

conditions and is performed on a multi-step model, encompassing the 

different routes available for the reaction. Thus, these simulations allow 

the identification of critical properties for catalyst design8 such as 

reaction kinetic data for reactor design from a computational viewpoint. 

Exploiting DFT calculations and through the TST formalism described 

earlier, these results can be used to compute several parameters required 

Figure 3.2. Example for Kinetic Phase Diagram for adsorption/desorption of a certain molecule 

on a surface. The color scheme denotes the three possible scenarios present: Adsorption of the 

molecule in dark green, an intermediate situation in light green and, non-adsorption in white. 
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to perform the microkinetic analysis. These include the initial energy of 

the system, the energy of the transition states of the elementary reaction 

steps explored, the final state energy of these elementary steps, electronic 

activation energies (Ea) in both backward and forward directions and 

kinetic constants. Note that the Ea is obtained as follows 

 

𝐸𝑎 = 𝐸
𝑇𝑆 − 𝐸𝐼𝑛𝑖𝑡𝑖𝑎𝑙/𝐹𝑖𝑛𝑎𝑙 𝑆𝑡𝑎𝑡𝑒                 (3.12). 

 

It is important to distinguish the type of the elementary reaction. 

For example, a bimolecular catalytic reaction composed by two reagents 

(A and B) and one product (C) performing the reaction, 2A + B2 → 2C 

present the following elementary reaction steps: 

 

A + * ⇄ A*                                           Adsorption 

B2 + 2* ⇄ B*                                            Adsorption 

A* + B* ⇄ C* + *                          Surface Reaction 

C* ⇄ C + *                                            Desorption 

 

To compute the rate constants, the Eyring Eq. (3.4) is used for the 

surface reaction. For adsorption and desorption elementary steps, the 

Hertz-Knudsen Eqs. (3.5) and (3.10) are employed, and thus, kinetic 

Figure 3. Example for bimolecular reaction. A, B and C, denotes gas phase molecules.  
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constants can be obtained. Note that the equations used ( Eq. (3.4), Eq. 

(3.6) and, Eq. (3.10) ) are the same as presented in section 3.1.  

Using these parameters, and through the evaluation between two 

selected temperatures and a chosen time, a set of data is obtained 

regarding the performance of the evaluated reaction. Variation of the 

surface coverage, production rates, or turn over frequency (TOF), which 

is the measure of the instantaneous efficiency of a catalyst or their 

performance in catalysis, are some results of the simulation. 

To obtain these parameters, a set of ordinary differential 

equations (ODEs) must be resolved. For every elementary reaction step, 

there are two elementary reaction equations (2E) present one forward 

and one backward. Thus, using the equation 

 

𝜕𝜃𝑗

𝜕𝑡
=∑(𝜈𝑖,𝑗𝑘𝑖∏𝜃

𝑞,𝑖

𝜈𝑞,𝑖

𝑁𝑗

𝑞

)

2𝐸

𝑖

                               (3.13) 

 

where 𝜃𝑗  is the superficial concentration of the species j, 𝜈𝑖,𝑗 the 

stoichiometric coefficient for the elementary step reaction i, 𝑘𝑖 belongs 

to the rate constant for the reaction i, and 𝜃𝑞,𝑖 and 𝜈𝑞,𝑖 are the 

concentration and the stoichiometric coefficient of q in the reaction i, 

how the concentration of the compound varies respect time is obtained. 

For the example presented in Figure 3.3, the equations are 
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𝜕𝜃𝐴
𝜕𝑡
= 𝑘1,𝑎𝑑𝑠𝜃∗ − 𝑘1,𝑑𝑒𝑠𝜃𝐴 − 𝑘3,𝑓𝜃𝐴𝜃𝐵 + 𝑘3,𝑏𝜃𝐶𝜃∗ 

𝜕𝜃𝐵
𝜕𝑡

= 2𝑘2,𝑎𝑑𝑠𝜃∗
2 − 2𝑘2,𝑑𝑒𝑠𝜃𝐵

2 − 𝑘3,𝑓𝜃𝐴𝜃𝐵 + 𝑘3,𝑏𝜃𝐶𝜃∗                               (3.14) 

𝜕𝜃𝐶
𝜕𝑡

= 𝑘4,𝑎𝑑𝑠𝜃∗ − 𝑘4,𝑑𝑒𝑠𝜃𝐶 + 𝑘3,𝑓𝜃𝐴𝜃𝐵 − 𝑘3,𝑏𝜃𝐶𝜃∗ 

𝜕𝜃∗
𝜕𝑡
= −𝑘1,𝑎𝑑𝑠𝜃∗ + 𝑘1,𝑑𝑒𝑠𝜃𝐴 − 2𝑘2,𝑎𝑑𝑠𝜃∗

2 + 2𝑘2,𝑑𝑒𝑠𝜃𝐵
2 + 𝑘3,𝑓𝜃𝐴𝜃𝐵

− 𝑘3,𝑏𝜃𝐶𝜃∗ − 𝑘4,𝑎𝑑𝑠𝜃∗ + 𝑘4,𝑑𝑒𝑠𝜃𝐶  

and when solved, the solution is presented by the steady state 

 

{
𝜕𝜃𝑗

𝜕𝑡
= 0} , for all 𝑗                                            (3.15) 

 

Here , kb and kf stands for backward and forward reaction rates. 

It is important to note that to calculate the first derivatives with 

respect time some parameters must be added to settle the boundary 

conditions of the system. These include adsorption area, molecular mass, 

rotational temperature and adsorption energy, among others. 

Thus, an example of variation of the surface coverage as a 

function of temperature is presented hereunder. Here, increasing the 

temperature, the coverage of A* decreases and B* increases, obtaining 

henceforth, C*. Heating the reaction. B* and C* decreases and *, the free 

sites, increases. This means that a low temperature the surface is full 

covered in A* and not enough of B* and therefore, the reaction cannot 
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take place. With higher temperature, A* decreases the coverage and the 

reaction go forward. Finally, when the reaction is completed, C* desorbs, 

and the surface becomes pristine. 

 

 

Figure 3.3. Example of surface coverage as a function of temperature. Increasing the temperature, 

the coverage of A*, in blue, decreases and the free sites, in red, increases. Coverage for B* and 

C* increases and decreases meaning that the reaction is done and C* has been desorbed. 
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Figure 3.4. Example of production rate of C, red, as a function of temperature. Blue and green 

represents the consumption rates of A and B.  

 

Figure 3.4 shows an example for the simulation of the reaction 

rates for the 2A + B2 → 2C reaction. Here, the production rate of C is 

the same as the rate of consumption of A and the rate of B, is 

approximately half of B, according to the stoichiometry of the reaction. 

It is important to note that the production and TOF on these simulations 

are equivalent. 

However, a more complex analysis can be done. Exploiting the 

possibility of performing infinite microkinetic analysis, a three-variable 

plot called heating map, pressure vs. temperature vs. production or TOF 

presents an easy way to identify the optimal conditions of pressure and 

temperature where the reaction has the best production. Figure 3.5 shows 
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an example of this heatmap. Green areas present lower TOFs than the 

yellow ones, meaning that to obtain the better production for the reaction, 

one has to increase the temperature and pressure conditions of the 

system. 

 

Figure 3.5. Example of a heatmap of TOF under different T and p conditions for the studied 

reaction. Units for pressure, temperature, and TOF are bar, K, and molecules·site−1·s−1.
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Chapter 4 

 

4.1 Introduction  

MXenes are potential materials for CCU and CCS due to the exposed 

surface area, great stability and versatile composition and the fact that 

are able to capture and activate CO2 under certain conditions through a 

charge transfer from the MXene surface towards the molecule. Thus, a 

large series of carbon-based MXene compounds, such as functionalized 

MXenes1-3, MXene composites4 and MXenes with vacancies,5 have been 

investigated with promising results. Given that transition metal nitrides 

have been proven to share properties with their carbon homologous, the 

resemble showed by nitrogen based MXenes present an appealing 

alternative for these carbon capture purposes and thus, the motivation of 

this study is to investigate the CO2 adsorption on bare nitride MXenes.6 

The adsorption of CO2 molecule is carried out through periodic 

density functional based calculations on the nine early transition metal 

nitrides, including different thickness (three, five, and seven layers).  The 

adsorption and desorption rates labelled as rads and rdes are calculated 

through the Hertz-Knudsen equation and TST.7,8 This allows us 

accessing to the kinetic phase diagrams to quantify the crossover 

between CCS and non-CCS.
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4.2 Main Results 

To study the adsorption trends of the CO2 molecule on the nitride 

MXenes , the analysis of the variation of the CO2 adsorption energy with 

respect to the composition and thickness is performed. First, the most 

favorable adsorption sites are found, being these similar to the 

conformations present on the M-terminated TMC (111). Regarding the 

TMC(001) surface, conformations that present the CO2 molecule are 

different to the TMC(111). 

Thus, results show that MXene, report highly exothermic 

adsorptions, being the d2-(Ti, Zr and, Hf) the ones that exhibits the 

stronger adsorptions, followed by the d3-(V, Nb and, Ta) and d4-(Cr, Mo 

and, W), see Figure 4.1. Thus, MXene with M3N2 stoichiometry display 

larger values than their M2N counterparts, being the most differentiable 

case the d2-metals, being their values above -3.5 eV.  
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Figure 4.1. CO2 adsorption energies, Eads, on MXene and TMN surfaces. Colors indicates the 

interaction strength between CO2 and the substrates, given in eV. Yellow corresponds to the 

weakest and dark blue the largest  interaction. Values below the label of atoms correspond to the 

most favorable adsorption energies on the corresponding substrate. 

However, analysing each metal individually, one can see that 

increasing the thickness of the MXene, the CO2-philicity highly 

increases in the Nb- and Ti-MXenes, slightly Ti-, Zr-, Hf- and Mo-

MXenes and W-nitride MXenes follows a totally opposite trend: 

increasing the thickness, the CO2-philicity decreases. 

Regarding the TMN (001) and TMC(111), results show that  

TMC (111) exhibits the expected values, being more active than the 

TMC(001) by far and behaving like their MXene counterparts. Note that 

the TMC CrN, MoN and WN present some superficial deformations on 

the presence of CO2. 

Being the adsorption energy of the MXene (0001) accompanied 

by an appreciable charge transfer from the surface to the CO2 molecule, 
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the topological Bader Charge is computed to explore whether this charge 

transfer is coupled to an adsorption energy with an activation of the CO2. 

Here, the vast majority of substrates show values on the -2.5 to -1.0 eV 

and -1.75 to -0.9 eV range, performing observable trends without a 

quantitative relationship. Thus, TMC(111) show similar trends that the 

MXene (0001) surface given the structural resemblance. By contrast, 

TMC(001) show no clear trend except that small Q values are coupled 

with small Eads, being expected with the low reactivity of TMC(001). 

Finalizing the adsorption trends block, the comparison between 

the  Eads of nitrides and carbides is performed. Results show that M2N 

and M4N3 MXenes feature a lower CO2-philicity than their carbide 

counterparts and M3N2 MXenes performs the opposite showing a larger 

affinity for the CO2 molecule than their carbide counterpart M3C2. 

Kinetic phase diagrams show the pressure/temperature regions 

where the CO2 molecule adsorption or desorption prevails. Thus, these 

diagrams  perform a zone dominated  by adsorption and relevant to CCS 

located at low temperatures, a transition zone where exhibit the 

competition of  adsorption and desorption and finally the desorption 

dominated zone where CO2 does not adsorb at all. These zones are 

orange, light orange and, white, respectively.  

Here, Cr, Mo, and W-derived MXenes exhibit the most suitable 

pressure/temperature ranges to act as CO2 collector given the feasible 

mild conditions and the affordable release by heating below 500 K. 

MXenes with the higher adsorption energies, Ti- and Hf-, although, 

exhibits the most suitable pressure/temperature ranges to act as a trap for 

the CO2 , being suitable for CCS purposes. 
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Figure 4.2. Kinetic phase diagrams for CO2 adsorption/desorption on the (0001) MXene surfaces. 

The crossover among the dashed lines indicates the conditions of CO2 partial pressure (e. g. 

combustion:100 kPa, exhaust: 15 kPa, and air: 40 Pa,) and room temperature (300 K).  Color 
defines three p scenarios CCS, non-CCS and an intermediate situation that are depicted with 

orange, white, and light orange, respectively. 
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4.3 Publication 1 

 

Adsorption and Activation of CO2 on Nitride 

MXenes: Composition, Temperature, and 

Pressure Effects 
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4.4 Conclusions 

The interaction of CO2 with nine-transition metal nitrides (M=Ti, Zr, 

Hf, V, Nb, Ta, Cr, Mo, and W), TMN (001) and (111), and their low-

dimensional counterparts, MXenes, with different thickness M2N, M3N2 

and, M4N3 has been carried out. Calculations show that the composition 

of the material influences on the CO2-philicity of the sample while the 

thickness presents a low effect. The results prior presented lead to the 

following conclusions: 

• d2-MXenes, Ti, Zr and Hf, present the most exothermic 

adsorption energies followed by d3-MXenes (V, Nb and Ta) and 

d4-MXenes (Cr, Mo and W). 

• The increase of the thick of the structure slightly affect this trend. 

However, d3- Nb- and Ta-MXenes are widely affected by the 

thickness increase, whereas V- and d4 Cr-MXenes are not 

affected at all. 

• CO2 affinity decreases by increasing the thickness on W-derived 

MXenes. 

• The similarities between TMN(111) and MXene surfaces also 

implies resemblances towards CO2 adsorption. 

• Kinetic phase diagrams show diagrams with smaller regions or 

lower CO2-philicity when the adsorption energies are small. In 

the other hand, larger adsorption energies exhibit larger CCS 

conditions, suitable for trapping CO2. 

• CO2 affinity of MXenes can be controlled by the composition and 

thickness of the material. 
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Chapter 5 

 
5.1 Introduction  

Usually, MXene materials present a layered hexagonal structure 

which comes directly from the MAX phase.1 In principle, the ABC 

stacking is the most stable one in MXenes.2 Recently, Gouveia et al.3 

performed a computational study showing that carbide and nitride 

MXenes can display two different stackings arising from a phase 

transition, where the C-layer shifts to the A-layer position, with the 

consequence of the narrow of the structure. This analysis found out Cr-, 

Mo-, and W-derived MXenes are energetically more stable in their ABA 

stacking sequence. Pristine Mo2C exhibits these two competitive crystal 

structures with an addressable energy barrier and, given the fact that how 

the structure can influence on their adsorption properties is not well 

understood, the motivation of this study is to understand the possible 

effect of stacking on the carbide MXenes. 

To fulfil this, adsorption properties of ABA and ABC slabs of 

Mo2C MXene are studied through periodic density functional based 

calculations of a group of chosen probe molecules, CO, CO2, and H2O. 

Thereby, substantial differences are present between the different 

stackings that could be used to provide information about the crystal 

structure through the IR vibration of the active molecules on the surface.
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5.2 Main results 

To analyse the adsorption properties of the different slabs of 

Mo2C MXene, four different structures are used: 1T and 2H (ABC and 

ABA), the conventional structures of the Mo2C MXene and their 

compressive and tensile structures, 1T’ and 2H’. Figure 5.1 show the 

most favourable adsorption sites for the 1T and 2H, being the same sites 

investigated in their intermediate structures. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1 Top (top) and side (bottom) views of the adsorption sites of CO2, CO, and H2O species 

on 1T- and 2H-Mo2C MXenes. Sites investigated on 1T′- and 2H′-Mo2C MXenes are analogous. 

In addition, dark and light blue spheres represent the molybdenum atoms, yellow sphere the 

carbon atom of the MXene and the brown, white, and red spheres represent carbon, hydrogen, 

and oxygen atoms, respectively. 
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Results show that the adsorption energy of the 1T structure -1.85 

eV decreases to -1.21 eV with the compression strain. Going to the 2H 

structure further reduces to -0.94 eV and as expected, increasing the 

tensile strain the value of the energy increases to -2.03 eV. All structures 

perform an exothermic adsorption, and the strong chemisorption 

promotes the elongation of the C–O distance and the O–C–O angle with 

respect to the gas-phase values, see Table 5.1. Note that this trend also 

holds for the CO and H2O molecule. 

Table 5.1 CO2 Adsorption Energies, Eads,  on (0001) Mo2C MXene Surfaces. Most Relevant 

Structural Features Based on Atomic Distances, d, and Angles. 

However, results show that the structural features of H2O are 

unaltered in comparison to their gas phase molecule and the charge 

transfer toward water is almost zero. The reason behind this is that water 

could be governed by dispersion. 

Thus, regardless of the molecule ( CO2, CO and, H2O) the 

adsorption strength is larger on the (0001) 1T than on 2H-Mo2C surfaces. 

This is correlated with the relative stability of the surfaces: adsorption 

stabilizes the less stable 1T-Mo2C surface. 

Considering that the adsorption properties are influenced by the 

stacking of the MXene structure, the IR or Raman vibrational analysis of 

 Eads / eV dC-O / Å dMo-O / Å dMo-C / Å ∠OCO / o Q / e 

1T -1.80 1.34(2) 2.08(2) 1.64 117 -1.27 

1T’ -1.21 1.32(2) 2.11(2) 1.63 119 -1.24 

2H -0.94 1.31(2) 2.15(2) 1.63 121 -1.24 

2H’ -2.03 1.32(2) 2.04(2) 1.33 115 -1.23 

CO2 (g)  1.18(2)   180  
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the molecules (CO2, H2O and CO) can be used to identify the different 

polymorphs of the MXene. For example, for the CO2 molecule, its 

asymmetric stretching for the 1T polymorph decreases its value by 1000 

cm–1 with respect to its gas-phase counterpart and differs by ∼200 cm-1 

with respect with  2H-Mo2C MXenes.  On the CO case, the difference 

on its symmetric stretching between the gas phase with respect the 1T is 

~700 cm-1. These differences could be sufficient to distinguish ABC and 

ABA stackings in Mo2C MXene samples. 

 

Table 5.2 Vibrational Modes and Frequencies of the CO2, H2O, and CO Molecules in the Gas 

Phase and when adsorbed over (0001) 1T-, 1T′-, 2H-, and 2H′-Mo2C MXene Surfaces. All values 

in cm-1.  

 

 Gas phase 1T 1T’ 2H 2H’ 

CO2 

νas 

 

2363 1130 

1233 

1212 

1151 

1283 

1080 

1141 

1222 

νs 

 

1317 1033 

284 

1044 

273 

1049 

268 

1100 

217 

δ 

 

635 662 

-27 

673 

-38 

674 

-39 

710 

-75 

H2O 

νas 

 

3842 3625 

217 

3641 

201 

3656 

186 

3685 

157 

νs 

 

3729 3527 

202 

3536 

193 

3549 

180 

3576 

153 

δ 

 

1587 1519 

68 

1520 

67 

1526 

61 

1530 

57 

CO 

νs 

 

2131 1465 

666 

1795 

336 

1773 

358 

1439 

692 
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5.3 Publication 2 

 

 

Identifying the atomic layer stacking of Mo2C 

MXene by probe molecule adsorption 
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5.4 Conclusions 

The effect of the stacking on carbide MXenes, taking Mo2C 

MXene as a case of study is investigated through the adsorption of probe 

molecules as CO2, CO, and H2O. Calculations show that the stacking 

influences on the resulting adsorption, and, in turn, the changes of the 

vibrational modes are relatively enough to distinguish the MXene 

stackings, ABA and ABC. In summary, the following conclusions can 

be extracted: 

• The difference between the four models is noticeable e.g., -1.80 

eV (ABC) and -2.03 eV (ABA), concluding that depends on the 

structure of the surface. 

• The interaction of CO2 shows an exothermic adsorption in the 

four surfaces.   These trends are shared also with the CO molecule 

but not with H2O, that changes are negligible due to the fact that 

the molecule is governed by the dispersion. 

• The results present distinguishable vibrational modes between 

structures e.g., the asymmetric stretching the CO2 molecule 

differs by ~200 cm-1 between ABC and ABA structures. This 

concludes that the MXene stacking can be distinguished 

indirectly by analysing the vibrational modes of activated 

molecules. 

 

 

 



Chapter 5 

 

108 
 

5.5 References 

1. Naguib, M.; Kurtoglu, M.; Presser, V.; Lu, J.; Niu, J.; Heon, M.; 

Hultman, L.; Gogotsi, Y.; Barsoum, M. W. Two-Dimensional 

Nanoscrystals Produced by Exfoliation of Ti3AlC2. Adv. Mater., 

2011, 23, 4248−4253. 

2. Li, X.; Huang, Z.; Zhi, C. Environmental Stability of MXenes as 

Energy Storage Materials. Front. Mater., 2019, 6, 312. 
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Chapter 6 

 

6.1 Introduction 

There is no doubt about the urgency to reduce anthropogenic CO2 

through CCU and CCS technologies. Transition metal carbides (TMCs) 

such as Ti2C and Mo2C,1 have shown a good performance towards 

catalysis and their bidimensional counterparts, MXenes, share these 

properties. Thereby, the good performance of CO2 activation on bare 

MXenes2 and the low energy barriers on H2 dissociation,3 opens the 

possibility to use these materials as catalysts for the capture and 

transformation of CO2 molecule in the Reverse Water Gas Shift 

Reaction. Thus, in this Chapter, Mo2C MXene has shown promising 

results emerging as a candidate as catalyst. 

To carry out these investigations, the RWGS reaction is 

investigated through periodic density functional based calculations 

where the search of transition states went through climbing-image 

nudged elastic band (CI-NEB)4 and the Dimer methods.5 This 

thermodynamic and kinetic information allow us to access to the 

microkinetic modelling to the identification of the rate-limiting 

elementary steps is carried out using the MKMCXX6 program and 

finally, the obtaining of the free-energy profile through AIAT 

framework.
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6.2 Main results 

To analyse the Reverse Water Gas Shift reaction on the Mo2C 

MXene, the adsorption energies of reactants (CO2 and H2), products (CO 

and H2O) and intermediates (H, O, HCOO, tCOOH, cCOOH, COH, 

HCO, and OH) are calculated and ZPE corrected. Thus, the most stable 

conformations are shown in the Figure 6.1.  

 

Figure 6.1. CO2, H2, CO, H2O, H, O, HCOO, tCOOH, cCOOH, COH, HCO, and OH most stable 

adsorption sites on the Mo2C MXene (0001) surface. In addition, dark and light blue spheres 

represent the molybdenum atoms, yellow sphere the carbon atom of the MXene and  the brown, 

white, and red spheres represent carbon, hydrogen, and oxygen atoms, respectively.  

The Reverse Water Gas Shift reaction is an endothermic process with an 

experimental value of 0.42 eV or 40.52 kJ mol–1.7 The comparison of this 

value with the obtained through the gas phase calculation, 0.85 eV, 
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shows a noticeable deviation that can be corrected by accounting for 

DFT systematic errors on the energy of gas phase molecules. Thus, the 

final value is 0.42 eV, matching the experimental value. However, being 

and endothermic process, the reaction needs high temperature to work 

through the formation of CO and H2O. Performing the Gibbs free energy 

at 700 K and partial pressures of 1 bar, the value becomes ΔG = -0.09 

eV. 

 It is important to note that the Reverse Water Gas Shift exhibits three 

different mechanisms throughout it can work: redox, HCOO and, COOH 

path. Thus, the redox route follows the 1 → 2 → 5 → 6 → 7 → 8 → 3 

→ 4 sequence; formate route and carboxyl routes imply the 1 → 2 → 9 

→ 10 → 11 → 7 → 8 → 3 → 4 and 1 → 2 → 12 → 13 → 14 → 15 → 

7 → 8 → 3 → 4 sequences, respectively, see Table 6.1  
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Table 6.1 Elementary Reaction Steps of the RGWS Reaction.  

Regarding the redox path from the Gibbs free energy profile, the 

reaction starts with the adsorption of the CO2 molecule and the H2 

dissociation to 2 H* adatoms. Next step is the dissociation of CO2 

adsorbed molecule into CO* and O*, being a 0.47 eV the barrier for it. 

Thus, the rest of the mechanism involves the formation of water from the 

O* and H*, requiring overcoming a barrier of 1.59 eV to form OH* and 

1.68 eV to form H2O* from OH* + H*. Therefore, these reactions are 

the determining steps of the redox route. 

The formate path starts equal to the redox with the adsorption of 

the CO2 molecule and the H2 dissociation to 2 H* adatoms. However, the 

hydrogenation of the CO2 molecule is the following step, being the 

 

Step Elementary reaction step Forward  Backward    
Ea(i) 

 
Ai ΔE      Ea(i) Ai ΔE 

1 CO2 (g) → CO2* ― 
 

― -1.65 ― ― 1.65 

2 H2 (g)→H2* ― 
 

― -0.85 ― ― 0.85 

3 CO* → CO (g) ― 
 

― 1.92 ― ― -

1.92 

4 H2O* → H2O (g) ― 
 

― 0.94 ― ― -0.94 

5 H2*→2 H* 0.01  8.35×1012 -0.81 0.93 8.88×1013 0.81 

6 CO2* → CO*+ O* 0.47 
 

4.31×1013 -1.43 1.90 
 

8.86×1012 1.43 

7 O*+ H* → OH* 1.59  1.99×1013 0.88 0.70 1.67×1013 -

0.88 

8 OH* + H*→ H2O* 1.68  3.04×1014 1.36 0.32 1.15×1013 -

1.36 

9 CO2*+ H* → HCOO* 0.56 
 

2.34×1014 0.08 0.48 
 

7.49×1013 -

0.08 

10 HCOO* → HCO* + O* 0.29  3.03×1013 -1.00 1.30 4.53×1013 1.00 

11 HCO*→ H*+ CO* 0.36  1.67×1013 -0.50 0.86 1.99×1013 0.50 

12 CO2*+ H* → tCOOH* 0.84 
 

7.93×1013 0.83 0.01 4.40×1013 -

0.83 

13 tCOOH* → cCOOH* 0.27 
 

2.09×1013 -0.75 1.02 2.53×1013 0.75 

14 cCOOH* → COH* + O* 1.30 
 

1.32×1013 -0.81 1.43 2.00×1012 0.81 

15 COH* → CO* + H* 0.62  1.50×1013 -1.40 1.43 2.03×1013 1.40 
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energy barrier slightly small, 0.56 eV. The following steps are the 

dissociation of HCOO* to HCO* and O* and finally, CO* , O* and H*. 

being  the determining steps the same as the redox route, the formation 

of OH* and the consequent H2O*. 

The last mechanism, the carboxyl path proceeds  with the 

adsorption of the CO2 molecule and the H2 dissociation to 2 H* adatoms, 

followed by the hydrogenation of CO2 into t-COOH* with an energy 

barrier of 0.84 eV. Here, there is a conformational transition toward c-

COOH with an energy barrier of 0.27 eV. The following steps are the 

dissociation into COH* and O* and later, into CO* and H* , being the 

energy barriers 1.30 and 0.62 eV, respectively. 

 

 

Figure 6.2. Gibbs free energy, ΔG, given in eV, profile of the redox (black), HCOO (red), and 

COOH (green) route mechanisms for the RWGS reaction on the Mo2C MXene (0001) surface. 
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With the values of table 6.1, using different temperature and 

pressure working conditions, (300 to 850 K and 1 to 10 bar) and  and 

different feed (H2/CO2 ratios of 2:1, 1:1, and 1:2) i the microkinetic 

analysis using the MXene Mo2Cas catalyst is performed. 

The variation of surface coverage reveals that  the formation of 

CO product is observed above 350 K, being from the route of the HCO 

decomposition, or through the redox mechanism. However, results show 

that whereas the HCOO route progresses beyond 200 K,  redox path is 

only available when H* decreases, being a possible reason that the lateral 

interactions between H* are negligible and CO2 dissociation is inhibited, 

see Figure 6.3. 
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Figure 6.3 Surface coverage variation with the temperature for the RWGS reaction species on 

the Mo2C MXene (0001) surface at three different total pressures: 1, 5, and 10 bar, s in top, 

middle, and bottom panels. The selected feed ratio is  H2/CO2 2:1.  

Finally, analysing the turnover frequency, the measure of the 

instantaneous efficiency of the Mo2C MXene as a catalyst is carried out. 

Results show that the CO production is slightly higher than the exhibited 

by H2O, and that to obtain reasonable TOF values of this molecule, 

higher temperatures are required. This is due to the energy barriers of the 

OH* and H2O formation. Thus, focusing on the CO production with 
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CO2/H2 1:2 ratio, the highest production appears at ~600K where the 

surface is partially covered by CO* species. However, this particular 

production is not affected by the ratio or the total pressure, being only 

affected regions where the TOF  has lower values, being more favourable 

when the presence of H2 is higher. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.4 Heating map of TOF under different working conditions of pressure and temperature 

on the (0001) Mo2C MXene surface for the CO production. Pressure, temperature, and TOF are 

bar, K, and molecules·site–1·s–1, respectively. The TOF scale corresponds to the common 

logarithm with base 10.
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6.2 Publication 3 

 

Molecular Mechanism and Microkinetic Analysis 

of the Reverse Water Gas Shift Reaction 

Heterogeneously Catalyzed by the Mo2C MXene 
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6.3 Conclusions  

 The Reverse Water Gas Shift (RWGS) reaction has been 

investigated using Mo2C MXene as catalysts. Calculations show these 

materials as a candidate for the conversion of CO2 into CO, a plausible 

feedstock for the methanol synthesis through the Fischer-Tropsch 

process. The main results can be summarized as follows: 

• Microkinetic simulations present that the coverage can be tuneable 

by the total pressure. 

• The favourable mechanism involved is the Redox path. However, 

the reaction only takes place when Hydrogen is present in low ratio. 

• The determining steps for all available routes are the formation of 

OH* and H2O*, being the energy barriers 1.59 eV and 1.68 eV, 

respectively. 

• The highest production of CO appears at ~600 K regardless the total 

pressure of the system or the H2/CO2 ratio. 

• Temperature required for the H2O formation is higher than the CO 

formation. This is linked to aforementioned energy barriers. 

• RWGS on Mo2C MXene needs temperatures above 700 K at 1 bar 

to be thermodynamically favourable.  
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The goal of the present Doctoral Thesis has been the study of 

MXenes as catalyst for capture and transformation of the CO2. This study 

has been carried out through computational approaches using DFT. The 

overall conclusions are summarized the following conclusions. 

Regarding Adsorption and Activation on Nitride MXenes: 

This systematic analysis confirms the capability of nitride 

MXenes with different stoichiometries, M2N, M3N2 y M4N3 (M=Ti, Zr, 

Hf, V, Nb, Ta, Cr, Mo, and W), to active and capture CO2. In general, 

d2-MXenes (Ti, Zr and Hf) present the most exothermic adsorption 

energies followed by d3-MXenes (V, Nb and Ta) and d4-MXenes (Cr, 

Mo and W). This trend remains increasing the thickness of the structure 

showing slight difference. However, it is interesting to note that a 

separately analysis show that d3- Nb- and Ta-MXenes are widely 

affected by the thickness increase, whereas V- and d4 Cr-MXenes are not 

affected at all. In the middle, d2 and Mo- MXenes show small but 

noticeable differences. Curiously, W-derived MXenes follow an 

opposite trend: CO2 affinity decreases by increasing the thickness. 

Regarding the TMN, (111) surfaces behave as MXene surfaces. This fact 

opens an easier way to study the hard-to-prepare (111) surface. (001) 

surfaces are less active as expected. Finally, the comparison with carbide 

MXene counterparts exhibits that M2N and M4N3 carbides have a major 

affinity for CO2 whether M3N2 for the nitrides. 

Topological analysis based on Bader charges reveals a charge 

transfer from the MXene towards the CO2 molecule. Thus, the resulting 

activated CO2 molecules expose charges between -1.75 and -0.9 e. 

Similar charge transfer is observed in the TMN(111) surfaces. 
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Interestingly, the low reactivity of TMN (001) is connected with a low 

activation due to the low charge transfer. 

In this way, one can vary the CO2 affinity changing the 

composition and thickness of the sample and optimize the 

adsorption/desorption process. Kinetic phase diagrams describe these 

results. Thus, with our focus on the endpoints of CO2 Eads, we can 

observe whether or not the MXene is suitable for CCS. Low adsorption 

energies show diagrams with smaller regions or lower CO2-philicity. 

Here, it is important to denote that even though at room temperature CO2 

is adsorbed, increasing the temperature the molecule could be easy 

released. On the other hand, larger adsorption energies exhibit larger 

CCS conditions, suitable for trapping CO2.  

 

Regarding the Effect of Stacking on Adsorption of Molecular Probes 

on Carbide MXenes: 

 First-principles calculation show that the stacking can influence 

on the adsorption processes. Here, four different (0001) Mo2C MXene 

surface models are analyzed:  1T (ABC), 2H (ABA), the stable ones, and 

1T’ and 2H’ for the compressive and tensile strain, respectively. CO2, 

CO and H2O are used as probe molecules to study adsorption energy, 

structural features and vibrational modes over all (0001) Mo2C MXene 

surfaces. 

From the adsorption strength of the studied species, it concludes 

that the adsorption depends on the MXene surface. The interaction of 

CO2 shows an exothermic regardless the stacking, and it follows a 

sequence: 1T adsorption energy (-1.80 eV) decreases when compressing 
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the structure to 1T’ (-1.21 eV) and this decreases going to 2H (-0.94 eV) 

structure. From 2H to 2H’(-2.03 eV) the structure becomes tensile and 

the energy increases. Thereby, the structural parameters elongation 

distances of C-O and the angle between O-C-O, and the topological 

Bader charge, follows the same pattern as Eads, see Table 1 of Publication 

2.  These trends are shared also with the CO molecule but not with H2O, 

that changes are negligible due to the fact that the molecule is governed 

by the dispersion. 

Regarding the vibrational analysis performed on the three probe 

molecules, the results present distinguishable vibrational modes between 

structures. The asymmetric stretching of the CO2 molecule differs by 

~200 cm-1 between the 1T and 2H surfaces and the symmetric stretching 

of the CO molecule, also performs a noticeable difference of ~300 cm-1 

between structures. Besides, these molecules accomplish the surface 

dipole selection rule, allowing thus to be used in spectroscopy. 

In short, we conclude that adsorption properties are affected by 

the stacking sequence of the MXene surface presented. Thus, these 

properties and the vibrational modes of the molecules, CO2, CO and, 

H2O in lesser extent, suffers a significantly change that allows via simple 

spectroscopy measurements like IR to distinguish between the different 

stackings, ABC and ABA. 

 

Regarding Reverse Water Gas Shift Reaction on MXenes: 

Calculations show that from the three involved mechanisms: 

redox, HCOO (formate) and, COOH (carboxyl). The most favorable one 
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is the redox route being the determining limit steps the formation of OH* 

(1.59 eV) and H2O* (1.68 eV). However, the microkinetic analysis show 

that, although the redox route is favourable, CO* is formed through the 

HCOO route in presence of high ratios of hydrogen given the negligible 

interaction between H* adatoms. Finally, we conclude that the reaction 

needs temperatures 700 K or higher to be thermodynamically favourable 

at 1 bar. 

Through the introduction of heating maps, the efficiency of the 

Mo2C MXene analysing the TOF as the number of molecules generated 

per site and second is presented. Thereby, it can be identified that for the 

H2O formation, a higher temperature is needed in comparison to CO 

formation. This is connected with the prior mentioned energy barriers of 

OH* and H2O*, meaning that the surface dissociates the molecule into 

H + OH. Regarding CO, the highest production appears at ~600 K, not 

being affected by the total pressure of the system or the H2/CO2 ratio, see 

Figure 6 of Publication 3. 

In conclusion, Mo2C MXene as a catalyst for the RWGS is a 

feasible candidate given the mild conditions needed to produce CO. 

Thus, this material could be used as a co-catalyst for further 

hydrogenation processes, decreasing the presence of CO2 and favouring 

the formation of value-added products. 

Future of this Thesis 

Once finished the present Thesis some questions have flourished 

regarding the MXene scenario. Thus, some topics might be considered 

for future lines of research: 
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• Reverse Water Gas Shift Monte-Carlo simulations on Mo2C 

MXene to consider lateral interactions. 

• Study of the Reverse Water Gas Shift reaction on the ABA 

stacking of Mo2C MXene given the presence of the stacking and 

its effect on adsorption properties. 

• Study of the Fisher-Tropsch reaction on Mo2C, following the 

conversion of CO into hydrocarbons, e.g., gasoil,  kerosene and 

lubricants. 
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