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1. Introduction 

1.1. Catalysis 

A catalyst is defined by the International Union of Pure and Applied Chemistry (IUPAC) as a 

substance that increases the rate of a reaction without modifying the overall standard Gibbs 

energy change in the reaction Catalysis is defined as the action of a catalyst.(1) The role of a 

catalysts within a chemical reaction is to interact with the reactants, products, or intermediates 

to decrease the activation energy of the reaction (Figure 1.1). This decrease in most cases is due 

to the modification of the reaction mechanism. The catalyst only modifies the speed of the 

reaction, leaving the thermodynamic magnitudes unchanged. The catalyst does not affect the 

reactants or the products and at the end of the reaction it is not consumed. That is to say, in 

principle, all the catalyst can be recovered at the end of the chemical process. 

 

Figure 1.1. Representation of an arbitrary reaction profile for a catalysed reaction (green line) 
and non-catalysed reaction (Red line). 

In a general sense, anything that increases the rate in a process is a "catalyst." This term 

comes from the Greek and means "to undo", "to untie", or "to gather". In principle a catalyst 

can also deactivate the catalysis, that is, in this case it would increase the activation energy so 

that the reaction does not take place. This type of catalyst is called an inhibitor. 

The concept catalyzed processes was first coined by the Swedish chemist Jöns Jakob Berzelius 

in 1836 to describe reactions that are accelerated by substances that remain unchanged after 

the reaction. Other pioneers in catalysis were the chemist Alexander Mitscherlich who used the 

term contact processes and the chemist Johann Wolfgang Döbereiner who spoke of contact 

action. In the 1880s, Wilhelm Ostwald at the University of Leipzig began a systematic 

investigation of the reactions that were catalyzed by the presence of acids and bases. For this 

work, Ostwald was awarded the 1909 Nobel Prize in Chemistry. 
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1.2. Heterogeneous Catalysis 

Catalysis can be classified into enzymatic, homogeneous, or heterogeneous catalysis. This 

classification is given by the nature of the catalyst and by the physical state in which the 

substances involved in the reaction are found. In enzymatic catalysis, biological reactions are 

catalysed by large complex molecules called enzymes. It is also worth mentioning that some 

synthetic molecules called artificial enzymes are capable of catalysing some biologically relevant 

chemical reactions. In homogeneous catalysis, the reactants and the catalyst are in the same 

physical state. As an example of this type of catalysis we have the Fenton process,(2) which 

consists in the elimination of the process of pollutants from the water by means of high-

potential hydroxyl radicals and uses solubilized iron as a catalyst. The last family of catalysts are 

heterogeneous catalysts, where solid state catalysts catalyse reactions where the reactants are 

in the gas or liquid phase. One of the advantages of heterogeneous catalysts over homogeneous 

ones is the ease of separating the catalyst from the final products. The production of 90% of 

chemicals (by volume) is assisted by solid catalysts.(3) The chemical and energy industries rely 

heavily on heterogeneous catalysis. Different examples of heterogeneous catalytic reactions are 

shown in Table 1.1. 

Table 1.1. Industrially important examples of heterogeneous catalysis. 

Process Catalyst Reaction 

Haber-Bosh  Iron N2(g) + 3H2(g) → 2NH3(g) 

Natural gas 
reforming  

Nickel CH4(g) + H2O(g) → CO(g) + 3H2(g) 

Gas oil 
cracking  

Zeolite 

Products: 

 A gas: ethane, propane 

 A liquid: petrol 

 A residue: fuel oil 

Naphtha 
reforming 

Platinum and 
rhenium on 

alumina  

Epoxyethane 
synthesis  

Silver on alumina 
 

Sulfuric acid 
synthesis 

Vanadium (V) 
oxide on silica 

2SO2(g) + O2(g) → 2SO3(g) 

Nitric acid 
synthesis 

Platinum and 
rhodium 

4NH3(g) + 5O2(g) → 4NO(g) + 6H2O(g) 
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Heterogeneous catalysts are extremely complex systems. In particular it is largely unknown 

where and how the catalytic process occurs on their surfaces. In this way, the study of their 

surfaces, within the field of Surface Science, becomes of primary importance. Apart from their 

characterization, there is a continuous search for new efficient catalysts, since most of the 

catalysts used in industry use expensive precious metal nanoparticles such as Pd or Pt as active 

phases, typically supported on either porous oxides or sulfides.(4) Increasingly, the study of new 

model catalysts is done through collaboration between experiments and computational 

calculations. Computational modelling has become a very useful tool not only to search for new 

catalysts, but also to better understand the reaction mechanisms that occur on their surfaces at 

the atomic level. In addition, this synergy has made it possible to reduce the number of 

experiments and focus the efforts on the appropriate planned materials with the consequent 

savings in economic costs involved in all the experimental trial and error studies. In this Thesis 

we will focus on a promising class of new heterogeneous catalysts: Transitions metal carbides 

(TMCs). 

1.3. Transitions Metals Carbides 

Transition metal carbides (TMCs) are obtainable by incorporating carbon atoms into the 

interstitial sites of their parent metals, which typically include all 3d elements and 4d/5d 

elements of groups III-VI early transition metals.(5) TMCs have physical and chemical properties 

that combine the characteristic features of three different classes of materials: First, TMCs show 

the extreme hardness and brittleness of covalent solids. Second, they have a high melting 

temperature and simple crystalline structures, typical of ionic crystals. Lastly, they also have 

electrical and magnetic properties, typical of transition metals.(5) Such TMCs were posed as 

catalytic materials already by Levy and Boudart,(6) TMC properties are also used for other 

purposes, from mechanical applications to coatings.  

A clear indicator of the interest of this type of material is the large increase in publications 

that have been caused on this type of material. In the last year, more than 810 articles related 

to TMCs have been published, while 10 years ago the number of publications on these 

compounds was around 238 (2010) publications/year see Figure 1.2. 
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Figure 1.2. Number of published articles per year using the keyword "Transition metal Carbides" 
in Web of Science. 

1.3.1. Catalytic properties 

Some TMCs from early transition metals have been synthetized and tested as catalysts.(7) Many 

years have passed since Levy and Boudart in the 1970s showed that tungsten carbides could 

exhibit a behavior similar to Pt in various catalytic reactions such as hydrogenation, 

dehydrogenation, isomerization, and desulfurization reactions.(6) TiC is one of the family of 

carbide compounds that has recently attracted increased attention. This compound has been 

proposed as excellent catalyst for different reactions: H2 dissociation,(8) CO oxidation,(9,10) and 

methane activation,(11) among others. The catalytic activity of this material has also been studied 

as a support for clusters of precious metals giving very promising catalytic results. 

TMCs also present some advantages respect to precious metals (Ru, Rh, Pd, Os, Ir, and 

Pt). The first one is their cost; TMCs are cost-effective materials whereas noble metals are very 

expensive given their scarcity. The second advantage is that on TMCs the adsorption of 

molecules is less strong than on precious metals. This fact suggests that the dissociation of some 

products may be simpler. Finally, TMC catalysts are resistant against carbon or sulphur 

poisoning, although they can get poisoned with oxygen with the formation of oxycarbide 

reducing their catalytic activity. However, even in the last case there are recent studies where 

surface oxycarbide may retain chemical activity, as seen, e.g. in the CO2 capture by group IV TMC 

oxycarbides.(12) 

1.4. Hydrogen 

Hydrogen is the most abundant chemical element, constituting approximately 75% of the visible 

matter in the universe.(13) Hydrogen is mainly found in stars in the plasma state. However, due 
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to its volatility, hydrogen is relatively rare on Earth, where it is found as part of minerals, oceans 

and all living beings.(13) 

1.4.1 H2 uses 

Hydrogen is consumed in a multitude of processes.(14) Around 72% of hydrogen is used in the 

chemical and petrochemical industry (oil refining (37%), ammonia (50%), methanol (8%), etc.). 

The rest is used in metallurgy, electronics and in the propulsion of space vehicles (Figure 1.3). 

 

Figure 1.3. Chart of Industrial H2 uses. 

Within the chemical and petrochemical industry, the main use of hydrogen is in the 

manufacturing of ammonia through the Haber-Bosch process:(15) 

N2(g) + 3H2(g) → 2NH3(g) 

This process is fundamental for the fertilizer market, since it allows the use of atmospheric 

N2 to obtain ammonia in the first step, up to nitrates in later synthesis stages. Other important 

uses of Industrial H2 is in refineries where H2 is employed to refine heavier, sour crudes, increase 

refinery yields and reduce emissions through the production of cleaner transportation fuels 

including ultra-low sulphur diesel fuel. In Figure 1.4, the main uses of industrial hydrogen are 

shown. 

 

Figure 1.4. Chemical and petrochemical H2 uses. 
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1.4.2. H2 as clean energy fuel 

Hydrogen is a green alternative to fossil fuels. Hydrogen is a zero-emission fuel when burned 

with oxygen. Hydrogen combustion only produces H2O and does not produce CO2 and NOX, 

therefore, it non-polluting and does not contribute to global warming. This technology is used 

in electrochemical cells and internal combustion engines.  

1.4.2.1 Electrochemical fuel cells 

In an electrochemical fuel cell, that energy can be used with relatively high efficiency. In an 

electrochemical cell, hydrogen fuel is introduced in one part where oxidation is carried out, 

while in the other O2 is reduced. In this case, the hydrogen is added at one catalytic surface of a 

proton exchange membrane in which it is dissociated giving place to two protons which cross 

the membrane and arrive to the other surface. On this side of the membrane, oxygen is added 

where it adsorbs and dissociates on the catalytic surface. Here protons from the hydrogen 

combine oxygen atoms forming water molecules. See Figure 1.5. 

 

Figure 1.5. H2 cell scheme. 

The global reaction involved in this process is: 

2H2(g) + O2(g) → 2H2O(g) 

In this case, the energy released in the water formation enables hydrogen to act as a fuel. In 

addition, using a similar technology to the hydrogen cell, the methanol cell increases the energy 

obtained. In this case, the global reaction involved is: 

2CO2(g) + 4H2O(g)) → 2CH3OH(g) + 3O2(g) 

The methanol (MeOH) cell has more benefits than the hydrogen fuel cell. On one hand, more 

energy is obtained; on the other hand, there is a possibility to use CO2 to produce MeOH thus 

reducing amount in the atmosphere using carbon capture and storage technologies(16) and then 
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doing the water-gas shift reaction,(17) the CO2 can be converted in MeOH. Even if MeOH is later 

on burned to produce CO2, these steps helps at making C-economy circular, and so, sustainable 

over time. 

Fuel cells have started to be used in commercial vehicles such as passenger cars, and have 

been used in buses for many years. Fuel cells are also used for the propulsion of spacecraft. In 

fact, nowadays fuel cells are being used in many different means of transport,(18) see Figure 1.6. 

 
Figure 1.6. Left, Hydrogen train running test in Germany. Right, Hydrogen bus in Barcelona. 

1.4.3. H2 production 

In 2018 the world production of H2 reached a total of 60 million metric tons. This figure is 

expected to increase dramatically by 2030, reaching approximately around 300 million metric 

tons.(19) Currently, almost 96% of the World’s hydrogen is produced from fossil fuels, mainly by 

reforming natural gas with water vapor,(20) according to the reaction: 

CH4(g) + H2O(g) → CO(g) + 3H2(g) 

Hydrogen production technologies using fossil fuels, especially natural gas, are proven 

technologies and widely applied. The main disadvantages of these processes are that CO2 is also 

emitted in the hydrogen production process, and that exhaustible resources are being used as 

raw materials, of which there are limited and concentrated reserves in few places on the globe. 

Only 4% of the World’s hydrogen is produced by electrolysis of water, which is for applications 

that require high gas purity.  

 

Figure 1.7. H2 production 
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1.5. Motivation and outline of the Thesis 

The reduction of greenhouse gases, especially two of the most harmful compounds, CO2 and 

CH4, is one of the main environmental goals nowadays. In addition, the transformation of these 

compounds into more valuable chemical compounds is sought, such as, for example, the 

transformation of carbon dioxide into methanol (CO2(g) + 3H2(g) → CH3OH(g) + H2O(g)) or the 

procurement of hydrogen from methane “steam methane reforming” (SMR) (CH4(g) + H2O(g) → 

3H2(g) + CO2(g)). Both CO2 and CH4 are two very thermodynamically stable molecules, therefore, 

for these reactions to take place, good catalysts are necessary. It is known that noble metals are 

good catalysts for this type of reaction, but the high cost of these metals and their low 

abundance in nature means that other alternative catalysts have to be investigated. TMCs 

catalysts are an alternative to these noble metal catalysts. 

The research work in this thesis aims to study the structural and, chemical properties of 

catalytic materials formed by TMCs by means of computational modelling. In this thesis, the 

modelling is mainly focused on two aspects: i) the catalytic properties of TMC surfaces, and ii) 

the chemical and physical properties of Titanium Carbide (TiC) Nanoparticles (NPs). Chemically, 

these systems are studied with respect to hydrogen adsorption and dissociation. Hydrogen 

dissociation was studied on seven different TMCs with metals of groups IV, V, and one of group 

VI. The TMCs under study are shown in Figure 1.8. 

 

Figure 1.8. The early TMCs under investigation in this Thesis. 

My study specifically focused TiC based systems. On the TiC (001) surface we also studied 

methane dissociation. This reaction has been studied with the bare TiC surface and with the 

addition of small supported Ni clusters. I also studied the structure and vibrational spectra of a 

number of TiC-based nanoparticles (NPs)s with relation to understanding results from cluster 

beam experiments. 

This Thesis has been carried out in the Computational Materials Science Laboratory (CMSL) 

of the Institut de Química Teòrica i Computacional (IQTC) at Universitat de Barcelona. 

This Thesis is structured as follows: 

 Chapter 2 describes the theoretical background with the models and the methodology 

employed to carry out the computational studies of the research realized in this Thesis. 
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 Chapter 3 reports the studies of H2 adsorption and dissociation on TiC (001) surfaces. 

This study was performed in different steps. The first step consisted in finding the energetically 

favoured H adsorption positions between low coverage to over full coverage. In a second step, 

H2 molecular adsorption was studied. The last step consisted in simulating the H2 dissociation 

reaction. In addition, in this chapter the paper “Diversity of Adsorbed Hydrogen on the TiC (001) 

Surface at High Coverages” published in the journal of Physical Chemistry C, 2018, 122, 28013 

is added. My contribution in this paper has consisted of making the computational part of the 

paper. 

 Chapter 4 expands the study of chapter 3 but for the other of TMCs under study. These 

studies have served as a basis for later refining and publishing them in the paper added in this 

chapter: “Assessing the usefulness of transition metal carbides for hydrogenation reactions”, 

Chem. Comm., 2019, 55, 12797. 

 Chapter 5 is focused on the adsorption and dissociation of CH4 on the bare TiC (001) 

surface and on the TiC (001) surface doped with Ni Clusters. The procedure used in this chapter 

is analogous to that followed in Chapter 3. In this chapter, the article “Room Temperature 

Methane Capture and Activation by Ni Clusters Supported on TiC (001): Effects of Metal-

Carbide Interactions on the Cleavage of the C-H Bond” has been published on J. Am. Chem. 

Soc. ,2019, 141, 5303 where I have contributed by carrying out studies on the surface of TiC 

without Ni clusters. 

 Chapter 6 describes the stability and the characterization of TiC NPs. In particular, we 

model the infrared spectra of a wide range of TiC-based NPs and compare our results directly 

with results from cluster beam experiments. All theoretical studies of the paper Can Calculated 

Harmonic Vibrational Spectra Rationalize the Structure of TiC-based Nanoparticles?, Phys. 

Chem. Chem. Phys. under review 2021 have been carried out for me. 

 Chapter 7 reports the results of calculations the adsorption of H2 molecular and its 

subsequent dissociation on TiC NPs of various sizes (this study is analogous to that reported in 

Chapter 3 on the TiC surface). 

 Chapter 8 summarizes the general conclusions of this thesis. 

 Chapter 9 reports the list of the publications obtained with the work of this Thesis. 

 Chapter 10 resumes the Thesis in Castellano.  

 Finally, 3 appendix show the supplementary information of the papers “Diversity of 

Adsorbed Hydrogen on the TiC (001) Surface at High Coverages” (Appendix A), “Assessing the 

usefulness of transition metal carbides for hydrogenation reactions” (Appendix B), and “Room 

Temperature Methane Capture and Activation by Ni Clusters Supported on TiC (001): Effects 

of Metal-Carbide Interactions on the Cleavage of the C-H Bond” (Appendix C). 
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2. Theoretical Background 

In this Chapter we will summarize the background theory needed to understand the simulations 

carried out in this Thesis. 

2.1. The Schrödinger equation 

The basis of quantum chemistry is the Schrödinger equation, developed by Erwin Schrödinger in 

1926:(1) 

�̂�𝜓𝑛 = 𝐸𝑛𝜓𝑛                                                                  (2.1), 

where �̂� is the Hamiltonian operator, that, applied to the system wavefunction, 𝜓𝑛, delivers it 

multiplied by the system energy, 𝐸𝑛 . This equation describes systems containing n particles, 

where the wavefunction is a function dependent on the Rn nuclear coordinates, and the rn 

electron coordinates.  

�̂�𝜓(𝑟1, 𝑅1 …𝑟𝑛, 𝑅𝑛) = 𝐸𝜓(𝑟1, 𝑅1 …𝑟𝑛, 𝑅𝑛)                                       (2.2). 

In addition, the wavefunction also depends on the particle spin. The Hamiltonian can be 

decomposed as the sum of kinetic (�̂�) and potential (�̂� ) energy operators; 

�̂� = �̂� + �̂�  = (�̂�𝑒𝑙 + �̂�𝑛𝑢𝑐) + (�̂�𝑛𝑒 + �̂�𝑒𝑒 + �̂�𝑛𝑛)                                    (2.3), 

where �̂�𝑒𝑙 and �̂�𝑛𝑢𝑐 are the kinetic operators of the electrons and nuclei, respectively, �̂�𝑛𝑒 is the 

columbic attraction between electrons and nuclei, �̂�𝑒𝑒  represents the columbic repulsion 

between electrons, and �̂�𝑛𝑛 corresponds to the columbic repulsion between nuclei. 

Generally, exact solutions of the Schrödinger equation for polyelectronic systems are 

intractable. In order to simplify things, the Born-Oppenheimer approximation is often employed. 

2.1.1 The Born-Oppenheimer approximation 

The Born-Oppenheimer approximation(2) consists in uncoupling the nuclear and electronic 

motions. Since the mass of the nuclei are much larger compared to the that of electrons, this 

causes that the velocity of the nuclei is very small in comparison with the velocity of the 

electrons. As a consequence, the nuclear kinetic term (�̂�𝑛𝑢𝑐) can be neglected, considering the 

nuclei position fixed, which makes the nuclei repulsion (�̂�𝑛𝑛) a constant. Taking into account 

these last considerations, the wave function can be expressed as the product of the electron 

and nuclear wavefunctions: 

𝜓𝑡𝑜𝑡(𝑅, 𝑟) = 𝜓𝑒𝑙(𝑅, 𝑟) ·  𝜓𝑛𝑢𝑐(𝑅)                                                (2.4). 
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Here one observes that the electronic wave function 𝜓𝑒𝑙(𝑅, 𝑟) takes into account the nuclear 

coordinates and, therefore, different nuclei configurations present different wavefunctions. This 

fact induces that the electronic energy term is complex to calculate. To solve this term, there 

are two main families of methods: i) wavefunction (WF) methods and ii) density functional 

theory (DFT) methods. 

2.1.2. The Hartree-Fock method. 

The Hartree-Fock (HF) method(1) can be regards as the most basic WF method used to solve the 

problem of electronic interactions in polyelectronic systems as described in the previous section. 

In order to solve this problem, the HF method calculates a single Slater determinant to describe 

all electrons of the system under study. The Slater determinant describes an antisymmetric 

electronic function (thus satisfying the fact that electrons are subject to exchange symmetry) for 

the ground electronic Hamiltonian. This fact is equivalent to considering each electron in the 

system as an independent electron with respect to the others. This last approximation is the 

main source of the method’s errors, as it does not take into account electronic correlation (i.e. 

electron-electron coulombic interactions), that are not negligible. The HF method is based on 

the variational principle; because of this, the HF energy is above the real ground state energy 

(E0). The difference between the real E0 for the system and the HF energy is defined as the 

electronic correlation energy, see Figure 2.1. 

 

Figure 2.1. Comparison of HF and exact energy with respect the distance in between two atoms. 

In order to improve the HF method, other methods have been developed to describe the 

electronic correlation and get closer to the real ground state energy. However, more 

sophisticated WF methods based on improvements to HF (post-HF methods) aimed at better 

describing the real ground state imply a significantly higher computational cost. In this thesis we 

do not use WF methods but employ DFT, which offers a good compromise between accuracy 

and computational efficiency. 



Chapter 2 

 37 

2.2. Density functional theory (DFT) 

Density Functional Theory (DFT)(3,4) offers an alternative way of treating the electronic 

Schrödinger equation and becomes useful to evaluate the energy and other properties of a 

polyelectronic system. The DFT method is based on a statistical model defined by Thomas and 

Fermi in 1927 for the electron gas model.(5,6) In this model, the energy of the system is 

established by electrons uniformly distributed under the influence of a nuclear field as a function 

only of the electron density. As previously explained, DFT is an alternative to WF methods, and 

requires less computational costs than other HF or post-HF methods, plus gives accurate results 

for the exchange and correlation energies. 

The DFT method is thus based on using the electron density function ρ(r) of the ground state 

of a polyelectronic system. This method reduces the difficulty to calculate the electronic 

wavefunction (𝜓𝑒𝑙 ), as, for a system with N electrons, the 𝜓 depends on 3N spatial coordinates 

plus N spin ones, while (𝑟) depends only on three spatial coordinates (four with spin). The 

density function ρ(r) states the probability to find an electron in a certain volume. This function 

must fulfil two conditions: 

 The integral of ρ(r) in all space must be equal the total number of electrons of the 

system. 

 The value of the function at infinite distance must be equal to zero. 

These conditions mathematically are translated into:  

𝐸0 = 𝐸0[𝜌]                                                                            (2.5), 

(𝜌) = 𝑁 ∫··· ∫|𝜓(𝑟1, 𝑟2, … , 𝑟𝑛)|2 𝑑𝑟1𝑑𝑟2 …𝑑𝑟𝑛                                                      (2.6), 

∫𝜌(𝑟) 𝑑𝑟  = 𝑁                                                                        (2.7), 

𝜌 (𝑟 →∞)  = 0                                                                       (2.8). 

However, the DFT method was not widely used until Hohenberg and Kohn formulated their 

two theorems, explained next, based on which the modern DFT formalism was outlined. One 

year later, Kohn-Sham presented an implementation to optimize the electron density. 

2.2.1. First Hohenberg-Kohn theorem 

The first Hohenberg-Kohn theorem was described in 1964.(7) This theorem describes the (non-

degenerate) ground state electronic energy as functional of the electron density. According to 

this theorem, the electron density is determined by the external potential (produced by the 

nuclei, �̂�𝑛𝑒) and the inverse relation. 

𝑉𝑒𝑥𝑡  = 𝑉𝑛𝑒                                                                           (2.9). 
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The main conclusion of this first theorem is that all properties of the ground state, including 

the energy, are defined by the functional of the electron density. The theorem is usually proven 

ad absurdum, assuming two different external potentials (𝑉𝑟and 𝑉𝑟
′) that give the same ground 

state density (𝑟). Each external potential presents a different Hamiltonian with two 

fundamental functions, two wavefunctions, and two energies, also different: 

�̂� = (�̂� + �̂�𝑒𝑥𝑡 + �̂�𝑒𝑒)               �̂�𝜓 = 𝐸0𝜓 

�̂�´ = (�̂� + �̂�𝑒𝑥𝑡
′ + �̂�𝑒𝑒)               �̂�´𝜓′ = 𝐸0

′𝜓′                  (2.10). 

The variational principle establishes that, for a given system, the energy of a wavefunction is 

always higher than real energy of the system. 

𝐸0 = ⟨𝜓|�̂�|𝜓⟩  <  ⟨𝜓′|�̂�|𝜓′⟩  = ⟨𝜓′|�̂�′ + �̂�𝑒𝑥𝑡  −  �̂�𝑒𝑥𝑡
′ |𝜓′⟩                (2.11). 

Simplifying one gets: 

𝐸0 < 𝐸0
′  +  ⟨𝜓′| �̂�𝑒𝑥𝑡  −  �̂�𝑒𝑥𝑡

′ |𝜓′⟩                                             (2.12), 

and by employing the equation for the nuclei-electron and due to the multiplicative character 

of the potentials, one obtains: 

𝑉𝑒𝑥𝑡 =  ∫𝑉𝑒𝑥𝑡 (𝑟)𝜓∗ (𝑟) 𝜓(𝑟) 𝑑𝑟  =  ∫𝑉𝑒𝑥𝑡 (𝑟) 𝜌(𝑟) 𝑑𝑟                     (2.13). 

When Eq. (2.12) is expressed in terms of the density, the resulting equation is: 

𝐸0 < 𝐸0
′  +  ∫[𝑉𝑒𝑥𝑡(𝑟) − 𝑉𝑒𝑥𝑡

′ (𝑟)]𝜌(𝑟)𝑑𝑟                                             (2.14). 

When the procedure is repeated starting from the inverse relation, one gains: 

𝐸0
′ < 𝐸0  +  ∫[𝑉𝑒𝑥𝑡

′ (𝑟) − 𝑉𝑒𝑥𝑡(𝑟)]𝜌(𝑟)𝑑𝑟                                             (2.15). 

Now, when the equations (14) and (15) are added, one ends getting: 

𝐸0  + 𝐸0
′ < 𝐸0

′ + 𝐸0                                                           (2.16). 

As one can simply see, the last equation is a contradiction, and so it is demonstrated that 

each density is associated with one potential.  

Therefore, the ground state energy is a function of ρ(r) and, including the Born-Openheimer 

approximation, it can be expressed as: 

𝐸(𝜌)  = 𝑇(𝜌) + 𝑉𝑒𝑒(𝜌) + 𝑉𝑛𝑒(𝜌) =  𝐹𝐻𝐾[𝜌] + ∫ 𝜌(𝑟)𝑉𝑛𝑒 (𝜌)𝑑𝑟                    (2.17), 
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where 𝐹𝐻𝐾[𝜌] is a universal functional, which is defined by the kinetic energy and the electron-

electron repulsion potential, �̂�𝑒𝑒 Unfortunately, the functional 𝐹𝐻𝐾[𝜌] is unknown and there are 

great research endeavours to find an accurate mathematical expressions for 𝐹𝐻𝐾[𝜌]. 

2.2.2. Second Hohenberg-Kohn theorem 

The second theorem of Hohenberg-Kohn(7) enunciates that the energy in a non-degenerate 

ground state can be obtained by the variational method, and that the electronic density that 

minimizes the total energy is the exact electronic density of that state, so therefore defines 

correctly the external potential. 

𝐸0 ≤ 𝐸[𝜌]                                                                  (2.18). 

When 𝜌0 is known, in this case, the exact energy of the ground state is obtained. With these 

two theorems the variational principle is established, but one lacks a procedure to minimize the 

electron density, explained next. 

2.2.3. Kohn-Sham method 

In 1965 Kohn and Sham developed the last step for the modern DFT formalisms, the Kohn-Sham 

method.(3,4) This method focuses in obtaining an approximation of the universal functional 

𝐹𝐻𝐾[𝜌]. The method proposes a fictional system with N non-interacting electrons. This means 

that the fictional system can be described by a Slater's determinant, whose elements are 

functions that represent each electron in the systems (orbitals, Φi). This implies that the total 

kinetic energy is the sum of the kinetic energy of each electron: 

𝑇𝑠[𝜌] =  ∑ ⟨Φ𝑖|−
1

2
∇2|Φ𝑖⟩

𝑁
𝑖=1                                                   (2.19). 

In this method, the universal functional, 𝐹𝐻𝐾[𝜌], is also described as: 

𝐹𝐻𝐾[𝜌]  =  𝑇𝑠[𝜌] + 𝐽[𝜌] + 𝐸𝑥𝑐[𝜌]                                                        (2.20), 

where 𝑇𝑠[𝜌] is the total kinetic energy of the system, 𝐽[𝜌] is a term that contains the classic 

repulsion between two electrons, and 𝐸𝑥𝑐[𝜌] is the exchange-correlation functional. The 𝐽[𝜌] 

term is defined as: 

𝐽[𝜌]  =
1

2
∬

𝜌(𝑟1)𝜌(𝑟2)

|𝑟1−𝑟2|
𝑑𝑟1𝑑𝑟2                                                      (2.21), 

and the 𝐸𝑥𝑐[𝜌]functional is defined as: 

𝐸𝑥𝑐[𝜌] =  𝑇[𝜌] − 𝑇𝑠[𝜌]  − 𝐽[𝜌] + 𝑉𝑒𝑒[𝜌]                                        (2.22). 

To be considered a Kohn-Sham orbital, the orbital has to satisfy the Kohn-Sham equations: 
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(−
1

2
∇2 + 𝑉𝑠(𝑟1))Φ𝑖(𝑟) = 𝑖Φ𝑖(𝑟)                                         (2.23), 

𝑉𝑠(𝑟1) =  ∫
𝜌(𝑟2)

𝑟12
𝑑𝑟2 + 𝑉𝑋𝐶 − 𝑉𝑛𝑒(𝑟1)                                        (2.24), 

where 𝑉𝑠(𝑟) contains the exchange-correlation interaction effects between electrons, 𝑉𝑛𝑒(𝑟) is 

the external potential with N particles without interaction between, and 𝑉𝑋𝐶  is the only 

unknown term in the equation due to the exchange-correlation energy. 

As the Kohn-Sham equation presents an unknown term, 𝑉𝑋𝐶, the universal functional cannot 

have an exact solution, but finding a solution for this 𝑉𝑋𝐶  would imply an exact solution for the 

universal functional. 

2.3. Exchange-correlation functional 

A good choice of exchange-correlation functional is essential to perform DFT calculations. A poor 

choice can lead to absurd results in the simulations. Exchange-correlation functionals can be 

classified into four groups: Local density approximation (LDA), Generalized Gradient 

Approximation (GGA), meta-GGA, and Hybrid functionals. 

2.3.1. Local density approximation (LDA) 

LDA type of functionals were the first ones developed. This approximation is the simplest to be 

employed, as it assumes that the exchange-correlation energy at each point of the system 

exclusively depends on the density at that point.  

𝐸𝑥𝑐
𝐿𝐷𝐴[𝜌] =  𝑓[𝜌]                                                                      (2.25). 

The exchange-correlation energy can be decomposed into a sum of the terms of exchange 

and correlation separately, that is: 

𝐸𝑥𝑐[𝜌] =  𝐸𝑥[𝜌]  + 𝐸𝑐[𝜌]                                                                      (2.26). 

LDA has an exchange component given by the Dirac Formula: 

𝐸𝑥[𝜌] =  −
3

4
(
3

𝜋
)
1

3⁄
𝜌

1
3⁄                                                               (2.27). 

However, there is no analytical expression for the correlation part. Some examples of this 

type of functionals are the Vosko-Wilk-Nusair (VWN),(8) or the Cole-Perdew (CP) functional.(9) 

2.3.2. Generalized Gradient Approximation (GGA) 

This type of functional depends on the local density and also introduces on the gradient of the 

density. 

𝐸𝑋𝐶
𝐺𝐺𝐴[𝜌(𝑟)] = ∫𝑓𝑥𝑐(𝜌(𝑟), |∇𝜌(𝑟)|)𝜌(𝑟)𝑑𝑟                                       (2.28). 
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These functionals provide better results than LDA for some system properties such as 

geometries, charge densities, energy of the ground state, and vibrational frequencies, although 

other system properties do not represent a substantial improvement. Two of most common 

GGA functionals are Perdew-Wang (PW91)(10) and Perdew-Burke-Ernzerhof (PBE).(11) The PBE 

was indeed the basis for better improvements, e.g. the revised version of PBE (RPBE)(12), 

developed to reproduce atomization energies of small molecules, but also performing well for 

adsorption energies on transition metal surfaces;(13) the PBEsol(14) (which exhibited improved 

performance from solids, or the Vega-Viñes (VV) and VVsol, which adjusted PBE and PBEsol, 

respectively, for describing transition metal bulks and surfaces.(15) 

2.3.3. Meta-GGA 

Meta-GGA functionals depend on the density, the gradient of the density, and also the Laplacian 

of the density (second derivate of the electron density); 

𝐸𝑋𝐶
𝑚𝐺𝐺𝐴[𝜌(𝑟)] = ∫𝑓𝑥𝑐(𝜌(𝑟), |∇𝜌(𝑟)|, |∇2𝜌(𝑟)|)𝜌(𝑟)𝑑𝑟                                       (2.29). 

Some examples of this type of functionals are the Tao-Perdew-Staroverov-Scuseria (TPSS)(16), 

Perdew-Kurth-Zupan-Blaha (PKZB)(17), and M06L(18), among many others. In general meta-GGA 

deliver better thermochemistry estimates, particularly on molecular systems, but they are 

known to poorly describe metallic systems.(19) 

2.3.4. Hybrid functionals 

This last type of functional, as their name indicates, mix exact exchange from the HF method 

with different exchange-correlation contributions from the above mentioned LDA and GGA 

functionals, where the proportion of these different contributions is defined through empirical 

parameters. 

The most popular hybrid functional is the three-parameter B3LYP functional,(20) which mixes 

80% of LDA exchange with 20% of HF exchange. Another common hybrid functional is PBE0,(21) 

this functional mixes 25% of Hartree-Fock exchange and the other 75% of exchange belongs to 

the GGA functional PBE and also the correlation. Hybrid functionals are normally employed for 

the accurate description of molecular systems, and are also well-suited to simulate 

semiconducting or insulating materials. 

2.4. Basis functions 

System wavefunctions can be classified into two general types: atom-centred and periodic 

plane-wave-based. Usually these wavefunctions are represented as linear combination of simple 

basis functions in order to reduce the computational cost in the simulations. In computational 

chemistry there are four main functions used Three types are based on atom-centred functions 

and the fourth one is based in non-body centred plane-waves. The sets of bases for non-periodic 
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calculations are centred on nuclei and are based on the linear combination of atomic orbital 

(LCAO) approximations. Each atomic orbital is described, in turn, by a combination of nucleus-

centred functions that can be chosen in different ways, resulting in different types of bases. The 

different types of bases are described below. 

2.4.1. Gaussian-Type Orbitals (GTOs) 

Gaussian-type functions are expressed as:  

𝐺𝑇𝑂 = 𝑁𝑥𝑙𝑦𝑚𝑧𝑛𝑒𝑥𝑝[−𝛼𝑟2]                                                    (2.30), 

where N is the normalization factor, α is the exponent which makes the function more compact 

or diffuse, and l, m, and n are the symbols that correspond to the Gaussian function with the s, 

p, d, or f orbitals.  

2.4.2. Slater-Type Orbitals (STOs) 

Another approach to GTO functions are the Slater-Type orbitals.(22) The main difference with 

GTOs is that in this case the functions are divided in two parts: a radial part and an angular part. 

These orbitals are expressed as: 

𝑆𝑇𝑂 = 𝑁𝑟𝑛−1𝑒[−𝜁𝑟]𝑌𝑚𝑙(Θ𝜑)                                                    (2.31), 

where N is the normalization factor, n corresponds to the principal quantum number, r is the 

distance of the electron from atomic nucleus,  is a constant related to the effective charge of 

the nucleus, and Yml are spherical harmonics that describe the angular part of the function. A 

great disadvantage of the STO bases is that the integrals of many centres are much more difficult 

to calculate with the STO functions than with GTOs.  

2.4.3. Numerical atomic orbitals  

Numerical atomic orbitals (NAOs)(23) were recently developed with the goal to improve 

scalability of quantum mechanics calculations simulations in larger systems. NAOs have the 

form: 

𝜑𝑖[𝑙𝑚] = 
𝑢𝑖(𝑟)

𝑟
· 𝑌𝑚𝑙(Ω)                                                    (2.32), 

where ui(r) is a numerically tabulated function obtained by calculating the numerical solution of 

the Kohn-Sham Hamiltonian for isolated pseudoatoms, 𝑌𝑚𝑙 (𝛺) denotes the real parts (m = 0, 

...,l) and imaginary parts (m = −l,...,−1) of complex spherical harmonics, and l, m are implicit 

functions of the basis function index i. NAOs are fully optimized for different types of atoms and 

attempt to be compact as possible while maintaining high accuracy.  
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2.4.4. Plane wave functions 

This type of function is commonly used in the description of periodic systems. The plane wave 

functions are expressed as: 

𝑃𝑊 = 𝑒[𝑖�⃗� 𝑟 ]                                                                     (2.33), 

where k represents the crystal plane wave vector. The plane waves are not centered on the 

nuclei but are spread throughout the entire space, filling the entire box that repeats itself in one, 

two, or three dimensions, depending on the periodicity conditions of the system studied. The 

form of these functions is especially suitable for extended systems calculations. The great 

disadvantage of these functionals is the large number of wave functions necessary to achieve 

acceptable precision to describe the electrons in the nuclei. For this reason, effective core 

potentials (also known as pseudopotentials) were developed to reduce the amount of plane 

waves needed and consequently the computational cost to perform the simulations. 

2.5. Core electrons and Pseudopotentials 

It has been previously mentioned that system wavefunctions are usually represented as linear 

combination of functions in order to obtain better approximations to solve the Schrödinger 

equation and improve the calculation efficiency. Plane wave functions are suitable basis 

functions to describe periodic systems, but, as previously commented, a large number of plane 

waves are needed to describe the electrons. With the aim to avoid the use of so many plane 

waves, pseudopotentials are usually employed in practical calculations. This fact causes that the 

number of plane wave can be significantly reduced, and so makes the calculations more 

affordable. 

Core electrons are considered not to participate in the chemical properties of the system. For 

this reason, core electrons are not considered in the calculations, where only valence electrons 

are taken into account, and where the core electrons are described by a pseudopotential. 

There are different types of pseudopotentials. The most commonly used with plane wave are 

the norm-conserving pseudopotentials,(24) the ultrasoft pseudopotentials,(25) or the projected 

augmented wave (PAW) pseudopotentials. The latter ones are the ones employed in  this Thesis, 

and were created by Blöchl in 1994.(26) Within the PAW method, the core electrons are treated 

as frozen functions while the valence electrons are treated as smooth wavefunctions. Then, this 

method provides a way to calculate all system electrons using a linear transformation relating 

valence functions and core electrons. 
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2.6. Solid state 

2.6.1. Periodic models for solids 

A solid is a macroscopic system formed by a large number of atoms which form a regular 

structure in all spatial directions.(27) For systems as large as solids, where their properties are 

intrinsically related to their structure, a computational methodology is used that allows taking 

into account the periodicity of the system to accurately describe all its properties with a small 

fraction of it. This methodology is known as the periodic model. Therefore, this model is a 

simplified system to study the electronic structure of solids. Solids can be periodic in 1D 

(nanotubes or nanowires), 2D (surfaces), or 3D (bulk structures).(28)  

The models for periodic boundary conditions are built considering a piece of the solid (unit 

cell) that it is replicated in 3D directions to simulate the infinite solid, see Figure 2.2. Therefore, 

the unit cell is defined as the simplest portion of the solid structure that, when repeated by 

translation, reproduces the entire crystal.(29)  

 

Figure 2.2. Solid representation. Left: ‘entire’ solid. Right: unit cell, defined by three cell vectors, 

a, b, and c, and three angles, , , and . 

The periodic models work with the Bravais lattice.(30) The Bravais lattice is an infinite array of 

discrete points with an arrangement and orientation that looks exactly the same, independently 

from which point of the array is viewed. The Bravais lattice can be expressed as:  

𝑅 = 𝑛1𝑎1 +  𝑛2𝑎2 + 𝑛3𝑎3                                                   (2.34), 

where 𝑛𝑖 are integer numbers, a, b, and c are the cell vectors, and R represent any point of the 

periodic structure. Thus, working with periodic conditions enables generating an infinite solid 

model starting from the unit cell information. The other cells are exact reproductions of the unit 

cell, owing to the space translations defined by the lattice Bravais vectors. Therefore, the 

replicas present the same atoms as the unit cell and during the calculation, and they experience 

the same modifications as the unit cell. 
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Only 14 different possible lattices exist from a three dimensional periodicity. The lattices are 

defined by the a, b, c cell vectors, and the α, β, γ cell angles.(29) The 14 Bravais lattices are shown 

in Figure 2.3. 

 

Figure 2.3. Representation of the 14 distinct Bravais lattices. 

2.6.2. The reciprocal lattice 

In periodic systems the calculations are carried out using a reciprocal space. The reciprocal space 

is a mathematical construction associated to the crystalline lattice, defined in the physical space, 

called real space.(32) Each one of the vectors on the real lattice (a, b, c) has it corresponding 

reciprocal lattice (a*, b*, c*) vector defined as: 
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𝑎∗ =  2π
𝑏×𝑐

𝑎(𝑏×𝑐)
 ;  𝑏∗ =  2π

𝑎×𝑐

𝑏(𝑎×𝑐)
 ;  𝑐∗ =  2π

𝑎×𝑏

𝑐(𝑎×𝑏)
                              (2.35). 

The reciprocal lattice presents a unique set of properties and special points, directly related 

with the periodicity and translational symmetry of the Bravais cells lattice in real space. Any 

vector that belongs to the reciprocal lattice can be represented as: 

𝐺 = 𝑘1𝑎
∗  +  𝑘2𝑏

∗  +  𝑘3𝑐
∗                                               (2.36), 

where ki are integer numbers equal that occurs in the direct cell. The reciprocal cell presents a 

3D structured of parallelepiped formed by the three reciprocal vectors. The volume of the 

reciprocal cell is defined as: 

𝑉𝑟𝑒𝑐 = 
(2π)3

𝑉𝑑
                                                                 (2.37), 

where 𝑉𝑑 is the volume of the direct cell. Thus, a large real unit cell implies small reciprocal cells 

and the opposite, small real unit cells represented a large reciprocal cell. The reciprocal lattice 

is defined as: 

𝑒𝑖𝑘(𝑟+𝑅) = 𝑒𝑖𝑘𝑟                                                               (2.38), 

where 𝑒𝑖𝑘𝑟 is a plane wave with the same periodicity as Bravais lattice and R are the different 

points of Bravais lattice which could be defined by means of the reciprocal space and the 

periodic conditions using plane waves, as is indicated by Bloch's theorem 

2.6.3. Bloch’s theorem 

Bloch’s theorem(33) describes the motion of electrons in a solid based on the idea that the solids 

present a periodic microscopic structure. Based on this hypothesis, the theorem sets how the 

wave functions of the electrons should be, and allows calculating the motion of all electrons by 

analyzing only the motion of a single electron. 

Bloch’s theorem describes the motion of the electrons in a solid based on three assumptions: 

First one says that the atoms in a crystal display a periodic structure, and have the periodicity of 

the points in the Bravais lattice denoted by vectors 𝑟. The second assumption is that, due to the 

order of the atoms, the crystal potential is a periodic function that satisfies  

𝑈(𝑟 + 𝑅) =  𝑈(𝑟)                                                          (2.39). 

The last assumption mentions that the electrons are independent, i.e. they do not interact 

with each other, and each one satisfies the Schrödinger equation for a periodic potential. 

The wavefunction to describe electrons of the system is then a product of a plane wave 

part and a periodic function part. Mathematically, this can been expressed as: 
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Ψ𝑖(𝑟) =  𝑒𝑖𝑘𝑟𝜐𝑖(𝑟)                                                           (2.40), 

where  𝑒𝑖𝑘𝑟 is the wave plane with the wave vector k, and 𝜐𝑖(𝑟) is the periodic function known 

as Bloch’s function. The wave function can be expanded as a linear combination of plane waves:  

Ψ𝑖(𝑟) =  ∑ 𝐶
𝑖,𝑘+𝐺𝑒𝑖(𝑘+𝐺)𝑟𝐺                                                   (2.41), 

where G is the reciprocal vector (Equation 2.36). Thus, the problem of correctly mapping all the 

electrons of the system is reduced to sampling the Brillouin zone at special set of k-points. 

The plane wave on the real system is spread as a plane wave combination on the reciprocal 

space. Each plane wave is characterized by a kinetic energy |𝑘 + 𝐺| 2ℎ/2𝑚. Therefore, 

modulating the kinetic energy, it is possible to increase or decrease the set of plane wave basis 

functional, as commonly done in many computing packages.  

2.6.4. Miller indices 

The Miller indices form a notation system in crystallography for planes in Bravais lattices.(27) The 

Miller indices have the form (hkl) and they are defined as the reciprocal intersections between 

the plane and the coordinate axis. The Miller indices are defined as: 

ℎ =  
1

𝑎
  ; 𝑘 =  

1

𝑏
 ; 𝑙 =  

1

𝑐
                                                           (2.42), 

where a, b, and c are the vectors in the 3 coordinate axes. Miller indices are whole numbers, 

negative or positive, and they are prime numbers. Figure 2.4. shows different examples for the 

different Miller indices in a cubic structure. 
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Figure 2.4. Different Miller indices for a cubic structure. 

The Miller index presents three special cases: 

 The Miller index is 0 when the plane has not intersection with an axis. 

 The Miller index is negative when the intersection is in a negative zone. In this case, to 

indicate that this is a negative number, a symbol is put on top of the number, e.g. (11̅1). 

 The notation of Miller indices will be bracketed [hkl] when having a set of planes 

equivalent to (hkl) by lattice symmetry. 

2.7. Models 

This section deals with the simulation models employed in this thesis, and it is divided into two 

different sections: i) periodic slab models for surfaces, and ii) cluster models for isolated 

nanoparticles (NPs) 

2.7.1. Surfaces 

In is known in the literature that the (001) surface is the most stable one for TMCs.(34) In this 

Thesis this surface has been obtained from pre-optimized bulk solid TMCs, creating a supercell 

and adding vacuum in the direction normal to the surface, thus creating a slab model, see Figure 

2.5. 
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Figure 2.5. Representation of the steps followed to model the (001) surface. 

Different tests were carried out to answer different questions to carry out the subsequent 

calculations to a converged level of accuracy: the number of needed layers, number of relaxed 

layers, and number of atoms. The result was that the model to be used for the calculations 

should contain at least four layers; where two layers were fixed (bottom) and two layers relaxed 

(top) with a vacuum of 10 Å and a total number of 64 total atoms, being a c(2x2) supercell. The 

model is shown in Figure 2.6. The same type of models were used for other TMC (001) surfaces. 

 

Figure 2.6. Side (left) and top (right) views of the employed slab model for TiC (001) surface.  

All the calculations on TiC (001) surface will be made using Vienna Ab Initio Simulation 

Package (VASP) code.(35) 

2.7.2. Nanoparticles 

When simulating discrete systems, a periodic model introduces virtual images of the single 

system which have to be sufficiently separated in large unit cells incorporating vacuum spacing 

as to not interact. Another simpler model to investigate the properties of discrete system 
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employ the Cluster model.(31) In this model only a single finite number of atoms are studied in 

free space with open boundary conditions. The use of the cluster model to study discrete system 

reduces the computational cost with respect to a periodic approach and this allows the 

benchmarking of calculations with WF methods which are currently only implemented for 

isolated system. We employed the cluster model to calculate the properties of all NP systems in 

this Thesis. 

The NP calculations were performed using the Fritz-Haber Institute Ab Initio Molecular 

Simulations package (FHI-AIMS) code.(36) Different sizes of TiC-based NP have been studied with 

atomic dimensions ranging from 2×2×2/(TiC)4 to 6×6×6/(TiC)108 based on cuts from the TiC 

parent rocksalt crystal structure. In addition to NPs based on these re cubic cuts, NPs with 

different atom removed were also considered. Figure 2.7 shows an example for the 4×4×4 NP 

employed in the studies in this Thesis. 

 

Figure 2.7. Cubic 4×4×4 TiC NP. 

2.8. Transitions States 

In order to find the barriers for chemical processes, transition states in between two minima 

(i.e. a saddle points on the potential energy surface between initial and final states) were 

calculated using two different methods: CI-NEB and Dimer methods. 

2.8.1. NEB method 

The nudge elastic band (NEB)(37) is a method which find saddle points and minimum energy paths 

between known reactants and products. This method is implemented in both VASP and FHI-aims 

codes. To use this method, a number of intermediate images between reactants and products 

along the reaction path are created. Then, the method optimizes these intermediate images and 

find the lowest energy possible for each image. In addition, the optimized images present equal 

spacing to neighbouring images. In order achieve this, spring forces are added along the band 

between images and by projecting out the component of the force due to the potential 

perpendicular to the band. 
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A small modification to the NEB method is the climbing image,(38) i.e. CI-NEB, in which the 

highest energy image is driven up to the saddle point. In this method the image does not feel 

the spring forces along the band. Instead, the true force at this image along the tangent is 

inverted. This way, the image tries to maximize and minimize the energy along the band in all 

directions. Finally, when the image converges, the exact saddle point for the system is found. 

The CI-NEB is only available in the VASP code. 

Due to CI-NEB the highest image is moved to the saddle point and this image does not feel 

the spring forces, the spacing of the rest of images on either side of highest image is different. 

This phenomenon is shown in Figure 2.8. 

 
Figure 2.8. The graph shows an NEB calculation (Blue) and a CI-NEB calculation (orange). 

Since in FHI-AIMS the CI-NEB is not available, one has to converge to the saddle point in the 

so-called adaptive NEB (ANEB), where a second (or third) NEB is done placing images in between 

two contiguous images close to the saddle point. Such a transition state has to be characterized 

by a vibrational analysis (see below). 

2.8.2. DIMER method 

The dimer method also allows finding a saddle point;(39,40) opposed to the NEB method, it allows 

the user to start from any initial configuration and search for a nearly saddle point. This method 

can also be used to start from a minimal basis and search in random directions for saddle points. 

In simple systems is easy to know that the reaction pathways and NEB method can be used, but 

in complex systems, the reactions often take place via unexpected mechanisms. In these cases, 

the Dimer method is designed to find the saddle points corresponding to unknown reactions 

mechanisms. This method is only availed in VASP code. 

2.9. Vibrational frequencies 

In any computational study exploring the potential energy landscape, it is customary to carry 

out vibrational frequencies to determine whether a minimum is so, or a transition state. In 

addition, such frequencies are useful to calculate the zero point energy correction (see below) 
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and vibrational partition functions, basic to obtain macroscopic properties such as enthalpy, 

entropy, Gibbs free energy and kinetic constants.(41,42) 

The vibrational frequencies were thus obtained for the optimized geometries and transitions 

states, these are, stationary points of the potential energy forces, where the forces, first 

derivatives of the potential energy, are zero. Vibrational frequencies are related directly with 

the force constant (the second derivatives of the potential), and the mathematical analysis 

assures that stationary point is minima if the derivatives are real, and in a transition state one 

of them is imaginary.  

2.10. Zero-point energy 

Zero-point energy (ZPE) is the lowest possible energy that that a quantum mechanical system 

may have. The ZPE idea emerges from the Heisenberg uncertainty principle.(43) This energy is 

related with the nuclei vibration around the equilibrium position in the optimized geometry. The 

zero point energy correction is described as: 

𝐸𝑐𝑜𝑟𝑟
𝑍𝑃𝐸 = ∑

1

2
ℎ𝜐𝑖

𝑀𝑁𝑉
𝑖=1                                                              (2.43), 

where, h is the Plank constant, and i are all the frequencies for the Normal Mode of Vibration 

(NMV), excluding the imaginary frequencies. Finally, once the ZPE correction is calculated, the 

ZPE energy is obtained through the sum of the state energy and the ZPE energy, as can be seen 

in the equation 2.44.  

𝐸𝑍𝑃𝐸 = 𝐸 + 𝐸𝑐𝑜𝑟𝑟
𝑍𝑃𝐸                                                             (2.44). 

It should be noted that frequencies less than 1000 cm-1 barely have a contribution to the ZPE. 

The frequencies higher than 1000 cm-1 begin to contribute to the ZPE values as shown in the 

graph in Figure 2.9. 

 
Figure 2.9. ZPE plotted as a function of vibrational frequency.(44)  
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2.11. Infrared Spectroscopy 

2.11.1. Harmonic IR Spectra 

One of the most common methods to simulated the IR spectra of a molecules is the harmonic 

approximation. Before calculating the Harmonic IR spectra, the geometry of the molecule has 

to be well optimized. This optimization can be carried out with any computational method. Once 

the structure has been optimized, the geometry corresponding to a minimum of the potential 

energy surface (PES) is available. To get the PES close to the equilibrium position, a Taylor series 

close to the minimum of the PES is employed. Taylor's series present the form: 

𝑈(𝑞1, … , 𝑞3𝑁) =  𝑈𝑒 + ∑ (
𝜕𝑈

𝜕𝑞𝑘
)
𝑒

3𝑁
𝑘=1 𝑞𝑘 + 

1

2
 ∑ ∑ (

𝜕2𝑈

𝜕𝑞𝑘𝑞𝑙
)
𝑒

3𝑁
𝑙=1

3𝑁
𝑘=1  𝑞𝑘𝑞𝑙 + ⋯    (2.45), 

where: 

𝑞1 = (𝑋1 − 𝑋1𝑒𝑞)√𝑚1 ;  𝑞2 = (𝑌1 − 𝑌1𝑒𝑞)√𝑚1 ;  𝑞3 = (𝑍1 − 𝑍1𝑒𝑞)√𝑚1 ; …          (2.46). 

Being an equilibrium position, Ue = 0 and the first derivative is also null, therefore, the 

harmonic oscillator approximation can be expressed as: 

𝑈(𝑞1, … , 𝑞3𝑁) =  
1

2
 ∑ ∑ (

𝜕2𝑈

𝜕𝑞𝑘𝑞𝑙
)
𝑒

3𝑁
𝑙=1

3𝑁
𝑘=1  𝑞𝑘𝑞𝑙                                (2.47). 

Using this approximation, the PES obtained and the real PES match near the equilibrium region. 

However, the farther the molecule is from the PES minimum, the worse the approximation to 

the real PES is, Figure 2.10. 

 

Figure 2.10. Comparison between harmonic (red) and real (blue) PES. Horizontal lines represent 
the vibrational levels. 

The Hessian matrix can be obtained by the derivation of the equation (2.47). Diagonalizing 

the Hessian matrix, the harmonic frequencies of the system are obtained. When the matrix is 

diagonalized, one obtains 3N eigenvalues (λi), that are used to obtain the frequencies, employing 

the following equation: 



2. Theoretical Background 

 54 

𝜐𝑖 = 
√𝜆𝑖

2𝜋
                                                                  (2.48). 

When the frequencies are calculated, 3N frequencies are obtained where only 3N-6 (or 3N-

5 in the case of linear molecules) frequencies have to be taken into account because the rest 

correspond to translational and rotational movements.  

This approximation possesses some limitations as only fundamental transitions are observed. 

Thus, the overtones are neglected. Another important limitation that is necessary to highlight in 

harmonic spectra is the fact that no information about the shape and broadening of the peaks 

is obtained. The usual procedure to obtain an IR spectrum similar to experimental IR is to apply 

a Gaussian or a Lorentzian function with a given width, in the positions in which the peaks are 

observed. In that way, a broadened peak that resembles the shape of the experimental ones is 

obtained.  

2.11.2. MD-Based IR Spectra 

In order to overcome the limitations of harmonic IR spectra, MD-Based IR can be obtained. While 

the harmonic oscillator expresses the transition probability between two vibrational states as 

polychromatic radiation,(45) MD-Based IR expresses this transition as the Golden Rule of time-

dependent quantum-mechanical perturbation theory(46). 

𝑃(𝑓 ← 𝑖) =  
𝜋𝐹2

2ħ2  |⟨𝜙𝑓|�̂�𝜙𝑖⟩|
2
[𝛿(𝜔𝑓𝑖 −  𝜔) +  𝛿(𝜔𝑓𝑖 +  𝜔)]            (2.49), 

where 𝛿 indicates a Dirac delta function. From this probability of transition, one can derive the 

expression for the absorption cross section 𝛼(𝜔):(46) 

𝛼(𝜔) =  
4𝜋2

ħcn
 𝜔(1 − 𝑒−𝛽ħ𝜔)∑ ∑ 𝑝𝑖𝑖𝑓 |⟨𝜙𝑓|�̂�𝜙𝑖⟩|

2
(𝜔𝑓𝑖 −  𝜔)                    (2.50), 

where 𝑝𝑖 is the probability that the system is found in the initial vibrational state, c is the 

lightspeed, n the refraction index of the medium, 𝛽= Kb/T. 𝛽 is the Boltzmann’s constant, and 

𝑇 the temperature of the system. From this absorption cross section is possible to define an 

absorption lineshape (equation 2.51) to express 𝛼(𝜔) in a different way (equation 2.52): 

𝐼(𝜔) =  
3ħcnα(𝜔)

4𝜋2𝜔(1−𝑒−𝛽ħ𝜔)
 = 3∑ ∑ 𝑝𝑖𝑖𝑓 |⟨𝜙𝑓|�̂�𝜙𝑖⟩|

2
(𝜔𝑓𝑖 −  𝜔)                    (2.51), 

𝛼(𝜔) =  
4𝜋2

3ħcn
 𝜔(1 − 𝑒−𝛽ħ𝜔)𝐼( 𝜔)                                                         (2.52). 

Thus, only one term is necessary calculate 𝐼(𝜔). In addition, it can be proved(46) that this 

absorption lineshape can also be calculated from the Fourier transform of the dipole 

autocorrelation function: 
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𝐼(𝜔) =  
1

2𝜋
 ∫ 𝑒−𝑖𝜔𝑡+∞

−∞
𝐶𝜇(𝑡)𝑑𝑡                                                         (2.53), 

where 

𝐶𝜇(𝑡) = 〈𝜇(0)  ∙  𝜇(𝑡)〉                                                         (2.54), 

where µ(𝑡) is the total dipole moment of the system in a given time, that is directly obtained 

from the charge distribution of the system at each step of the MD simulation, and ⟨ ⟩ indicates 

an average. During the MD simulation is necessary to keep track of the total dipole moment of 

the system at each step of the simulation. From the time evolution of the dipole moment then 

one can compute the dipole auto-correlation function, and therefore obtain the MD-based IR 

spectrum.  

2.12. Computational details 

In this Thesis, all calculations were carried out using DFT employing two different codes to carry 

out the calculations: VASP and FHI-AIMS. The VASP code has been used to perform as well the 

surfaces calculations while the FHI-aims code has been employed to carry out the TiC-based NPs 

calculations. The GGA PBE functional(11) has been used in all calculations.  

2.12.1 VASP code 

Within the VASP code different tests were made to find the optimal parameters to carry out the 

calculations. In addition, these tests were made so as to reduce the computational time. In all 

cases, 991 k-points meshes were used, with a cut-off energy of 415 eV, and optimizations 

were considered converged when forces acting on atoms were below 0.01 eV Å-1.  

After optimizations, the adsorption or absorption energies were calculated using the 

equation: 

𝐸𝑎𝑑𝑠
𝑋 = 𝐸𝑋/𝑇𝑀𝐶 − (𝐸𝑋 − 𝐸𝑇𝑀𝐶)                                      (2.45), 

where EX/TMC is the total energy obtained for every position/coverage under study, Ex is the 

energy of one isolated atom or isolated molecule under study, and ETMC is the energy of the 

surface to the coverage that is being studied but without the last species atom adsorbed (e.g. 

when only one H atom adsorption is considered, this energy corresponds of the bare surface). 

Ex is obtained by placing the atom or molecule in broken symmetry unit cell of 91011 Å 

dimensions and carrying out a -point optimization. As the adsorption energy has been defined, 

the more negative is the adsorption energy value, the greater is the adsorption. 

To find the TS, four intermediate images have used with the CI-NEB method,(38) except in 

some cases that a higher number of the intermediate images have been employed. In all cases, 
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the TS was later confirmed using a vibrational frequency study, where the Hessian matrix was 

built and diagonalized after displacements of 0.03 Å length. 

2.12.2. FHI-AIMS code 

In the calculations on TiC NPs with the FHI-AIMS code, the PBE GGA functional was employed. 

In addition, all calculations were treated non-spin polarized because the results obtained in the 

test realized in the same calculation employing spin polarized and non-spin polarized show the 

same results. In addition, in the previous literature, has already been shown that the TMCs do 

not present magnetism,(47) for this reason, the calculations can do using non-spin polarized. The 

electronic density was expanded using a Light-Tier-1 basis of NAOs, providing results of a similar 

or higher quality to those obtained with valence triple-zeta plus polarization Gaussian type 

orbitals.(48-50) 

All relative energies pertain to NP structures which have been optimized using the above DFT 

method and the Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm(51) until the residual force 

component per atom was less than 10−2 eV/Å. Harmonic frequencies were then calculated using 

these optimized NP structures by calculating the second derivatives of the energy from the 

numerical changes in the forces arising from small finite atomic displacements (0.0025 Å). A 10 

cm-1 full width at half maximum Gaussian broadening was applied to all reported harmonic IR 

peaks for better approximating the finite width of the experimental peaks.  

In order to search for alternative NP structures, a classical molecular dynamics (MD) 

simulated annealing approach was used employing modified embedded-atom method 

interatomic potentials(52) as implemented in the LAMMPS code.(53) Specifically, a series of 

contiguous NVT MD simulations were run starting first from a high temperature (2500-3000 K) 

and reducing the temperature in a step-wise manner by 500 K until a temperature of 1000 K was 

reached. Low energy NP structures were then extracted and optimized using the above-

described DFT approach.  

To look for the TS using this code, NEB calculations with 8 intermediate images were carried 

out and checked using vibrational frequencies. 
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3. H2 adsorption and dissociation on TiC 

3.1. Introduction 

The interaction of molecular hydrogen with titanium carbide (TiC) is an important topic in 

catalysis, solid-state chemistry, and materials science.(1–9) TiC displays high activity for the 

hydrogenation of various compounds such as ethylene and CO2.(1,3,4) To perform these reactions 

in an efficient way, it is important to know the interaction of H with the carbide surface. In this 

way, the study of this system can help to understand better the reaction mechanism to these 

reactions. In principle, hydrogen can be present at different TiC sites: On the surface,(3,4) in the 

bulk,(5–9) in interstitial positions,(10) physisorbed,(11) and forming a Kubas structure.(12,13) In this 

aspect, TiC can be regarded as a textbook example within the family of transition metal carbide 

(TMC) materials.(12,14) 

The goal of this Chapter is to study whether TiC (001) surfaces are good candidates to adsorb 

and dissociate H2, so as to envision them as catalysts for hydrogenation activities. This study 

implied a detail study on the Hydrogen atom adsorption preference at low coverage, the surface 

filling by H adatoms, and the stability of H2 moieties, the possible H2 dissociation, even the 

possibility of H incorporation in the TiC lattice as an absorbed moiety. 

This work has been published in the journal of Physical Chemistry C with the name “Diversity 

of Adsorbed Hydrogen on the TiC (001) Surface at High Coverages”, 2018, 122, 28013. 

3.2. Methodology 

VASP code(15) has been used to carry out the calculations using PBE(16) Grimme’s D3 correction(17) 

for dispersive forces. A two-step optimization procedure has been followed, in which moieties 

were initially optimized with looser optimization criteria, while most promising situations were 

reoptimized with tighter thresholds. The adsorption (or absorption) energies were estimated as: 

𝐸𝑎𝑑𝑠/𝑎𝑏𝑠
𝐻 = 𝐸𝐻/𝑇𝑀𝐶 − (EH − ETMC)                                                (3.1), 

where EH/TMC is the total energy of the TiC surface with the H atom, EH the total energy of an 

isolated Hydrogen atom in vacuum, and ETMC the total energy of the pristine TiC (001) surface. 

Notice that the same equation is used when calculating consecutive H adsorption, but 

considering as ETMC the surface with a given H coverage, on which an extra H is adsorbed. Notice 

that EH is obtained by placing the H atom in broken symmetry unit cell of 91011 Å dimensions 

and carrying out using a -point optimization. In a similar way, the H2 energy adsorption is 

calculated with the same equation, but using the energy of an isolated H2 molecule instead of 

EH. 
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For the H2 dissociation, Dimer(18) and CI-NEB(19) methods (see Chapter 2) have been used 

to locate the sought TS, and characterized as so by vibrational analysis. The last step was to add 

the Zero Point Energy (ZPE) to the energy system. ZPE is calculated through the equation: 

𝐸𝑐𝑜𝑟𝑟
𝑍𝑃𝐸 = ∑

1

2
ℎ𝜐𝑖

𝑀𝑁𝑉
𝑖=1                                                               (3.2), 

where h is the Plank constant, and i are all the frequencies for the Normal Modes of Vibration 

(NMV), excluding the imaginary frequency in the TS. This energy is added up to the system 

minima and TS, so that the dissociation energy barrier is corrected as: 

𝐸𝑏𝑎𝑟𝑟
𝑍𝑃𝐸 = 𝐸𝑏𝑎𝑟𝑟 + 𝐸𝑐𝑜𝑟𝑟,𝑇𝑆

𝑍𝑃𝐸 − 𝐸𝑐𝑜𝑟𝑟,𝐼𝑆
𝑍𝑃𝐸                                                    (3.3),  

where the ZPE corrections are applied to the TS and the initial state (IS).  

3.3. Low coverage H adsorption 

The H atom was tested at six different high-symmetry sites on the TiC (001) surface, all belonging 

to a coverage of 0.125 monolayers (ML), defining a ML as having the same number of H atoms 

as the number of surface metal (or carbon) atoms. Figure 3.1 shows the six different explored 

sites; (1) Top metal (M-Top), (2) Top Carbon (C-Top), (3) Bridge between vicinal Carbon and 

metal atoms, (4) 4-fold hollow , (5) 3-fold hollow formed by 2 metal and 1 Carbon atoms (MMC), 

and (6) 3-fold hollow formed by 2 Carbon and 1 metal atoms (CCM).  

 

Figure 3.1. Schematic top view of a TiC (001). The image shows C atoms (black), metallic atoms 
(blue), and H atoms (red) in the six initials positions under study. Dashed orange lines are guides 
to the eyes. 

The optimizations for the initial positions showed that only two final positions were stable. 

Either with H adsorbed on C-Top, or the 4-fold hollow, see Figure 3.2. 
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Top 
view 

  

Side 
view 

  

 C-Top 4-fold hollow 

Figure 3.2. Final positions for H adsorbed on the TiC (001) surface. Left: C-Top. Right: 4-fold 
hollow. Top (top) and side (bottom) views are shown. Colour coding as in Figure 3.1. 

The Eads on C-Top is stronger than on 4-fold hollow, -2.83 vs. -1.89 eV, respectively, as 

obtained at a PBE-D3 level, with dispersive forces representing an almost negligible contribution 

to the adsorption (PBE Eads values are -2.73 and -1.77 eV, respectively).  

3.4. High coverage H adsorption 

Based on the results of the previous section, the adsorption of more than a single H atom on the 

TiC (001) surface was addressed, considering two H atoms (0.25 ML), five H atoms (0.65 ML), 

and finally a full coverage (1 ML) situation. 

For the 0.25 ML situation, different mutual positions were explored departing from one H 

atom on C-Top and the second H atom adsorbed nearly on C-Top or Ti-Top, either close or far; 

see Figure 3.3. The most stable cases are C-Top sites, with a nearly identical Eads of -2.83 eV, 

succinctly implying no repulsion in between neighbouring H adatoms, and so, that all C-Top sites 

are basically identical. Ti-Top sites are less stable, with Eads values ranging from -0.83 to -1.20 eV. 

 

Figure 3.3. Top view scheme of the sampled sites around a C-Top H. Colour coding as in Figure 

3.2. 
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Even if the above results seem to point to a negligible interaction in between neighbouring 

H adatoms, the reality is not this. The relatively low coverage offers a flexibility to accommodate 

H atoms. For instance, neighbouring H adatoms on C-Top sites separate from each other to a 

distance of 3.20 Å (see Figure 3.4). However, when one H atom is on C-Top and the other H atom 

is on Ti-Top, the distance between both H atoms is 1.55 Å (see Figure 3.4), in this sense, closer 

to an elongated H2 Kubas situation.(20) Based on these results, one can assume that the rest of 

the adsorbed H atoms up to 0.5 ML would occupy C-Top positions, see Figure 3.5. 

  

Figure 3.4. Top views of H atoms adsorbed in C-Top and Ti-top. Left: Two H atoms adsorbed on 

C-Top. Right: Two H atoms adsorbed, one on Ti-Top and another in C-Top. 

From this situation, one may sample the position of a fifth H adatom. Three different Ti-top 

places were sampled: In the middle of the four H atoms (A), on Ti near two H atoms (B), or far 

away (C). In addition, it may be adsorbed on another C-Top. All possibilities are depicted in Figure 

3.5. Again, most stable site is C-Top, with an Eads of -2.35 eV. Notice the reduction in the Eads with 

coverage, as a result of lateral interactions. Notice however that the Ti-Top surrounded by C-

Top has an Eads of -2.03 eV, approaching the farther C-Top sites, see Figure 3.5. 

 

Figure 3.5. Top view scheme of a fifth added H adatom. 
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Figure 3.6. Fifth added H on Ti-Top in the middle of four hydrogen atoms adsorbed on C-Top, 
forming a sort of pyramidal H. 

Notice as well in Figure 3.6 that the addition of the fifth H implies a change of orientation of 

the neighbouring H adatoms, which, before, had H moving away from each other. However, 

now, are oriented towards the H at Ti-top. In this sense, regardless where is the position on fifth 

H is added, the interaction between H atoms change the initial position of the hydrogen atoms 

in C-Top. As nearer the fifth H atom is from the four cubic H atoms, the stronger the interaction 

is, and for this reason the adsorption energy is higher for the fifth atom. According with the 

scheme in Figure 3.5, the adsorption energy on Ti-Top decreases when moving away from the 

pyramid, see Figure 3.7. 

 

Figure 3.7. Top views of Eads variation for the 5th on C-Top and Ti-Top sites. 

Up to this point, results suggest that 1 ML coverage would be attainable by occupying all C-

Top sites. The stepwise filling of the sites has been explored considering random, or driven by 

the results shown in Figure 3.7, see Figure 3.8. The results are encompassed in Table 3.1 



3. H2 adsorption and dissociation on TiC (001) surface 

 70 

revealing how Eads decays as the coverage increases, getting overall reduced by 0.8 eV in total 

from lowest to highest coverage. 

   

Path 1 Path 2 Path 3 

Figure 3.8. Top view scheme of the H filling of surface C-Top sites on Tic (001) sites. Number tags 
imply the order of addition, except for Path 1, which is random. 

Table 3.1. H adsorption energy, Eads in eV, on TiC (001) surface at different coverages. 

Eads  (eV) 
Nº of adsorbed H atoms  

1 H 2 H  3 H 4 H  5 H 6 H 7 H 8 H  

Path 1 PBE-D3 -2.83 -2.81 -2.64 -2.61 -2.61 -2.41 -2.21 -2.02 

Path 2 PBE-D3 -2.83 -2.81 -2.64 -2.61 -2.61 -2.41 -2.21 -2.02 

Path 3 PBE-D3 -2.83 -2.81 -2.63 -2.37 -2.58 -2.36 -2.30 -2.02 

As far as the filling sequence is considered, one can plot the Eads of Paths 1-3 versus the 

number of H added atoms, see Figure 3.9 revealing, in general terms, the same trend. 

 

Figure 3.9. Eads variation with respect the number of H atoms according to the filling patterns 
shown in Figure 3.8. 
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Furthermore, one can evaluate the sequential adsorption energy variation, versus the 

number of added H, see Figure 3.10. There, one immediately appreciates that the fifth H 

features a particular stabilization with respect the other stages. 

 

Figure 3.10. Eads difference, ΔEads, in eV, with respect the number of added H on TiC (001) surface. 

Once the full coverage situation is explained, we regarded other possibilities to correlate our 

findings with the experiments. Firstly, we explored the possible H incorporation, i.e. absorption, 

initially, on the pristine TiC (001) model. To this end, H was placed between first and second 

layers (subsurface), in the six positions described in Figure 3.1. The most stable site was found 

for the 4-fold hollow site, with an Eabs of -1.79 eV, thus, much smaller compared to the 

adsorption value of -2.83 eV. 

As a final limit, we studied the possibility of subsurface H being stabilized when H adatoms 

get destabilized. To this end, we investigated H absorption on the 4-fold hollow site on the nearly 

fully H-covered TiC (001) model, and, as well, when having a fully H-covered TiC (001) surface, 

this is, adding the 8th or 9th H atoms, respectively. In the case of being the 8th, the absorption 

energy is -1.37 eV, still, smaller than the adsorption energy of -2.02 eV. In the case of the 9th H 

atom, the comparison is made in between the subsurface H, with an Eabs of -1.28 eV, and the H 

on a pyramidal Ti-Top site, see above and Figure 3.11, with an Eads of -2.54 eV. 
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Figure 3.11. Scheme with the two possibilities studied for the 9th H atom. 

The present study reveals that H absorption does not seem to be a worrying phenomenon, 

as other surface H species may exist above the 1 ML limit. In particular, the pyramidal H on Ti-

Top, which, indeed, has a larger Eads than the highest coverage C-Top situations. Notice as well 

that the C-H bonds feature some lability, affected by the presence or absence of neighbours. 

See different orientations when having 7, 8, or 9 H adatoms in Figure 3.12. 

 7 H  8 H  9 H  

Top 

view 

   

Side 

view 
   

Figure 3.12. Top (top) and side (bottom) views for most stable situations when having 7, 8, or 9 
H adatoms on the TiC (001) Surface. 

3.5. H2 adsorption at lower coverage 

In this section, we study the adsorption of molecular H2 on the TiC (001) surface. 19 different 

sites were studied for the H2 molecular adsorption, including six vertical orientations and 13 

parallel H2 molecules; see Figure 3.13. 
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Figure 3.13. Schematic top view of a TiC (001) surface and the 19 studied H2 adsorption 
positions. The image shows C atoms (black), metallic atoms (blue), and H2 molecules. Dashed 
orange lines are guides to the eyes. 

The optimizations revealed that a possible minimum for H2 is a Kubas mode on top of a 

surface C atom, with an Eads of -0.66 eV, see Figure 3.14. The rest of the found minima feature 

Eads of ca. -0.21 eV, responding to a physisorption situation, found as well on top of a C atom, 

with an Eads of -0.41 eV, being a non-Kubas adsorption. In all cases except the Kubas type 

adsorption, the dispersive interaction energy contribution, ranging from 0.14 - 0.22 eV, is 

dominant. 

 

 

Top view Side view 

Figure 3.14. Top (left) and side (right) views of H2 adsorption on a Kubas mode on TiC (001). 

3.6. H2 dissociation on the TiC (001) surface 

From the previous information, one can start exploring the H2 dissociation as catalysed by the 

TiC (001) surface. Notice that a strong interaction with the surface is sought, able to compensate 

the dissociation energy (DE) of H2, ΔEdis, here estimated to be -4.53 eV, and so, quite similar to 

the experimental value of -4.48 eV.(21) 
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Before searching for the TS, one has to have clear that one will depart from the Kubas mode 

with Eads -0.66 eV, going to a final point with two vicinal H adatoms in C-Top sites, with a DE 

energy of -0.44 eV. Thus being an exothermic step. The TS has been acquired either using CI-

NEB or Dimer methodologies, and TS characterized as so by a vibrational analysis, showing only 

one imaginary frequency. Figure 3.15 shows the reaction energy profile, displaying an energy 

barrier of 0.46 eV, which is relatively small, but not negligible. When one accounts for ZPE, the 

profile basically shifts up in energy. The Eads is -0.03 eV, the barrier reduces up to 0.34 eV, and 

the reaction is a bit more exothermic by -0.13 eV. 

 

Figure 3.15. H2 dissociation reaction energy profile on TiC (001) surface. 

3.7. H diffusion on TiC (001) surface 

As seen before, the H2 adsorption and dissociation seems to be feasible on TiC (001) surfaces. 

The last question is whether such H adatoms would stay rigid on when generated, or would be 

mobile over the surface otherwise. The latter would favour the hydrogenation processes or 

achieving the high coverage patterns shown above. To this end, H diffusion has been evaluated 

through two paths starting from C-Top position; H diffusing to vicinal C atom (green arrow) or H 

diffusing to a farther C atom (orange arrow) in Figure 3.16.  

 

Figure 3.16. The two paths explored in H atom diffusion. 
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The energy barriers revealed that the shortest path, i.e. to a vicinal C-Top through a bridge in 

between two surface Ti atoms, featured a diffusion energy barrier of 0.90 eV. Furthermore, the 

path across a Ti-Top site implied a much larger energy barrier of 2.01 eV. Thus, from these first 

preliminary results, it seems as H adatoms are movable, but not easily. 

3.8. Experimental studies 

The experimental studies belonging to this Chapter have been carried out by Dr. Rodriguez's 

group at the Brookhaven National Laboratory, in the USA. In the experimental studies, when a 

clean TiC (001) surface is exposed to molecular H2 at different pressures; 5, 50, and 150 Langmuir 

(L), and 1 Torr of H2, hydrogen is molecularly adsorbed on the TiC (001) surface. This fact is 

corroborated by means of H2-thermal desorption spectra (Figure 3.17.), obtained through 

Temperature Programmed Desorption (TPD) studies. The three lower spectra of the figure 

correspond to UHV exposures, where H2 desorbs at temperatures between 320 and 430 K. The 

experimental investigators assigned these peaks to different surface situations. A weak peak is 

shown around 410 K and could come from adsorption and dissociation of H2 on defect sites of 

the TiC (001) surface. The peaks at 370 and 340 K are probably associated with hydrogen bound 

to ideal terrace sites of TiC (001). For doses under UHV conditions, saturation in the H coverage 

of 0.6 - 0.7 ML was seen upon H2 exposures above 100 L.(22) When the TiC (001) surface is 

exposed at 300 K to 1 Torr of H2 for 5 minutes in a micro-reactor, the H2-thermal desorption 

spectrum is observed a higher H coverage of 1.4-1.6 ML and led to a hydrogen desorption peak 

at 320 - 330 K. 
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Figure 3.17. H2-thermal desorption spectra collected after dosing molecular hydrogen with 5, 

50, and 150 Langmuir (L) to a TiC (001) surface at 300 K. The top spectrum corresponds to a 

surface.(21) 

When the TiC (001) surface is exposed at large adsorbate coverages (> 1 ML), signals are 

observed that are probably associated with the formation of compounds on the surface of the 

sample. Figure 3.18 shows C 1s X-ray Photoemission Spectroscopy (XPS) experiments collected 

before and after exposing a TiC (001) surface to 1 Torr of H2 at 300 K. The results show that a C 

1s peak is obtained for the clean surface, undoubtedly associated with the C on the TiC 

surface.(23) Upon contact with 1 Torr of H2, a new peak appears at near 283.5 eV, which indicates 

the formation of CHx groups on the surface of the carbide. In addition, this peak is not found for 

UHV doses of H2. Under a high pressure of H2, the surface of the carbide appears to generate 

the CHx groups and accommodate an extra amount of hydrogen not bound to C. The CHx 

decomposed when the surface was heated to 500 K. Thus, the data point to a reversible 

mechanism for the storage of hydrogen on the surface of the carbide. 
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Figure 3.18. C 1s XPS spectra for clean TiC(001), bottom, a surface exposed at 300 K to 1 Torr of 
H2 for 5 minutes, middle, and the H2/TiC(001) system heated to 500 K, top.(21) 

The results obtained from DFT-based calculations have made it possible to clarify these 

experimental results. The results show that the most stable adsorption positions for H atomic 

and H molecular is on C-Top. In addition, the H2 molecule adsorbs forming Kubas mode. The 

calculations results have revealed that the H molecule adsorbs on C-Top until full coverage. The 

adsorption energy for the H atom decreases as the coverage increases as can be seen in Figure 

3.9 and Table 3.2. This fact matches with the H atoms desorbed at lower temperature as Figure 

3.17. Experimental studies also indicate that the H coverage is 1.4 - 1.6 ML. With the simulations, 

it has been found that hydrogen is adsorbed on Ti-Top beyond a full monolayer, see Figure 3.7. 

Finally, the experimental peaks have been assigned with the help of the calculations. In the 

TPD spectra, the peak that appears at 320-330 K likely corresponds to weakly adsorbed H2 

molecules, physisorbed on the TiC (001) surface. This conclusion can be justified because the 

experiment was carried out to 1 Torr of H2 (high doses of H2) and the desorption of low 

temperature indicates a weak adsorption. That is, the lower the adsorption, the lower the 

desorption temperature. When the surface is exposes at a lower hydrogen dosage of 150 L, two 

peaks can be observed, one at 340 K and another at 365 K. The first peak would correspond to 

the H adsorption atoms on Ti-top sites, since its adsorption is only favourable when all the 
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surface C atoms are occupied by H, and, also, the adsorption on the Ti is weaker than on the C-

top sites. This conclusion can be supported through the H2 exposition of dose of 50 L, where the 

first peak disappears from the TPD spectra while the second peak continues to appear. This 

second peak would be assigned to the H adsorption on C-Top. Finally, when the sample is 

exposed to only 5 L of hydrogen, a peak appears at about 400 K with low intensity, in this case, 

the H would be adsorbed on surface defects, where the adsorption of H is stronger than on C-

Top. 

3.9. Conclusions 

According to the above results, it is clear that there is a preference for H atoms to occupy C-Top 

positions on the TiC (001) surface. The filling sequence up to full coverage has also been 

obtained, finding that H atom prefers to be adsorbed on the surface rather than to be absorbed 

between the layers. Even if C-Top H adatoms stabilize neighboring H adatoms on Ti-Top sites, 

there is a preference towards occupying all surface C-Top sites. However, Ti-Top sites can be 

occupied when surrounded by C-Top sites, forming sort of pyramidal H moieties, particularly 

occupied when going over a 1 ML situation. H2 adsorption is also preferred on C-Top sites, but 

in the form of an elongated H2 moiety, called a Kubas model. Such H2 is physisorbed, but can be 

easily dissociated into H adatoms, being the process exothermic and has a small energy barrier. 

The as generated H adatoms may diffuse over the TiC (001) surface, but with moderate energy 

barriers. Such results suggest the use of TiC as a possible hydrogenation catalyst. The theoretical 

results in the chapter made it possible to understand experimental studies, allowing the 

assignment of the peaks obtained in the experimental TPD. 
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3.10. Publication 
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4. H2 adsorption and dissociation on TMCs (001) surfaces 

4.1. Introduction 

In the previous Chapter it was mentioned that titanium carbide (TiC) is an attracting a lot of 

interest in field ranging through catalysis, solid-state chemistry, and materials science. This 

wide-ranging importance is confirmed by the many studies that have been and are being carried 

out on this material.  TiC, despite being one of the most studied TMC, is one example of a family 

of materials that have also aroused scientific attention. In the literature, there are an increasing 

number of publications on various properties of these TMCs, such as the electronic structure(1,2) 

and electrical conductivity,(3) among other properties.(4,5) Most relevant to this Thesis are the 

various  adsorption studies on different TMCs such as: adsorption of molecular hydrogen,(6) 

molecular oxygen,(7) carbon monoxide,(8,9) carbon dioxide ,(10) methane,(11,12) ethylene,(13,14) 

among many other compounds. These studies have been carried out on all TMCs of the early 

transitions metals in groups IV-VI as for example the Ethylene Hydrogen on TaC.(15)  

Similarly to what was reported for TiC (001) in Chapter 3, in this chapter  we address the 

possible H2 adsorption sites and the eventual dissociation of H2  into two H adatoms on another 

six different TMCs: ZrC, HfC, VC, NbC, TaC, and -MoC - the rocksalt polymorph of MoC. The 

methodology followed is exactly the same as the one employed in Chapter 3, including the 

generation of surface slab models, and so, we refer to it for details. Notice that H2 adsorption 

and dissociation has been regarded only at low coverage, avoiding the influence of lateral inter-

hydrogen interactions. All DFT calculations have been performed at the PBE(16) and PBE-D3(17) 

level. For finding TS states we employed the CI-NEB(18) methods for PBE calculations and the 

Dimer(19) method where D3 corrections were implemented. 

This work has served as the basis for the communication published in “Chemical 

Communications under the name Assessing the usefulness of transition metal carbides for 

hydrogenation reactions”, 2019, 55, 12797. 

4.2. H absorption  

Before addressing H2 adsorption and dissociation, atomic H adsorption and absorption has been 

explored. Table 4.1 summarizes the calculated Eads and Eabs values on the seven explored TMCs, 

at the PBE level (i.e. not considering dispersive forces). Notice that, systematically, H prefers to 

adsorb on C-Top positions, except for TaC, which prefers Ta-Top. The absorption situations, on 

the four-fold hollow site, are systematically less favourable, by at least, 1 eV. In the case of -

MoC, no energy minimum was found for H absorption, as the H emerged to be on the surface. 

Due to its relatively low energetic satbilty H absorption is not considered further in the 

remainder of this chapter. 



4. H2 adsorption and dissociation on TMCs (001) surface. 

 92 

Table 4.1. Adsorption (Eads) and absorption (Eabs) energies for all TMC (001) surfaces. PBE 
estimates are given in eV. 

TiC VC ZrC NbC -MoC HfC TaC 

Eads  -2.73 -2.13 -2.83 -2.01 -2.93 -2.77 -2.30 

Eabs  -1.66 -0.55 -1.90 -0.55 -2.78 -1.75 -0.43 

4.3. H adsorption. 

In this section different H adatoms are investigated at a nominal coverage of 0.125 eV. The H 

Eads values, obtained at a PBE-D3 level, are listed in Table 4.2. Notice that energetic contribution 

Eads due to dispersive interactions, again, is marginal, (ranging between -0.01 (-MoC) and -0.13 

eV (VC)).  

Table 4.2. H Eads values, in eV, obtained at a PBE-D3 level on TMCs (001) surfaces. 

 TiC VC ZrC NbC -MoC HfC TaC 

Eads -2.83 -2.26 -2.91 -2.05 -2.94 -2.84 -2.35 

Since -MoC, aside from TiC, are one of the most popular carbides used in catalysis, a further 

work was carried out to study the Eads trend with increasing H coverage, mimicking that of TiC in 

Chapter 3. Figure 3.8 shows the evolution of Eads on -MoC compared to TiC. An important 

difference between both is that even if Eads in δ-MoC decreases a little, it has a fairly constant 

value, particular from the fourth H onwards, at variance with TiC, where there is a gradual 

reduction in the magnitude of the Eads. Test calculations on the possible absorption at high 

coverage revealed Eabs values smaller than Eads by more than 1.5 eV. Thus, in general terms, H 

adsorption is quite similar in between TiC and -MoC, except for the fact that the C-H bond 

strength is less affected by the coverage in the latter system. 
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Figure 4.1. Eads evolution as a function of the number of H atoms, for both TiC and δ-MoC. 

4.4. H2 adsorption 

H2 adsorption was studied similarly as for the TiC (001) surface, but, instead of exploring the 19 

different situations, only the six most stable sites were studied for the rest of TMCs. The 

respective calculated Eads values are reported in Table 4.3. The results show that the most 

energetically favourable position to adsorb H2 is position 13, which is C-Top with H atoms 

pointing to vicinal C surface sites. There, the H2 is found to be partially dissociated (dH-H= 1.60 Å, 

i.e. a Kubas mode). A similar distance is obtained on position 8, which is again C-Top, but now 

with H atoms pointing towards vicinal Ti surface atoms. From this data, it seems that the most 

favourable TMC for adsorption and subsequent dissociation of H2 is -MoC. 

Table 4.3. H2 adsorption values, Eads, in eV, obtained by PBE-D3 calculations on different TMC 
(001) surfaces. 

Site TiC VC ZrC NbC -MoC HfC TaC 

1 -0.21 -0.09 -0.07 -0.07 -0.10 -0.07 -0.08 

7 -0.21 -0.19 -0.20 -018 -0.15 -0.21 -0.25 

8 -0.41 0.03 -0.51 0.06 -0.86 -0.26 0.36 

10 -0.21 -0.19 -0.20 -0.18 -0.55 -0.21 -0.25 

12 -0.20 -0.19 -0.20 -0.18 -0.15 0.21 -0.25 

13 -0.66 0.04 -0.77 0.02 -1.27 -0.57 0.33 

The results obtained with vdW interactions are essentially the same to those without vdW 

interactions, although some sites become slightly more energetically favourable (by <0.05 eV) 

with vdW interactions.  

-3.00

-2.80

-2.60

-2.40

-2.20

-2.00

-1.80

0.125 0.250 0.375 0.500 0.625 0.750 0.875 1.000

A
d

so
rp

ti
o

n
 E

n
e

rg
y 

(e
V

)

Coverage occuped

TiC

δ-MoC



4. H2 adsorption and dissociation on TMCs (001) surface. 

 94 

In addition, Kubas modes are exhibited for all TMCs except in TaC, where this mode 

adsorption has not been found. This adsorption mode is the energetically most favourable for 

the TMC of group IV and -MoC. In the rest of TMC of group V, the Kubas modes exits but it is 

not the most favourable adsorption. 

4.5. H2 dissociation on TMCs (001) surfaces 

As done for TiC in Chapter 3, the first step of H2 dissociation has been evaluating the final 

dissociated state, with two vicinal H adatoms on C-top sites (Ta-top sites for TaC). The final 

energy states with respect H2 in vacuum have been identified, and the H2 dissociation energies 

are listed in Table 4.4, revealing that H2 dissociation is generally exothermic, except for group V 

TMCs (VC, NbC, and TaC), where it is basically isoenergetic, or slightly endothermic, as found in 

the case of NbC. 

Table 4.4. Estimated energy values of the H2 dissociation, gained PBE-D3 and given in eV. 

Ediss (eV) TiC VC ZrC NbC -MoC HfC TaC 

PBE-D3 -1.12 0.01 -1.29 0.43 -1.36 -1.15 -0.16 

Having defined the initial and final states of H2 dissociation, the TS of the process have been 

acquired either using CI-NEB or Dimer methodologies. Thus, a reaction energy profile is found 

for each TMC; see example in Figure 4.2 for ZrC (001), departing from H2 C-Top in a Kubas mode, 

with an energy barrier of 0.72 eV. 

  

Figure 4.2. H2 dissociation energy profile. 

A summary of the barriers calculated at the PBE-D3 level and considering ZPE is found in 

Table 4.5, and the overall profiles shown in Figure 4.3.  
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Table 4.5. H2 dissociation energy barriers, Eb, calculated at a PBE-D3 level including ZPE, given 
in eV. 

 TiC VC ZrC NbC -MoC HfC TaC 

Eb (eV) 0.35 1.08 0.59 0.86 0.90 0.46 1.11 

The results show two types of TMCs concerning H2 adsorption; group IV and V TMCs show H2 

Eads that are moderate, up to -0.36 eV (HfC), with the sole exception of -MoC, where a stronger 

adsorption of -0.85 eV is found. When it comes to the H2 dissociation, group IV TMCs feature an 

exothermic process, see above, while group V TMCs (VC, NbC, and TaC) and -MoC feature it as 

an isoenergetic process (NbC and -MoC) or slightly endothermic (VC and TaC). This directly 

affects the energy barriers, which are of about 1 eV for such cases, and much smaller (below 0.6 

eV) for group IV TMCs, see Figure 4.3. 

 

Figure 4.3. H2 adsorption and dissociation reaction energy profiles calculated at a PBE-D3 level 

for all the studied TMC (001) surfaces.  

4.6. Conclusions 

The main conclusions of this Chapter are described below. The first one is that H2 molecules 

preferably physisorb on C-Top sites for Group IV TMCs and -MoC, but on M-Top for group V 

TMCs (VC, NbC, and TaC). When a H2 molecule adsorbs on C-Top, the H2 molecule adopts a Kubas 

mode adsorption, where the H2 bond is slightly elongated. Once adsorbed, the H2 molecule is 

thermodynamically driven to dissociate on group IV TMCs (TiC, ZrC, and HfC), where H adatoms 

occupy vicinal C-Top sites, and, in all cases, the H2 dissociation energy barriers are easily 
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surmountable, being, at most, of the order of ca. 0.60 eV. On Group V TMCs, the physisorption 

and the generally endothermic dissociation step is translated into somewhat larger Eb values, of 

ca. 1 eV, making it more difficult to have H adatoms on the surface. Finally, -MoC features a 

strong H2 adsorption, but a somewhat high Eb value of 0.90 eV, making it a viable hydrogenating 

catalyst, but at temperatures large enough so as to overcome this reaction step energy barrier. 
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4.7. Publication  
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5. CH4 adsorption and dissociation on TiC (001) surface 

5.1. Introduction 

Methane (CH4) is the most abundant and stable alkane molecule.(1) This compound, together 

with carbon dioxide (CO2), are the two main greenhouse gases contributing to the global 

warming and climate change. Although CH4 emissions are five times less than CO2, the CH4 

greenhouse effect is 23 times greater and, therefore, its contribution to climate change is 

comparable to that of CO2.(2) Nowadays different strategies oriented towards reducing the 

content of greenhouse gases in the atmosphere are applied. One of the most promising 

strategies to reduce the emission of these molecules into the atmosphere is the carbon capture 

and storage (CCS) technologies,(3) where the CO2 or CH4 molecules are sequestered, adsorbed in 

a viable material. Even more interesting are the carbon capture and use (CCU) technologies, 

where the sequestered CO2 or CH4 are converted into other valuable chemicals.(4) Towards this 

end, a viable material is needed, which has to act as a catalyst to dissociate these strongly bound 

molecules.  

In this work the TiC (001) surface is studied as a possible catalyst. Particularly, two options 

will be studied, either the clean TiC (001) surface, or its use as a support for small Ni clusters as 

the latter have been proposed as viable catalysts for desulfurization reactions.(5) The idea here 

was to inspect the dissociation of methane, limiting step to convert it into other chemicals, such 

as methanol.  

This work was carried out in collaboration with other researchers. The CH4 adsorption part 

on Nickel clusters was carried out by Dr. Prats while the experimental part was carried out by 

Dr. Rodriguez's group at Brookhaven National Laboratory. Finally, this work has been published 

in the Journal of the American Chemical Society (JACS) with the name “Room Temperature 

Methane Capture and Activation by Ni Clusters Supported on TiC (001): Effects of Metal-

Carbide Interactions on the Cleavage of the C-H Bond”, 2019, 141, 5303. 

5.2. Methodology 

The followed methodology is exactly the same as the one employed in Chapter 3, including the 

surface slab models, and so, we refer to it for further details. The only difference between 

Chapter 3 was that, in this Chapter, the transition states (TSs) have found using the CI-NEB,(6) 

but with the intermediate images generated by means of the Atomic Simulation Environment 

(ASE)(7) Image Dependent Pair Potential (IDPP)(8) tool, instead of a direct, linear interpolation. 

5.3. CH3 adsorption 

Having analysed the H adsorption in Chapter 3, the other possible fragment of the CH4 

dissociation is investigated here. The CH3 moiety can be adsorbed on TiC (001) with different 
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orientations with respect to the surface. In this Thesis only two orientations were tested: Either 

parallel or perpendicular with respect to the surface, knowing that CH3 is a flat moitety.(9–11) For 

the parallel orientation, 14 different conformations have been tested, see Figure 5.1. 

 

Figure 5.1. Schematic top view of a (001) surface of a TMC with the CH3 adsorption positions 

studied having CH3 parallel to surface. The image shows C atoms (black), metallic atoms (blue), 

and CH3 molecules in 14 initial positions. Dashed orange lines are guides for the eyes. 

In addition, when the CH3 is perpendicular to the surface, 13 different sites were tested for 

the adsorption of the CH3 molecular species. These positions are shown in Figure 5.2. 

 

Figure 5.2. Schematic top view of a (001) surface of a TMC with the CH3 adsorption positions 
studied when CH3 is perpendicular to surface. Colour coding as in Figure 5.1. 

The most favourable adsorption energy position for CH3 molecule is the same position found 

for the H adatoms, shown and discussed in Chapter 3, the C-Top, with an adsorption energy of  

-2.93 eV as obtained at a PBE-D3 level; see Figure 5.3.  
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Figure 5.3. Final geometry for the CH3 molecule and H atoms once these molecules are adsorbed 
on TiC (001) surface. Ti, C, and H atoms are shown here as dark grey, light grey, and white 
spheres, respectively. 

5.4. CH4 adsorption 

The CH4 adsorption on TiC (001) surface was studied previously.(12) where the three most stable 

adsorption positions were found; see Figure 5.4. 

 

Figure 5.4. Side views of CH4 adsorbed on TiC (001) in the three different considered cases.(12) 

The adsorption positions in ref. 12 were recalculated at a PBE-D3 level and the adsorption 

energy values are shown in Table 5.1.  

Table 5.1. Adsorption energies, in eV, of CH4 on the TiC (001) surface, in eV. 

Eads (eV) PBE-D3(12) 

H2(tM) -0.23 

H3(b) -0.23 

H3(tM) -0.23 

There one can see that in all cases small adsorption energies are found, implying a 

physisorption. Since these adsorption energies are small, everything indicates that the CH4 

dissociation on TiC (001) surface under the studied conditions would hardly occur unless 

molecular beams of CH4 were used.(13) 
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5.5. CH3 + H adsorption 

The final CH3 and H moieties upon co-adsorption has been addressed. Since both compete for 

the same C-Top surface site, different mutual sites have been regarded, even including less 

stable Ti-Top sites for H sites; see Figure 5.5. 

 

Figure 5.5. Top view of where H atoms have been added (A-C) having CH3 on a C-Top site (M). 

The results showed that the most stable configuration for the co-adsorption of CH3 and H is 

when H atoms are in position A. That is, both molecules are adsorbed on vicinal C-Top atoms as 

can be seen in Figure 5.6, with an Eads of -0.43 eV for the adduct. 

 

Figure 5.6. Top view of the optimized geometry for CH3 + H adsorbed on TiC (001) surface; colour 

coding as in Fig. 5.1. 

5.6. Adsorption on TiC-supported Ni clusters 

Three Ni clusters sizes have been studied to be supported on TiC (001): Ni4, Ni9, and Ni13. For 

these Ni clusters, the unit cell used for the TiC (001) surface was extended, to be a c(4×4) for the 

largest clusters. The optimized geometries for the Ni clusters adsorbed on TiC (001) surface are 

shown in Figure 5.7. These supported cluster structures were based on Ni being more stable 

again on C-Top site, and past studies showing a preference towards having a 3D truncated 

pyramidal structure instead of planar, extended Ni clusters.(14,15) 
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Figure 5.7. Most stable optimized geometries found for Ni4/TiC, Ni9/TiC, and Ni13/TiC. Ni atoms 
are shown as grey spheres, and Ti and C atoms as light and blue and black spheres, respectively. 
The unit cell is shown by black dotted lines. 

5.7. Adsorption on Ni clusters 

5.7.1. CH4 adsorption 

The CH4 adsorption energy on TiC (001) containing Nin clusters was systematically studied, 

including different adsorption modes and sites. Results showed that the CH4 molecule prefers 

to adsorb on Top-Ni vertex Ni atom. Both Ni4/TiC and Ni9/TiC cases can be seen in Figure 5.8. 

 

Figure 5.8. Top view of most stable CH4 position on Ni4/TiC (left) and Ni9/TiC (right). 

The Ni13/TiC case is a little different. The CH4 molecule adsorb in the Ni vertex atom but in 

this case, the CH4 is located on the Ni-edge; see Figure 5.9. 

 
Figure 5.9. Top (left) and side (right) views of CH4 adsorbed on Ni13/TiC. 
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The adsorption energies found for the different sizes are contained in Table 5.2. In addition, 

the CH4 adsorption energy on the bare TiC (001) surface and on Ni (111) are listed for 

comparison. 

Table 5.2. CH4 adsorption energies, in eV on Nin/TiC, TiC (001) and Ni (111) Ref. 16 (PBE-D2). 

Catalyst Ni4/TiC  Ni9/TiC  Ni13/TiC  TiC (001) Ni (111)(16) 

CH4 Eads  -0.57 -0.64 -0.36 -0.23 -0.24 

The results for CH4 adsorption show that, on the Nin/TiC systems, the CH4 adsorption energy 

is 1.5-2.5 times stronger than on the clean TiC (001) surface, which is indeed similar to Ni (111). 

Among them, the one with the highest adsorption energy is Ni9/TiC. 

5.7.2. CH3 adsorption 

Similarly to CH4, the CH3 moiety adsorbs in the same place on Ni4/TiC and Ni9/TiC cases and a 

little bit different on Ni13/TiC. On Ni4/TiC and Ni9/TiC the CH3 fragment adsorb in the 3-fold 

hollow Ni. Both Ni4/TiC and Ni9/TiC cases can be seen in Figure 5.10. The CH3 moiety on Ni13/TiC 

adsorbs on Ni-Top of the first slab as can be seen in Figure 5.11. 

 

Figure 5.10. Top views of the adsorption position for CH3 on Ni4/TiC (left) and Ni9/TiC (right). 

 

Figure 5.11. Top (left) and side (right) views of CH3 adsorption position on Ni13/TiC. 
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5.7.3 H adsorption 

The final adsorption position of the H atom on the Ni cluster depends on the Ni Cluster size. The 

adsorbed position for the atomic H on Ni4 cluster is a 3-fold follow Ni atoms while on Ni9, the 

adsorption occurs on 4-fold hollow Ni atoms. Both cases are represented in Figure 5.12. 

 

Figure 5.12. Top views of H adsorption on Ni4/TiC (left) and Ni9/TiC (right). 

Finally, the H atom is also studied on Ni13/TiC. In this case, the H adsorbs on a middle of one 

three-fold hollow, on a Ni (111) resembling facet. This position is shown in Figure 5.13. 

 

Figure 5.13. Top (left) and side (right) views of H adsorption on Ni13/TiC. 

5.7.4. CH3 + H adsorption 

As on bare TiC (001), CH3 + H co-adsorption configuration is studied on the Nin clusters supported 

on TiC (001), so as to get a final state situation for the CH4 dissociation. The optimized positions 

in each case are a little bit different. For Ni4/TiC case, in the final position, both the CH3 molecule 

and the H atom are adsorbed on the bridge between two Ni atoms and the CH3 molecule 

opposite the H atom. For Ni9/TiC case, the CH3 molecule is adsorbed on the bridge between two 

Ni atoms and the H atom in vicinal a four-fold hollow Ni atoms. In the last size under study, 

Ni13/TiC the CH3 molecule is located on the vertex of the cluster, and the released H adatom 

adsorbs on a three-fold hollow site of small (111) Ni supported cluster. The optimized adsorption 

position for three Nin/TiC cluster are shown in Figure 5.14, and the adsorption energies for the 

adducts are listed in Table 5.3. 
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Figure 5.14. Optimized CH3 + H co-adsorption position for the three Nin/TiC cluster systems. 

Left: Ni4/TiC. Center: Ni9/TiC. Right: Ni13/TiC. 

Table 5.3. CH3 + H co-adsorption energies, in eV, on the different Nin/TiC. 

 Ni4/TiC  Ni9/TiC  Ni13/TiC  

CH3 + H Eads  -1.32 -1.69 -1.05 

5.8. CH4 dissociation 

5.8.1 CH4 dissociation on bare TiC (001) surface 

CH4 transition states were studied for the three initial positions described in Figure 5.4, but only 

for one of the initial positions the barrier dissociation was obtained H3 (tM), while the other two 

did not converge. The reaction profile obtained with ZPE correction is shown in Figure 5.15. 

 

Figure 5.15. Reaction profile for CH4 first C-H bond scission, obtained using PBE-D3 and 
accounting for ZPE. 

The results obtained for the CH4 dissociation show a barrier energy of 1.32 eV when PBE-D3, 

and reduces to 1.23 eV when the ZPE is added. Figure 5.16 also shows the Gibbs free energy 

profile when having 1 atm of CH4 and 300 K of temperature, revealing that reaction step energy 

barriers are barely affected by the working conditions.  
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5.8.2 CH4 dissociation on doped (001) surface. 

The CH4 dissociation on doped TiC (001) surface with Nin clusters have also obtained using CI-

NEB method for the three Ni clusters. The reactions profiles for all cases are shown in Figure 5.9. 

The results obtained for the three cases are shown on Table 5.4. These values are obtained using 

PBE-D3 and applying a ZPE correction. As one can clearly see, Nin clusters feature much reduced 

energy barriers when compared to the TiC (001) support and the extended Ni (111) surface, 

implying that such low-coordinated sites in Nin are key in CH4 activation by catalysing first C-H 

bond scission. 

 

Figure 5.9. Reaction profiles for CH4 dissociation reaction on TiC (001) surface when having Ni4, 
Ni9, or Ni13 clusters. 

Table 5.4. Reaction step energy barriers (Eb) for the CH4 dissociation on different Nin supported 

on TiC (001) surfaces Note that present Eb values account for the ZPE, but this is not the case for 

the Ni (111) value in Ref. 17 

Catalyst Ni4/TiC  Ni9/TiC  Ni13/TiC  TiC (001) Ni (111)(17) 

CH4 Eb  0.18 0.25 0.38 1.22 1.18 

5.9. Experimental study 

In a similar fashion as done in Chapter 3, the experimentalists of the Dr. Rodriguez's group at 

Brookhaven National Laboratory, USA, carried out the experiments, and computational 

simulations helped finding an explanation. In this case, they used XPS spectra collected before 

and after dosing methane to Ni/TiC (001) and Ni (111) surfaces at 300 K (Figure 5.17) where one 

can see that the CH4 only adsorbs on Ni/TiC (001) when the CH4 is exposed at 300K 1 Torr for 5 

minutes.  
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Figure 5.10. C 1s XPS spectra collected before and after dosing methane to Ni/TiC (001) and Ni 
(111) surfaces at 300 K (top and bottom panels, respectively). The dosage of methane was 1 Torr 
for 5 minutes. The coverage of Ni on the TiC (001) substrate was 0.2 ML.(18) 

The simulations helped understanding the interaction of CH4 with Nix clusters supported on 

TiC (001) surface, which tend to favour the CH4 adsorption. This adsorption is 1.5-2.5 times 

stronger than on the clean TiC (001) surface as can see in Tables 5.2. The computational study 

made it possible to know how the size of the Ni cluster affects adsorption. The Ni4 cluster is the 

most favourable for the adsorption of CH3 and H and the Ni9 cluster is the most favourable for 

the adsorption of CH4. The synergy of Ni clusters and the TiC support material not only favours 

the adsorption of the molecules, but also increases their reactivity. Evidence for this is that the 

dissociation barriers values obtained for methane supported in Ni clusters are relatively small, 

only 0.18eV for Ni4/TiC, while the same barriers for the clean surface are around 1 eV larger.  
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This difference in the C-H bond scission energy barriers values, aside from the best adsorption 

on Nix/TiC systems, helped understanding better the experimental studies and why in this cases 

the methane can dissociated at room temperature, while this does not occur on the TiC (001) 

surface or on the Ni (111) surface. 

5.10. Conclusions 

The CH4 molecule on TiC (001) surface has a low adsorption energy. The dissociation study for 

this molecule shows that, as far as the TiC (001) surface is concerned, this dissociation will hardly 

occur, since the CH4 adsorption is very weak, and the molecule would likely desorb before 

breaking into CH3 and H, as this features a very large energy barrier. On the other hand, when 

the surface supports Ni clusters, the CH4 adsorption energy increases 1.5-2.5 times with respect 

that on the clean TiC (001) surface, depending on the size of the Ni clusters. Furthermore, the 

activation energy decreases considerably, going from 1.22 eV on the clean surface to 0.18 eV in 

the best case studied (Ni4/TiC). It seems plausible that a combination of low coordination and 

particular electronic structure of Ni clusters provokes that CH4 activation can occur more easily. 
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6. Infrared vibrational spectra for TiC nanoparticles 

6.1. Introduction 

Titanium carbide (TiC), due to its extreme hardness, is frequently incorporated into other 

materials (e.g. steels(1) and rubber(2) ) as small particles, giving rise to composites with improved 

wear-resistance and strength. TiC nanoparticles (NPs) have further been proposed as high 

temperature nucleation seeds for dust growth around aging C-rich stars.(3) TiC surfaces and 

nanostructured TiC have be increasingly attracting attention for their potential to replace 

precious metals in catalysis,(4–6) and fuel cells.(7) In particular, TiC has been found to be highly 

active for catalysing important hydrogenation reactions,(8–10) which is likely linked to the range 

of intimate ways in which hydrogen and TiC can interact.(11,12)  

Advances in all these areas are likely to be achieved through a better understanding the 

structure of TiC at the nanoscale. According to electronic structure calculations, even very small 

stoichiometric TinCn nanoclusters (e.g. for n = 6, 12) energetically prefer to exhibit the bulk rocksalt 

crystal structure.(13) Moving to C-rich TixCy compositions, nanoclusters start to exhibit C-C bonds 

and have non-rocksalt structures (e.g. the Ti8C12 metcar).(14,15) For a similar small size and for a 

slightly C-poor composition, the infrared (IR) spectrum from cluster beam experiments for Ti14C13 

is in good agreement with calculated IR spectrum for a structure based on a simple cubic cut from 

the rocksalt bulk crystal.(16) Cluster beam experiments have also provided IR spectra for a range 

of larger NPs with masses compatible with the set of C-poor compositions (TinCn-4, with n = 18, 24, 

32, 40, 50, and one of TinCn-5 for n = 63).(17) These experimental IR spectra are shown in Figure 6.1. 
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Figure 6.1. IR-Infrared-Resonance-Enhanced multiphoton ionization (IR-REMPI) spectra of 
different nanocrystalline titanium carbide clusters. Shown as dashed lines are the two optically 
active surface phonon modes of bulk TiC, measured by High resolution electron energy loss 
spectroscopy HREELS.(18) 

These NPs are generally assumed be exhibit structures based on cubic cuts from the parent 

rocksalt crystal. In principle, as four carbon atoms have essentially the same mass as a single Ti 

atom (48 atomic mass units, or amu), the experimentally observed NP masses are also compatible 

with parent rocksalt cut structures with one Ti atom or 4C atoms missing. Herein, we investigate 

whether this lack of agreement between experiment and theory can be reconciled by accurately 

calculating the IR spectra of TiC-based NPs derived from parent cubic rocksalt cuts with either: i) 

four C atoms removed or ii) a single Ti atom removed.  

Part of the work explained in this chapter has been submitted for publication in Physical 

Chemistry Chemical Physics under the title Can Calculated Harmonic Vibrational Spectra 

Rationalize the Structure of TiC-based Nanoparticles? under review 2021. 

6.2. Methodology 

In this Chapter, the calculations were performed using FHI-AIMS. The methodology used to study 

the stability and characterization on TiC NP has been, in a first step, the NP was optimized, in a 

second step the vibrational frequencies were obtained to calculate the IR spectra. The parameters 

used for these calculations, are explained in the Chapter 2, Section 2.12. 
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Two types of IR have been employed to obtain the IR spectrum of TiC NPs: i) harmonic IR 

spectra and ii) ab initio MD-based IR spectra. The harmonic spectra IR were obtained from 0K 

calculations while the AIMD-based IR spectra were obtained at different temperatures. 

6.3. Factors affecting the IR spectra of TiC NPs 

In this part of the thesis we examine factors which could affect the computed IR spectra of our 

TiC NPs. 

6.3.1. Isomer effect  

The smallest NP size for which experimental data is available (3×3×3) can exhibit two isomers: 

Ti14C13 and Ti13C14, as can be seen in Scheme 6.1. 

 

Scheme 6.1. Both possibilities for 3×3×3 size. 

The Ti14C13 NP exhibits atoms of Ti at the corners while the Ti13C14 NP, at the corners are C 

atoms. Both structures are shown in Figure 6.2. 

  

Figure 6.2. Left Ti14C13 NP. Right. Ti13C14 NP. 

Both isomers have been optimized using the FHI-AIMS code. The harmonic IR spectra obtained 

for these NP structures can be seen in Figure 6.3. 

3x3x3 size
Ti14C13

Ti13C14
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Figure 6.3. Harmonic IR spectra for Ti14C13 and Ti14C13 NPs. 

The IR spectra for these structures are very different in the frequency range under study, 

Ti14C13 presents three peaks with the highest frequency peak at 671 cm-1 while the highest 

frequency peak for the Ti13C14 isomer appears at 584 cm-1 and has six more peaks. The frequency 

range for the experimentally measured IR data is between 400 cm-1 and 900 cm-1 (see Figure 6.1) 

The experimental spectrum presents two peaks in this range like the Ti14C13 isomer. The calculated 

harmonic IR spectrum for this isomer is compared with the experimental IR spectrum in Figure 

6.4. 



Chapter 6 

 137 

 

Figure 6.4. Harmonic IR spectrum simulated for Ti14C13 isomer compared with the experimental 
data.(18) 

For larger TiC-based NPs the experimental IR vibrational spectra show only one significant peak 

with a maximum around 470-490 cm-1 (see Figure 6.1). The Ti14C13 spectrum also presents a peak 

at 490 cm-1 but in this case a higher frequency peak is also observed. This peak corresponds to a 

Ti-C-Ti bending mode, mainly exhibited at the NP edges. The simulated harmonic IR spectrum 

shows a higher frequency peak at 670 cm-1 approximately 50 cm-1 higher than corresponding high 

frequency peak obtained in the experimental IR. The peak at 670 cm-1 corresponds to an 

asymmetric Ti-C-Ti stretching mode exhibited mainly by edge atoms. Despite these differences, it 

can be considered that both spectra match quite well and therefore it we conclude that structure 

of the experimental 3×3×3 NP most likely corresponds to the Ti14C13 isomer. 

6.3.2. Functional effect  

In this Section, two different functionals have been used obtain harmonic IR spectra for the Ti14C13 

NP isomer. Specifically, we compare PBE(19) —a pure GGA functional— and PBE0(20) —a hybrid 

with 25% of Hartree-Fock exchange.  

After optimizing the NP structure, the effect of both functionals on the resulting harmonic IR 

spectrum is studied. The IR spectra obtained for each functional are shown in Figure 6.5. 
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Figure 6.5. Harmonic IR spectra obtained for Ti14C13 using different functionals. In red the PBE 

functional, in blue the PBE0 functional, and grey the experimental spectrum.(18) 

The results show significant differences with respect to the two functionals used. The peaks 

for the spectrum, calculated using the PBE functional are well defined and only three peaks are 

observed while when using PBE0 more peaks are obtained. In addition, the PBE0 peaks are 

relatively shifted to higher frequencies. 

Comparing with the experimental data, the obtained spectrum with the PBE functional is in 

better quantitative and qualitative agreement with the experimental IR spectrum than with PBE0 

functional (see Figure 6.5). In the remainder, all reported IR spectra are obtained using DFT 

calculations employing the PBE functional.  

6.3.3. Charge effect 

In this Section, three different charge states for the Ti14C13 NP have been studied: neutral (0), 

cationic (+1), and anionic (-1). The options under study in this case are shown in Scheme 6.2.  

 

Scheme 6.2. Charge study. 

Ti14C13

Anionic system

Neutral system

Cationic system
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The first electronic affinity (AE) and the ionization energy (IE) will be extracted for this system. 

The AE is defined as: 

𝑋(𝑔) + 𝑒− → 𝑋(𝑔)
−                                                  (6.1). 

Therefore, the AE will be obtained by subtracting the energy of the anionic system from that 

of the neutral system. The IE is defined as: 

𝑋(𝑔) → 𝑋(𝑔)
+ + 𝑒−                                                 (6.2). 

In this case, the IE will be calculated by subtracting the energy of the cationic system from that 

of the neutral system. 

For this structure, the electronic affinity is 0.97 eV and the ionization energy is 4.15 eV.  The 

IR characterization of the neutral, cationic, and anionic Ti14C13 NP can be seen in Figure 6.6.  

 

Figure 6.6. Harmonic IR spectra for neutral, positive, and negative charge for the Ti14C13 NP 

structure. 

The spectra show significant differences at low frequencies, between 200 and 400 cm-1. In this 

range the IR peaks of three structures do not coincide. The other two peaks that these species 

exhibit, around at 500 cm-1 and 650 cm-1 appear at similar frequencies in all cases. The neutral 

structure (green line) is slightly shifted to larger frequencies with respect to the anionic and 

cationic spectra. Specifically, the highest frequency peak for the neutral spectrum appears at 667 

cm-1 which is 10 cm-1 higher than for the cationic and anionic structures. Finally, the peak around 

the 490 cm-1 is different for each of the three charge states. In order of increasing frequency, this 

peak appears first in the cationic structure (481 cm-1), then in anionic structure (485 cm-1), and 

finally the neutral structure at 490 cm-1. 
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As the simulated spectra obtained do not exhibit significant differences in the experimental data 

range from 400 cm-1 to 900 cm-1 and us such they cannot be used to affirm the experimental 

system charge for this structure. In the remainder, all reported calculated IR spectra assume that 

the NPs are neutral species.  

6.3.4. Temperature effect 

In order to study the effect of temperature, molecular dynamics is used from which the IR 

spectrum was extracted (see details in the Chapter 2). The NP size chosen to do this test was the 

Ti14C13 NP at five different temperatures: at 0 (harmonic IR), 400, 900, 1500, and 2100 K. All 

temperatures considered are lower than the experimental melting point for TiC, which is about 

3100K.(21)  

 

Scheme 6.3. Different temperatures under study on Ti14C13. 

The results for this study are shown in Figure 6.7, where the IR spectra at different 

temperatures are plotted and compared with the experimental IR spectrum. 

Ti14C13

OK

400K

900K

1500K

2100K
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Figure 6.7. IR spectra simulated at different temperatures and experimental IR data for Ti14C13. 

The calculated IR results all show two peaks between 400 cm-1 and 800 cm-1 in line with 

the experimental spectrum, and no peaks at higher frequencies. At 0 K, the more intense 

peak corresponds to the peak at higher frequency (675 cm-1) with respect to the lower 

frequency peak (500 cm-1). The higher peak is triply degenerate and it corresponds to Ti-

C-Ti stretching mode from the C edge. The C atoms oscillate on edges between corner Ti 

atoms while the peak at 500 cm-1 is also triply degenerate and it is due to Ti-C-Ti bending 

mode. In this case, C edge atoms oscillate with respect to the cluster centre. However, as 

temperature increases the higher frequency peak broadens and flattens leading to the 

lower frequency peak having relatively more intensity. As the temperature increases, 

beyond 900 K, the higher frequency peak is increasingly difficult to differentiate due to 

the high level of thermally induced broadening. It is also observed that the lower 
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frequency peak gradually shifts to lower frequencies as the temperature increases. This 

shift in the low frequency peak amounts to around 30 cm-1 between 0 and 2100 K.  

 

Figure 6.8. IR spectra derived from for molecular dynamics at 900K compared with the 
experimental IR spectrum for the Ti14C13 NP. 

Comparing the MD-based spectra with the experimental spectrum we find that the simulated 

spectrum at 900K is the best match with the experimental spectrum. In this case (see Figure 6.8), 

the low frequency peak in both spectra coincides at 490cm-1. The second higher frequency peak 

for the 900K simulated spectrum is somewhat shifted towards higher frequencies, around 30 cm-

1 but has a similar intensity profile to the experimental peak. The 30 cm-1 shift could be due to the 

temperature of the Ti14C13 NP in the experiment being close to 900 K but slightly higher.  

The results show that the temperature is an important effect to interpret IR spectra obtained 

from cluster beam experiments. In particular, this study strongly suggests that the temperature 

in the experiment for Ti14C13 NP is near to 900 K. This temperature effect on the IR spectra will be 

tested for other NP sizes in the remainder of this Chapter. 

6.4. Stability of (TiC)18 based NPs 

In this section, the (TiC)18 NP will be studied. This size is the second smallest NP size represented 

in Figure 6.1. For this NP size, two different cubic cut structures (isomers) are possible. One of 

these isomers is the 3×3×4 Np while the other isomer is 2×3×6. Both isomers are shown in Figure 

6.9. 
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Isomer 433 Isomer 632 

 
 

Figure 6.9. Different isomers for (TiC)18. 

The 4×3×3 is found to be 2.88 eV more stable than the isomer 2×3×6. For this reason, our 

calculations will be focused on the 3×3×4 isomer. In Figure 6.1, the experimental data indicate 

that the NPs for a size of (TiC)18 and larger are “missing” four carbon  atoms (labelled as “3×3×4 – 

4C” in Figure 6.1). This is specifically noted for the (TiC)18, (TiC)24, and (TiC)32 NPs. Four carbon 

atoms have a mass of 48 amu, which also corresponds to the mass of one Ti atom. For this reason, 

both possibilities will be studied. One possibility corresponds to a Ti18C14 composition and the 

other possibility corresponds to a Ti17C18 composition. 

Considering the removal of four C atoms from a bulk cut 3×3×4 (TiC)18 NP, these atoms can be 

lost from different positions. In this study, four possibilities will be studied. The possibilities we 

considered are summarised in in Scheme 6.4. 

 

Scheme 6.4. Stuctures studied on Ti18C14. 

The images for the NP with four C atoms removed, Ti18C14, for each case can be seen in Figure 

6.10. 

Corner Short edges Internal Mixed 

    

Figure 6.10. Examples of sets of four C atoms to remove (red) from the cubic parent (TiC)18 NP to 
create initial. 

Carbon

Corner

short edge

internals
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The results show that the most stable isomer is when the 4C atoms are removed in the corners. 

The calculated relative energies for these NPs are reported in Table 6.1. 

Table 6.1. Relative energies in eV for the different Ti18C14 structures when 4C atoms are removed 
from the bulk cut (TiC)18 NP. 

Corner Short edges Internal Mixed 

0.00 7.01 9.96 6.04 

In order to search for alternative NP structures, classical molecular dynamics (MD) simulations 

were used. Specifically, a series of contiguous NVT MD simulations were run starting first from a 

high temperature (2500 - 3000K) and reducing the temperature in a step-wise manner by 500 K 

until a temperature of 1000K was reached. Low energy NP structures were then extracted and 

optimized using the above-described DFT approach. Using classical MD, another 10 Ti18C14 

structures were thus obtained. None of the NP structures obtained by this procedure are more 

stable than Ti18C14 when the atoms are removed from the corners, see Figure 6.11. 

 

Figure 6.11. Energetic stabilities of Ti18C14 NPs structures relative to the lowest energy NP with C 
atoms removed from the corners. 

The different considered positions of Ti when it is removed from (TiC)18 are shown in Scheme 

6.5. 
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.  

Scheme 6.5. Types of Ti17C18 NP studied strutuctures. 

The structures of theTi17C18 NPs with one Ti atom removed from the stoichiometric NP, are 

shown in Figure 6.12. 

Facet Corner Long edge Short edge 

    

Figure 6.12. Examples of one Ti atom to remove (red) from the cubic parent (TiC)18 NP. 

The relative energies obtained for these Ti17C18 NPs are shown in Table 6.2. 

Table 6.2. Relative energies in eV for the four Ti17C18 structures considered. 

Short edge Facet  Corner Long edge 

0.00 8.56 6.14 0.23 

The results indicate that the most stable Ti17C18 structure is when the Ti atom is removed from 

the short edge of the Ti18C18 NP. This structure is the most stable because a spontaneous C-C is 

formed. The same occurs when the Ti atom is removed on long edge. The formation of a C-C bond 

causes the structure to stabilize. In small stoichiometric (TiC)n nanoclusters, although the lowest 

energy structures tend to follow the Ti-C alternating order of the rocksalt crystal, low lying 

metastable isomers can exhibit C-C bonds.(13) With increasing C content, the formation of highly 

energetically stabilizing C2 dimers becomes more facile,(15) and most C-rich TixCy NPs are likely to 

exhibit such moieties. In the other two cases under study, no C-C bonds are formed. The final 

structure for the four cases is shown in Figure 6.13. 

Facet  Corner Long edge Short edge 

    

Figure 6.13. Final structures for the four structures under study for Ti17C18. 
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A further 49 structures with the Ti17C18 stoichiometry were created. The 49 NPs resulting from 

either direct optimisation of the NPs after removal of a Ti atom and/or the classical MD annealing 

runs further support this tendency. In this case, after optimization many of these NP structures 

exhibit C-C bonds. The formation of C-C bonds is readily identified in the IR spectra of TixCy NPs 

due to a strong signature peak close to 1350-1400 cm-1 associated with C-C stretching.(13,14) We 

note that the experimental IR spectra for the NPs considered in this study are not reported to 

exhibit such a peak.(17) NP structures with C-C bonding are thus not considered as viable 

candidates to explain the experimental IR data. The lowest energy Ti17C18 NP without C-C bonding 

was found upon Ti removal from a corner of a (TiC)18 rocksalt cut NP which we consider as the 

most likely C-rich NP candidate for potentially explaining the experimental IR results.  

We thus take the reference to be NP where the Ti atom is removed from a corner, and the 

energy of rest of the NP structures have been energetically compared in Figure 6.14.  

 

Figure 6.14. Relative energetic stabilities of Ti17C18 NPs structures with respect to the structure 

with a Ti atom removed from a corner of the 334 (TiC)18 NP. The structures with C-C bonds are 

indicated in blue and the structures that do not possess C-C bonds are indicated in red. 

We find that most Ti17C18 structures spontaneously form stabilising C-C bonds. In Figure 6.15 

where the most stable Ti17C18 NP structure found using MD can be seen. 
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Figure 6.15. Most stable Ti17C18 structure found. The structure exhibits two C-C bonds. 

6.5. IR spectra of TiC larger NPs  

After investigating how various factors can affect the calculated IR spectrum of the Ti14C13 NP 

(section 6.3) we focus on the role of temperature in an attempt to explain the experimental IR 

spectra for the larger NPs.  

6.5.1. Harmonic (0 K) IR Spectra 

Within the harmonic IR approach different NP sizes have been studied. The sizes under study are: 

(TiC)18, (TiC)24, (TiC)32, (TiC)40, and (TiC)50. 

6.5.1.1. (TiC)18 size 

In Section 6.4, the energetic stability of both cubic cut isomers for the stoichiometric (TiC)18 (i.e. 

the 4×3×3 and 2×3×6 isomers) was reported. The calculated harmonic IR spectra for both these 

isomers are shown in Figure 6.16. 
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Figure 6.16. Simulated IR spectra obtained for two cubic cut stoichiometric (TiC)18 isomers and the 
corresponding experimental IR spectrum.(18) 

In Figure 6.16, the harmonic IR spectrum for the 2×3×6 isomer (blue line) shows two main 

peaks with high intensity, at 694 cm-1 and 624 cm-1. In addition, this spectrum shows three groups 

of peaks with lower intensity. None of these three groups present intensities greater than 0.22 

Arbitrary Units (A.U.). The IR spectrum for 3×3×4 (orange line) shows eight main peaks. The higger 

peak is at 584 cm-1. The rest of the peaks obtained are at: 724, 609, 525, 770, 491, 742, and 698 

cm-1 in decreasing order of intensity. Finally, the experimental spectrum only has one discernible 

peak at 475 cm-1.  

Clearly, neither of the two simulated spectra for the two (TiC)18 isomers match with the 

experimental IR spectrum. With these results, both isomers can be ruled out as explaining the 

experimental data. Following the higher energetic stability of the 3×3×4 isomer and the discussion 

in Section 6.4, we now focus on the IR spectra of isomers obtained when this NP loses either: i) 

four carbon atoms (Ti18C14), or ii) one Ti atom (Ti17C18). The same four Ti18C14 isomers studied in 

section 6.4 were characterized by their harmonic IR spectra and compared with the experimental 

IR spectrum. All spectra can be seen in Figure 6.17. 
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Figure 6.17. Simulated IR spectra for the four Ti18C14 isomers characterized and experimental IR.(18) 

In Figure 6.17 it can be seen how none of the simulated harmonic spectra obtained matches 

with the experimental spectrum. Specifically, in all cases, the IR spectra for simulated isomers 

present more than one peak and have spectra extending to at least 750 cm-1.  

We do not see any improvement with respect to the experimental spectrum when considering 

the IR spectra of metastable Ti18C14 NPs, as compared to the most stable case where four C atoms 

are removed from 4×3×3 (TiC)18 corners. Thus, for larger NP sizes, we only consider the most 

energetically stable case where carbon atoms are removed from corner sites. 

Ti17C18 isomers 

In the case of Ti17C18 isomers, the four NP structures studied are the same as in section 6.4 (see 

Figure 6.12). Note that two of the isomers studied (long edge and large edge) present C-C bond 

and have an extra high frequency peak outside of the experimental frequency range. The 

simulated harmonic spectra for all four Ti17C18 isomers and the corresponding experimental IR 

data are shown in Figure 6.18. 
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Figure 6.18. Simulated harmonic IR spectra for four Ti17C18 isomers (see Figure 6.13) and the 
experimental IR spectrum.(18) 

In Figure 6.18 the harmonic IR spectra of the four considered Ti17C18 NPs are shown, despite 

the fact that two of them (Large edge and Short edge), as previously mentioned, are not good 

candidates due to the presence of C-C bonds. Of the other two candidates that, one of them 

(Facet) presents more peaks than the experimental IR spectrum. The other isomer (Corner) only 

presents one main peak like the experimental IR spectrum, but the peak is shifted 100 cm-1 to 

higher frequencies. Based on these results, this last case appears to be the best NP candidate to 

explain the experimental data. We will also study this type of isomer (i.e. with a single Ti atom 

removed from a corner) for larger NP sizes below. 

6.5.1.2. (TiC)24-based NPs 

For this size the three NP structures that will be studied can be seen in Figure 6.19. 

(TiC)24  Ti24C20 Ti23C24 

   

Figure 6.19. Three structures under study for (TiC)24 size. 
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The harmonic IR spectra obtained for each NP structures are compared with the IR 

experimental data for this size are shown in Figure 6.20. 

 

Figure 6.20. Simulated IR spectra for the (TiC)24, Ti24C20, Ti23C24, and experimental IR.(18) 

In the previous figure it is clearly observed that none of these simulated spectra of the three 

structures under study match well with the experimental data. As for the (TiC)18 size, the 

simulated harmonic spectrum that better matches with the experimental IR is for the Ti23C24 NP.  

6.5.1.3. (TiC)32-based NPs 

For this size the three NP structures studied can be seen in Figure 6.21. 

(TiC)32 Ti32C28 Ti31C32 

   

Figure 6.21. Three structures under study for (TiC)32 size. 

The harmonic IR spectra obtained for each NP structures are compared with the experimental 

IR data for this size are shown in Figure 6.22. 
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Figure 6.22. Simulated IR spectra for the (TiC)32, Ti32C28, Ti31C32, and experimental IR.(18) 

As for previously considered sizes, it is clearly observed that none of these simulated harmonic 

spectra match well with the experimental data. In this case, Ti32C28 presents a small peak at the 

same frequency that experimental data but except for this peak, the rest of the spectrum does 

not match. At this size, the Ti31C32 spectrum has two peaks, therefore this structure would not fit 

with the experimental data.  

6.5.1.4. Larger TIC NPs 

Finally, two larger NPs with 4×4×5 and 5×5×5 sizes are also studied corresponding with the 

experimental study. According with Figure 6.1, the masses of these NPs correspond approximately 

to the stoichiometric NPs. For this reason, in these sizes, only the stoichiometric cubic NP 

structures will be studied.  

The (TiC)40 size corresponds to the 4×4×5 NP case. The harmonic IR spectrum obtained is 

compared with the experimental data in Figure 6.23.  
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Figure 6.23. Simulated IR for the cubic (TiC)40 NP and the experimental IR for the same size.(18) 

The results in Figure 6.23 show that the harmonic IR simulated for (TiC)40 does not match with 

the experimental IR. For this size, not other options are tested. 

For the 3×3×3 size there are two isomers: Ti63C62 and Ti63C63. In this case, only first isomer has been 

characterized. This isomer has been chosen because it better corresponds with the stoichiometry 

of the identified Ti14C13 NP in experiment (i.e. the Ti-rich isomer) which has a lower tendency for 

C-C bond formation. The simulated harmonic IR spectrum for the Ti63C62 NP is compared with the 

experimental IR in Figure 6.24. 

 

Figure 6.24. Simulated IR for the cubicTi63C62 NP and the experimental IR data for the same NP 
size.(18) 
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As for the previous size, the IR simulated does not match with the experimental IR. The IR 

simulated presents more peaks than the simulated IR.  

6.5.2. MD-based IR spectra 

As seen in Section 6.3.5, temperature is an important effect which can improve the match 

between simulated IR spectra and experimental IR spectra. DFT-based MD runs at different 

temperatures were made in order to see if the derived IR spectra could improve the match with 

experiment with respect to the 0 K harmonic spectra. The temperatures tested were 900, 1500, 

and 2100 K in the (TiC)18 size. In addition to the stoichiometric cubic structure, the Ti18C14 and 

Ti17C18 NPs were also studied. In the case of Ti18C14 and Ti17C18, the isomers studied are when the 

atoms are missing in the corners. In Ti18C14 because is the most energetically stable isomer that 

was found while the Ti17C18 in addition to being the most stable candidate that does not present 

C-C bonds, it is the isomer that best fits with the experimental one so far. 

For the stoichiometric cubic (TiC)18 size structure the spectra obtained at different 

temperatures have been compared with the experimental data. All spectra are shown in Figure 

6.25. 

 

Figure 6.25. IR spectra at different temperatures for (TiC)18 compared with the experimental IR.(18) 
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When one focuses on harmonic IR, three signals groups are shown. The first one is between 

491 cm-1 and 537 cm-1. In this interval there are two peaks, one at 491-494 cm-1 and other at 526-

537 cm-1. These peaks correspond to Ti-C-Ti bending modes (edges/corners) and some stretching 

modes. A second group of peaks are between 584-611 cm-1. Here, another two peaks are shown, 

appearing at 586 cm-1 and 610 cm-1. These vibrations modes involving large C corner motions. 

Finally, three peaks more have been found in the range of 725-772 cm-1. These peaks are related 

with Ti-C-Ti stretching modes involving both edge and face C atoms. 

The simulated IR spectra obtained by means of MD at 900, 1500, and 2100 K do not to match 

the experimental IR spectrum particularly well. While the experimental spectrum only presents 

one peak with a maximum close to 490 cm-1 the simulated IR at 2100 K present two peaks, one at 

similar frequency of the experimental and a second peak around the 600 cm-1. This results indicate 

that the experimental IR spectrum does not correspond to the is the stoichiometric (TiC)18 NP. 

The same procedure of the stoichiometric compound was made for the Ti17C18 isomers. It should 

be remembered that for the harmonic spectrum, this compound is the one that best fits the 

experimental spectrum, since only one peak was obtained in its simulated IR. This peak drifted 

towards higher frequencies. In this case, the MD derived IR spectrum will better allow us to 

confirm or rule out this structure as the experimental IR structure. In Figure 6.26 all calculated IR 

spectra for Ti17C18 are compared with the corresponding experimental IR spectrum. 
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Figure 6.26. IR spectra at different temperatures for Ti17C18 compared with the experimental IR 
spectrum.(18) 

As previously commented, in the harmonic IR spectrum, only one peak is observed, which 

corresponds to Ti-C-Ti bending modes. The temperature dependent MD-based spectra, are all 

found not match well with the experimental IR spectrum. With these results, this NP structure is 

also ruled out as a likely candidate to explain the experimental data. 

For the Ti18C14 isomers Figure 6.27 shows the MD-derived IR spectra obtained at different 

temperatures compared with the corresponding experimental data. 
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Figure 6.27. IR spectra at different temperatures for Ti17C18 compared with the experimental 

IR.(18) 

In Figure 6.27 one can see that the MD-based IR spectra for Ti18C14 seems to match with the 

experimental IR for the higher temperatures considered. For the highest temperature considered 

(2100K) we compare the simulated IR spectra more detail in Figure 6.28. 
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Figure 6.28. Experimental IR and Simulated IR spectrum for Ti18C14 compound at 2100 K. 

In the last plot it can be seen clearly seen how the peak coincide. These results strongly suggest 

that the experimental IR spectrum corresponds to the Ti18C14 structure when the 4C atoms are 

missing from the stoichiometric NP in the corners.  

6.6. Conclusions 

The conclusion that can be drawn from this chapter are as follows. In the first place, different 

parameters of the simulation have been tested showing that some of them can modify the IR 

spectra (e.g. functional, charge state and temperature). The IR characterization of the simulated 

NPs has allowed us to compare with the experimental cluster beam derived IR spectra. The MD-

derived IR spectra have allowed us to identify the likely NP structures in experiment for the two 

smaller NP sizes. In this case, it was found the that the experimental IR spectrum likely 

corresponds to the Ti18C14 structure when the 4C atoms are missing from the parent 

stoichiometric NP in the corners. Furthermore, this NP structure is the most stable found within 

all Ti18C14 isomer structures that have been studied. As it is the energetically most stable isomer, 

we tentatively suggest that this result could also be extrapolated to the larger NP sizes of (TiC)24 

and (TiC)32 where it also happens that when the parent cubic structure loses the corners atoms it 

is the most stable isomer for TixCx-4.  
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6.7. Publication 
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7. H2 adsorption and dissociation on TiC NPs 

7.1. Introduction 

As discussed in the previous Chapter, nanoparticles are attracting increasing attention for their 

potential to replace precious metals in catalysis.(1,2) In many cases, NPs are already used as 

catalysts, as they have certain advantages over conventional catalysts due to less material use 

and a larger contact surface. This makes NPs very attractive catalysts. Currently NPs have a wide 

variety of potential applications in fields such as biomedical, optical, electronic, nanochemistry 

or agriculture.(3–6) In addition, they are also used for environmental purposes, such as the three-

way catalysts used in cars to reduce the emission of gases that are harmful to the environment. 

TMC NPs have been synthetized and used as alkylation catalysts.(7) 

In this Chapter we focus on the study of adsorption of hydrogen on TiC NPs, as was done on 

the TiC surface in Chapter 3. In this study the effect of the size of the NPs and their reactivity will 

be evaluated. Stoichiometric TiC NPs and C-deficient NPs reported in Chapter 6 will be studied. 

7.2. Methodology 

The approach to model hydrogen adsorption/dissociation on the TiC-based NPs closely follows 

the methodology employed for extended surfaces (see chapters 3 and 4). The adsorption of H2 

molecules has been studied by first adsorbing atomic H atom and then a H2 molecule. Two 

separated H atoms are adsorbed to simulate the molecular dissociation. These adsorption 

calculations have been studied for a range of different locations on in the considered NPs and 

for different NP sizes and stoichiometries. The TiC NPs considered in this chapter were selected 

from those considered in Chapter 6. Specifically, we consider a range of NPs derived from cubic 

cuts from the parent TiC rocksalt crystal, and also such NPs with corner carbon atoms removed. 

After studding H and H2 adsorption, the H2 dissociation reaction has been studied on these 

TiC NPs. In order to study the H2 dissociation, the NEB method with FHI-aims has been employed. 

In this case, 8 intermediate images were made to find the TS. When the TS is found, the higher 

energy image corresponding to the candidate TS, is analysed using a vibrational frequency study 

to check if this point is a real TS. 

The equation employed to obtained the adsorption energy is: 

𝐸𝑎𝑑𝑠
𝑋 = 𝐸𝑋/𝑁𝑃 − (𝐸𝑋 + 𝐸𝑁𝑃)                                             (7.1), 

where EX/N is the total energy obtained for every position/coverage under study, Ex is the energy 

of one isolated H atom or isolated H2 molecule under study, and ENP is the energy of the NP. 
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7.3. H adsorption 

In this part of the thesis, atomic H was adsorbed on TiC NPs. The NPs chosen to perform this 

study were (TiC)18 and Ti18C14, when (TiC)18 has lost four carbon atoms from the corners. The 

structures of these NPs are shown in Figure 7.1. 

  

Figure 7.1. Left: (TiC)18 NP. Right: Ti18C14 NP where four C atoms are removed from the corners. 

Blue Ti atoms and black C atoms. The same colour key will be used in all subsequent figures of 

TiC NPs. 

The (TiC)18 NP has been chosen because is the smallest size that exhibits many symmetrically 

distinct locations for H adsorption. In this case, the NP is a slightly elongated 4×3×3 cubic 

structure containing 36 atoms in total with two type of faces: Large rectangular faces and small 

square faces. The large face corresponds to the face that has four atoms and small face only has 

three atoms. The Ti18C14 NP is a low energy structure for this stoichiometry (see Chapter 6) and 

is a likely parent candidate for the carbon deficient Ti18C14 NP in IR-REMPI experiments.(8)  

In this study four different adsorption locations were studied: Corner, edge, small face, and 

large face. In all cases, the adsorption has been studied on top of both Ti atoms and C atoms. 

The calculated adsorption energies of a single H atom at all considered locations on the (TiC)18 

and Ti18C14 NPs are reported in Table 7.1.  

Table 7.1. Adsorption energy for one H atom on (TiC)18 and Ti18C14 in eV. 

Eads H atom (eV) (TiC)18 Ti18C14 

Corner 
Ti -2.95 -3.44 

C -4.46 - 

Edge 
Ti -2.46 -4.06 

C -3.92 -3.79 

Small face 
Ti -1.91 -2.17 

C -3.08 -4.26 

Large face 
Ti -2.04 -2.37 

C -3.16 -2.93 

The results shown that H adsorption in most cases is stronger on Ti18C14 than on (TiC)18 with 

an exception for the large face when the H is adsorbed on C-Top, where adsorption is a little 
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more favourable (0.23 eV) on the (TiC)18 NP. Generally, for both systems we note that adsorption 

on Top-C is more favourable than on Top-Ti. 

Two cases attract attention in the case of H adsorption on the Ti18C14 NP. The first one is when 

H atom is adsorbed on Top-Ti on an edge. Here, the adsorption energy obtained is strong 

because the H migrates to a C-deficient corner forming a hydrogen bridge between two Ti 

atoms. This case is shown in Figure 7.2. 

 

Figure 7.2. H adsorption on an edge for the Ti18C14 NP. The H atom migrates from its initial Tiedg 

location to a C-deficient corner forming a bridge with two Ti atoms. 

The second case corresponds when the H is adsorbed on Top-C on the small face. In this case, 

the obtained high adsorption energy is again due to the fact that H moves towards a C-deficient 

corner forming three bonds with three Ti atoms. See Figure 7.3. 

 

Figure 7.3. H adsorption on a small face for the Ti18C14 NP. The H atom migrates from its initial 
Tifac position to a C-deficient corner forming three bonds with Ti atoms. 

Both phenomena significantly stabilize the structure of the NP + H system. For this reason, 

we consider these positions as likely H adsorption positions after H2 molecule dissociation in the 

reported calculations below (Section 7.6). 

7.4. H2 adsorption 

Following this scan of H atom adsorption on two example NPs, we move onto H2 adsorption. In 

this section, we vary the NP size and test different locations for H2 molecule adsorption. 
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7.4.1. Size effect in the H2 adsorption 

7.4.1.1 Cubic Nanoparticles. 

In this part, cubic NPs have been studied. A cubic rocksalt cut NP possesses the same number of 

atoms in all three lattice directions. We separate cubic NPs into two blocks: Symmetric and 

Asymmetric NPs, See Scheme 7.1. 

 

Scheme 7.1. Different Sizes of TiC NP under study. Three sizes will be studied for symmetrical 
NPs and two sizes more for asymmetrical NP. In addition, in asymmetrical NPs both isomers for 
each size will be studied. 

Symmetric NPs 

Symmetric cubic NPs are those which possess an equal number of Ti and C atoms, i.e. they follow 

the bulk TiC rocksalt stoichiometry, and are invariant with respect to interchange of Ti and C 

atoms. Three different sizes of symmetric cubic NPs are studied: 2×2×2, 4×4×4, and 6×6×6. The 

smaller size exhibits only eight atoms, four C and four Ti atoms. The medium size has a total of 

64 atoms, 32 atoms of each element. Finally, the largest size possesses 108 C atoms and 108 Ti 

atoms making a total of 216 atoms. These NPs are shown in Figure 7.4.  

 
 

 

2×2×2 (TiC4) 4×4×4 (TiC32) 6×6×6 (TiC108) 

Figure 7.4. Structures of the two different symmetric NPs studied. 

For each size, hydrogen molecule adsorption is studied in three positions: Corner, face, and 

edge. As these NPs are symmetrical, in any one NP all faces and edges are equivalent. The results 

obtained for H2 adsorption are shown in Table 7.2. 

 

Cubic Np

Symmetric NP

2×2×2

4×4×4

6×6×6

Asymmetric NP

3×3×3
Ti14C13

Ti13C14

5×5×5 Ti63C62

Ti62C63
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Table 7.2. Adsorption energy in eV for symmetric TiC NPs using the FHI-AIMS code. * - No 

stable adsorption could be found. NA – not applicable due to unavailability of the site. 

Eads 
Corner Face Edge 

Carbon Titanium Carbon Titanium Carbon Titanium 

NP TiC4 + H2 -* -0.22 NA NA NA NA 

NP TiC32 + H2 -2.10 -0.24 -* -0.07 -1.14 -0.26 

NP TiC108 + H2 -2.66 -0.26 -0.63 -0.10 -1.96 -0.25 

In Table 7.2. one can see that as the NP size increases, the H2 adsorption energy also 

increases. An exception is for Tiedg, where we find almost exactly the same adsorption energy 

for TiC32 and TiC108. The most favourable position for the H2 adsorption is on C atoms at the 

corners. The adsorption of H2 on C edge (Cedg) positions is the second place that H2 prefers to be 

adsorbed. It is also important to note that the hydrogen molecule cannot be adsorbed on the 

faces and edges of (TiC)4 because the NP is so small that it does not exhibit these positions. In 

addition, no stable adsorption for H2 molecule could be found on C corners (Ccor) on (TiC)4 and 

on C atom on the faces for (TiC)32 NP. 

Asymmetric NPs 

Asymmetric cubic NPs possess an unequal number of Ti and C atoms with stoichiometry being 

either TinCn-1 or Tin-1Cn. Here, two different NP sizes have been studied: 3×3×3 and 5×5×5. 

Asymmetric NPs are not invariant to atom interchange and two different NP have been 

investigated for each size: one with all C atoms at the corners and the other with all Ti atoms at 

the corners. In summary, four TiC asymmetric NP have been tested.  

The NPs for sizes 3×3×3 (27 atoms) and 5×5×5 (125 atoms) the predominant atoms are the 

ones in the corners, and therefore there is always an atom more of this element than of the 

other. These NPs are shown in Figure 7.5.  

    

3×3×3 (Ti14C13) 3×3×3 (Ti13C14) 5×5×5 (Ti63C62) 3×3×3 (Ti62C63) 

Figure 7.5. Structure of two different asymmetric NPs studied. In each case the NP can be 

realised in two ways: one with carbon atoms in the corners and the other with Ti atoms in the 

corners. 



7. H2 dissociation and dissociation on TiC NPs 

 186 

As for the symmetric NPs, for asymmetric NPs, three molecular hydrogen adsorption 

positions are studied: Corner, Face and Edge. The results obtained are classified by NP size 

below. 

 3×3×3 NP 

 The calculated H2 adsorption energies for both NP for 3×3×3 size are shown in Table 7.3. We 

note that certain H2 adsorption locations were not possible depending of the structure of the 

NP being studied. For example, the Ti13C14 NP has no Ti corner sites for adsorption.  

Table 7.3. H2 adsorption energies in eV for various locations on the two 3×3×3 TiC NPs. NA – not 

applicable due to unavailability of the site. 

Eads (eV) 
Corner Face Edge 

Carbon Titanium Carbon Titanium Carbon Titanium 

NP Ti14C13 + H2 NA -0.36 NA -0.10 -0.75 NA 

NP Ti13C14 + H2 -2.46 NA 0.96 NA NA -0.39 

The results shown that the most energetically favourable locations for H2 adsorption is on 

low coordinated C atoms. Ti13C14 NP has C atoms at the corners which thus provide the most 

energetically favourable locations for H2 adsorption. The Ti14C13 NP lacks C atoms at the corners, 

and thus the most favourable adsorption occurs on the edge C atoms. 

The results for both NPs for the 5×5×5 size are shown in Table 7.4. 

Table 7.4. H2 adsorption energies in eV for various locations on the two 5×5×5 TiC NPs. NA – not 

applicable due to unavailability of the site.  

Eads (eV) 
Corner Face Edge 

Carbon Titanium Carbon Titanium Carbon Titanium 

NP Ti63C62 + H2 NA -0.26 -0.03 -0.12 -1.82 -0.25 

NP Ti62C63 + H2 -2.53 NA -0.36 -0.10 -1.73 -0.32 

The results obtained for size 5×5×5 show that the H2 adsorption is most favourable at the low 

coordinated Corners and edges, as for the 3×3×3 NPs. The Ti63C62 NP does not have C atoms at 

the corners leading to Cedg being the most favourable position for adsorption in this case. 

In summary, the results show that the adsorption on carbon atoms increases with increasing 

size, this tendency can see in Figure 7.6 where the adsorption on C-edge in different NP sizes are 

represented. Regarding the titanium atoms, it can be said that this adsorption is independent of 

size since the adsorption energy does not show great variations. 
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Figure 7.6. Trend in adsorption energy in eV for the H2 molecule adsorption on C-edge positions 
for different NP sizes. 

7.4.1.2 Non-cubic Nanoparticles 

Non-cubic NPs have also been studied. For this type of NP, two different sizes are studied: 3×3×4 

and 3×4×4.  

The 3x3x4 NP size possesses a total of 36 atoms where 18 correspond to Ti and the other 18 

are C. The 3x3x4 NP is a little bigger where there are 24 Ti and 24 C atoms forming a TiC NP of 

48 atoms. Both NP structures are shown in Figure 7.7. 

  

Figure 7.7. Left: 3×3×4 TiC NP (TiC)18. Right: 3×4×4 TiC NP (TiC)24. 

The H2 adsorption on these NPs are studied at the same locations as described above. The 

results obtained for both NPs are shown in Table 7.5. 
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Table 7.5. H2 Adsorption energy for different locations on for (TiC)18 and (TiC)24 NPs. NFA – Not 

favorable adsorption. 

Eads (eV) 
Corner 

Face 
Edge 

small large 

Carbon Titanium Carbon Titanium Carbon Titanium Carbon Titanium 

NP (TiC)18 + H2 -1.97 -0.27 NFA -0.11 NFA -0.05 -0.72 -0.35 

NP (TiC)24 + H2 -1.89 -0.26 NFA -0.04 NFA -0.09 -0.89 -0.29 

The results show that the most energetically favourable adsorption place is on C corners as 

for the symmetric NPs. Like the symmetric NPs, the adsorption on the C atoms on the faces is 

not stable and during the simulation, the H2 molecule migrates from C-Top site to a neighbouring 

Ti-Top site. 

Finally, H2 adsorption at different locations on both NPs with four corner carbon atoms 

removed has been considered. 

(TiC)18 (4×3×3) 

Removal of 4C corner atoms from the stoichiometric 4×3×3 NP yields a Ti18C14 NP as shown in 

Figure 7.8. 

 

Ti18C14 

Figure 7.8. (TiC)18 NP for which four corner C atoms are removed. 

This study has carried for four different positions: corner, edge, small face, and large face.  
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Table 7.6. Adsorption energy in eV for H2 molecule on (TiC)18 and Ti18C14 for different 
orientations and positions tested. NA – not applicable due to unavailability of the site. 

H2 adsorption Ti18C14 

Corner 
Ti -0.26 

C NA 

edge 
Ti -0.30 

C -0.41 

Small face 
Ti -0.02 

C 0.00 

Large face 
Ti -0.03 

C -2.01 

The results show that for (TiC)18 the adsorption is generally stronger than on Ti18C14 except in 

the case when the adsorption is on a large face on a C atom where the H2 molecule dissociates. 

This happens because the H2 molecule migrates to a nearby Ti, and then spontaneously 

dissociates. The final structure corresponds to two H atoms adsorbed on the C-deficient the 

corners. In Figure 7.9 we show the initial and final structures for this case. 

 

Figure 7.9. Initial and final geometries of the H2 disosiation allocated in Ti Face. 

(TiC)24 (4×4×3) 

The same procedure that previous size has been carried out for this the (TiC)24 NP with four 

removed C corners (i.e. a Ti24C20 NP). Note that for this size, the C atoms are not all in the same 

face, instead two C atoms are on one side of the NP and the other two C atoms are located on 

the opposite side (see Figure 7.10). The calculated H2 adsorption values are shown in Table 7.7. 
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Ti24C20 

Figure 7.10. (TiC)24 NP with four Ccor atoms removed. 

Table 7.7. H2 adsorption energy in eV for Ti24C20 for different positions. 

Eads (eV) 
Corner 

Face 

Edge 
Small Large 

Carbon Titanium Carbon Titanium Carbon Titanium Carbon Titanium 

NP Ti24C20 + H2 - -0.28 -0.63 -0.06 -0.34 -0.05 -1.13 -0.33 

The results obtained show that, in the same way as for the smaller NP size studied before, 

when the C-corners are removed, the reactivity increases. In this case, when the results of Table 

7. are compared with the results for (TiC)24 (Table 7.) the reactivity of the C-face increases, since 

the H2 adsorption on (TiC)24 is not favourable, while on Ti24C20 this adsorption is energetically 

favourable. The reactivity on Ti atoms is practically not affected when the four C-corners are 

removed. 

7.4.2. Initial distance effect between NP and H2 molecule in the H2 adsorption  

In this part, the initial distance between the Ti18C14 NP and the H2 molecule and its direction of 

approach is examined. In this study, two adsorption locations which we name: i) lone Ti and ii) 

barycentre. These points have been chosen due the previous results where it has been observed 

that in these places, H2 molecule dissociates spontaneously. Both sites can be seen in Figure 

7.11. 

  

Figure 7.11. Two adsorption locations under study. Left: Lone titanium. Right: Barycentre. 
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In addition, in these two places, three different initial H2 orientations with respect to the site 

are tested which we name: up, frontal, and, diagonal. These orientations are shown in Figure 

7.12. 

  

Figure 7.12. Different orientations for H2 approach studied with respect to the two adsorptions 
locations studied. 

The study has been carried out for H2-NP distances between 1.5 Å and 7.0 Å. The results 

obtained for the lone Ti site can be seen in Table 7.8.  

Table 7.8. Eads for different orientations of H2 and initial H2 – NP distances with respect to the 

lone Ti in the NP, in eV. 

Distance (Å) Eads up Eads Frontal Eads diagonal 

1.50 -2.00 -2.00 -2.00 

1.75 -2.00 -0.19 -2.00 

2.00 -0.18 -0.19 -2.00 

2.50 -0.18 -0.19 -2.00 

3.00 -2.00 -2.00 -2.01 

3.50 -1.34 -1.91 -0.08 

4.00 -2.00 -2.00 -0.08 

4.50 -2.00 -2.00 -0.08 

5.00 -2.00 -2.00 -0.08 

5.50 -1.34 -2.00 -0.08 

6.00 -2.00 -2.00 -0.08 

6.50 0.00 -2.00 -0.08 

7.00 0.00 0.00 0.00 

The results reveal three different groups of adsorption energy values. First of this group 

corresponds to energy values of -2.00 eV and -1.91 eV. In the first cases, the H2 molecule 

dissociates and the H atoms are adsorbed on two C-deficient corners, each interacting with 

three different Ti atoms. This situation arises for all three initial orientations studied. Secondly, 

when the energy is -1.91 eV, this adsorption of the second H atom is not on the corner, in this 
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case, the H atom only interacts with two Ti atoms and only occurs when the H2 molecule 

approaches frontally. Both cases can be seen in Figure 7.13. 

  

-2.00 eV -1.91 eV 

Figure 7.13. Final positions for the two most favourable H2 molecule dissociations on the Ti18C14 

NP. 

The second group corresponds to an adsorption value of -1.34 eV. This case, only occurs 

when the H2 molecule approaches from the “up” direction. In this case, the H2 molecule 

dissociates and one H atom migrates to a C-deficient corner and the other H atom forms a bridge 

between two Ti atoms. The final geometry for this energy can be seen in Figure 7.14. 

 

-1.34eV 

Figure 7.14. Final structure of dissociated H2 when the adsortion energy corresponds to -1.34 eV 
on the Ti18C14 NP. 

The last group of adsorption energies are below -0.20 eV. In this case, the interaction 

between the NP and the molecule is presumed to be a weak physisorption.  

Finally, the adsorption energy versus distance is plotted to see better the effect of the initial 

distance and orientation on the H2 molecule dissociation. 
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Figure 7.15. H2 adsorption energy values with the three different orientations and different H2 
– NP initial distances with respect to the lone Ti site on the Ti18C14 NP. 

In the diagonal orientation with respect to the lone Ti atom, when the initial H2 – NP distance 

is lower than 3 Å, H2 dissociates spontaneously giving place to both H atoms adsorbed on the 

corners as it is shown in Figure 7.15. For the other two orientations spontaneous dissociation 

occurs at distances greater than 3 Å and less than 6 Å. At the smallest initial distance of 1.5 Å, 

we find that spontaneous dissociation occurs for all orientations.  

The above study was also done with respect to the barycenter site (see Figure 7.11 and Figure 

7.12 and the results obtained are reported in Table 7.9. 
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Table 7.9. Eads for different orientations of H2 and initial H2 – NP distances with respect to the 
barycenter site on the NP, in eV. 

Distance (Å) Eads up  Eads Frontal  Eads diagonal  

0.00 -1.34 -1.34 -1.34 

1.50 -1.34 -1.10 -2.00 

1.75 -1.34 -1.34 -2.00 

2.00 -1.34 -1.34 -1.34 

2.25 -0.08 -1.10 -1.34 

2.50 -0.08 -0.08 -0.08 

2.75 -0.08 -0.08 -0.08 

3.00 -0.08 -0.08 -0.08 

3.50 -0.08 -0.08 -0.08 

4.00 -0.08 -0.08 -0.08 

4.50 -0.08 -0.08 -0.08 

5.00 -0.08 -0.08 -0.08 

5.50 -0.08 -0.08 -0.08 

6.00 -0.08 -0.08 -0.08 

6.50 0.01 -0.08 -0.08 

7.00 0.00 0.00 0.00 

In this study the results obtained show four different adsorption energies. Three of them are 

greater than 1eV. The structure associated with these energies can be seen in Figure 7.16. 

 
  

-2.00eV -1.34eV -1.10eV 

Figure 7.16. Different structures for H2 adsorption on the Ti18C14 NP. Left: the two H atoms are 

completely dissociated and adsorbed on two separate corners. Center: both H atoms form a 

bridge between two Ti atoms. Right: one H atom is adsorbed on a corner and another H on a Ti 

edge. 

The largest magnitude adsorption energy obtained is -2.00 eV for barycenter adsorption. This 

energy and structure is the same obtained in the previous study for the lone Ti site. In the case 

where the adsorption energy is -1.34 eV, the energy obtained is the same as that previously 

found, but the structure is different. In this case, both H molecules are dissociated and adsorbed 

on the same Ti atom located on the face, and each of them formed two bonds: one with Ti 
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located on a face and other on a Ti edge atom. Finally, the -1.10 eV adsorption corresponds to a 

structure where one H atom is on a C-deficient corner place interacting with three Ti atoms, and 

the other H atom is adsorbed on a Ti edge site near the corner where is the other H atom is 

located. Spontaneous dissociation on the barycentre only occurs for the diagonal orientation 

approach at initial distances of 1.50 Å and 1.75 Å. For distances greater than 2.50 Å, it is observed 

that there is only very weak H2 molecule adsorption and no dissociation. 

7.5. Adsorption Two H atoms  

After studying the most favourable adsorption position for single H atoms and single H2 

molecules, the next step is to know what happens with two H atom adsorbed on nearby atoms. 

In this case, two different stoichiometric NP sizes have been studied: (TiC)18 and (TiC)32. In 

addition, we also studied Ti18C14 when four carbon atoms are removed from the corners of 

(TiC)18. 

7.5.1. (TiC)32 

For this NP, depending on the initial position of two H atoms (2H), different final positions can 

be obtained. Two initial positions will be studied: C corners (Ccor) and Cedg. These positions are 

chosen because they are the most stable positions to adsorb an H atom (see above). In total, 

seven different combinations of 2H atoms have been studied. These combinations are divided 

into two groups: i) those with an H atom adsorbed on a C-corner, and ii) those with an H atom 

adsorbed on a C-edge. Being a cubic NP (4×4×4), it is highly symmetric thus reducing the number 

of distinct adsorption sites.  

 C-corner 

If the initial position of the H2 molecules is on a carbon corner, two final positions can take 

place for H2 dissociation: One corresponds to the two atoms adsorbed on two C atoms, one atom 

adsorbed on C corner (Ccor) and other on C face (Cfac) and another possibility is one H atom 

adsorbed on a Ti edge atom and the other H atom on a C atom (Ccor - Tiedg). The positions studied 

for the C-corner can be seen in Figure 7.17. 

 

Figure 7.17. Different possibilities for the final positions (A – Tiedg and B - Cfac) for a H atom after 
dissociative H2 adsorption on a Ccor site (red), which is assumed to retain one H atom.  
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In the Figure 7.17, you can see the (TiC)32 NP where the two options studied have been 

marked in different colours. The option A corresponds to Ccor – Tiedg and B is Ccor – Cfac. The 

calculated adsorption energy for both cases are shown in Table 7.10. 

Table 7.10. Adsorption energy for two Hydrogen atoms adsorbed on Ccor-Cfac or Ccor-Tiedg.  

 Ccor – Tiedg Ccor – Cfac 

Eads (eV) -0.45 -1.12 

The most favorable final position of the two dissociated H atoms when the initial position of 

the H2 molecules is on a C corner corresponds to Ccor – Cfac. The final position for this situation 

can be seen in Figure 7.18. 

 

Figure 7.18. Final position for H atoms adsorbed on Ccor and Cfac. 

 C-edge 

For dissociative H2 adsorption on a Cedg site as initial position, more possibilities can be studied. 

For the final configuration with the hydrogen atoms adsorbed on two carbon atoms there exist 

two possibilities: Cedg - Cedg and Cedg - Cfac. While if for the final configuration it is considered that 

one hydrogen atom is adsorbed on a Ti atom and another on a C atom, it is possible to explore 

three more possibilities: Cedg - Tiedg, Cedg - Tifac and Cedg - Ticor. We have studied a total of five 

different configurations, as shown in Figure 7.19. 

 

Figure 7.19. Different possibilities for final configurations (C to G) for a H atom after dissociative 
H2 adsorption on a C-edge (red). which is assumed to retain one H atom. 
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In this image, C corresponds to Cedg – Cfac, D is a Cedg – Cedg, E represents Cedg – Tiedg, and F 

shows Cedg –Tifac, and finally G exhibits Cedg – Ticor. The calculated adsorption energies for all 

configurations are shown in Table 7.11. 

Table 7.11. Adsorption energy in eV for the seven cases under study for two H atoms adsorbed 
on (TiC)32. 

 Cedg – Cfac Cedg – Cedg Cedg – Tiedg Cedg –Tifac Cedg – Ticor 

Eads (eV) -0.84 -1.37 -0.11 -1.14 -0.64 

In this case, the the strongest adsorption energy occurs for the initial Cedg - Cedg configuration.  

Note that the Cedg - Tifac final configuration has stronger energy adsorption than for two H 

atoms than the Cedg - Cfac configuration. However, in the former case, the H adsorbed initially on 

Tifac migrates to vicinal Cedg and in the final configuration, both H atoms are adsorbed at the same 

C-edge. For this reason, the energy value obtained for this initial configuration is the same that 

obtained for the H2 adsorption on C-edge (Table 7.2). In the Figure 7.20 are shown this process. 

 

Figure 7.20. Initial and final positions for Cedg –Tifac optimization. 

7.5.2. Ti18C14 

For the Ti18C14 NP, six different combinations of dissociated 2H atoms have been studied. These 

combinations are shown in Scheme 7.2. 
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Scheme 7.2. Adsorption site configurations studied on Ti18C14 for two vicinal H atoms. 

The calculated adsorption energies for all positions. are shown in Table 7.12. 

Table 7.12. Adsorption energies for two vicinal H atoms on Ti18C14 in eV. NFA – Not favorable 
adsorption. 

Initial Position Energy (eV) 

Cedg – TiCor -0.76 

Cedg – Tilf NFA 

Cedg – Tiedg -1.39 

Tilf – TiCor NFA 

Tilf – Tiedg NFA 

Tilf – Tilf  NFA 

The results obtained shown that only in one case the adsorption energy of two vicinal H 

atoms is particularly energetically favourable. This case is when the H atoms are initially 

adsorbed on Cedg and Tiedg. The initial and final H positions for this case are shown in Figure 7.21. 

 

Figure 7.21. Initial and final position for the most stable adsorption for two vicinal H atoms on 
Ti18C14. 

2 H atoms

Cedg - TiCor

Cedg - Tiedg 

Cedg - Tilf 

Tilf - Tiedg

Tilf -TiCor

Tilf - Tilf  
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In the Figure 7.21 you can see one H atom adsorbed on a Ti atom, which migrates to a corner 

forming a three bond with a Ti atom while the other H atom stays adsorbed on a Cedg atom. This 

final configuration is the most stable found.  

The second most energetically stable 2H configuration corresponds to H atoms that are 

adsorbed on Cedg and TiCor. For this configuration the adsorption energy is 0.63 eV less than the 

most stable configuration. The final position for this case corresponds to one H atom adsorbed 

on a Ticor and the other H atom adsorbed to Cedg, Figure 7.22.  

 

Figure 7.22. Initial configuration corresponds to the 2H atoms adsorbed one on Ticor and another 

on the Cedg and the final configuration the H atoms are adsorbed on the same vicinal atoms. 

7.5.3. (TiC)18 and (TiC)24 

For the (TiC)18 and (TiC)24 NPs, we studied the 2H configurations when two H atoms are adsorbed 

on two Cedg sites. This configuration is the most stable one studied for both the NP sizes studied 

in the previous sections. In Table 7.13 the adsorption energy values obtained for each NP size 

are reported. 

Table 7.13. Adsorption energy in eV for H atom adsorbed on two Cedg atoms for (TiC)18 and 
(TiC)24. 

Eads (eV) TiC(18) TiC(24) 

Cedg – Cedg -0.94 -1.02 

In both cases, the adsorption is energetically quite favourable. For this reason, the H2 

dissociation barriers will be studied for both NP sizes in the next section. 

7.6. H2 adsorption and dissociation on TiC Nanoparticles 

In this section, we studied the barriers for H2 dissociation on TiC NPs. To carry out this study, the 

NEB method together with the FHI-AIMS code was employed. The H2 dissociation barriers were 

calculated for different NP sizes and NP models. We note that for the case of the (TiC)18 NP, we 

had technical problems to establish the TS for H2 dissociation. 
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7.6.1. (TiC)32 

For the (TiC)32 NP, transition states for three H2 dissociation pathways were tested. One 

corresponds to a H2 molecule adsorbed on a Ccor as an initial position, and the other two are 

simulated using C-edge initial positions. For these studies, the NEB calculations have been 

performed using 8 images. The Scheme 7. shows all studies carried out for this NP size with the 

initial and final positions. 

 

Scheme 7.3. Transitions states studied for H2 dissociation on the (TiC)32 NP. 

7.6.1.1. Carbon corner as an initial position 

Our results for H2 adsorption have revealed that the adsorption on Ccor is the position most 

energetically favourable one for the NP size under study (Table 7.2). Knowing that this is the 

energetically preferred position, we proceed to study H2 dissociation study for this position using 

the NEB method. 

The image that represents the procedure under study can be seen in Figure 7.23 where the 

initial position corresponds to the H2 molecule adsorbed on a Ccor. In the final position, the H2 

molecule dissociates and one H atom is adsorbed on the same C corner atom and the other H 

atom migrates to a Cfac. 

 

Figure 7.23. H2 dissociation where initially the H2 molecule is adsorbed on a C corner and finally 
H2 is dissociated with one H atom adsorbed on a carbon corner and another H atom on a carbon 
face. 

The TS for the H2 dissociation at this location has been found and the dissociation energy 

(difference between initial and TS) for this process is 1.65 eV. In Figure 7.24 you can see the 

reaction profile for this process. 

Final 
position

Initial
position

Hydrogen 
dissociation 

Corner Ccor - Cfac

Edge
Cedg - Cedg

Cedg - Cfac
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Figure 7.24. Reaction profile for H2 dissociation where initial position is C-corner and final 

positions of the hydrogen atoms is adsorbed on C-corner and the other is adsorbed on C-face 

on the (TiC)32 NP. 

In addition to the relatively high barrier, the results show that the initial position is 

energetically more stable than the final position by 0.97 eV. This indicates that the molecular 

hydrogen dissociation reaction would not easily occur via this pathway. The structure of the 

transition state is shown in Figure 7.25. 

  

Top view Side view 

Figure 7.25. Transition State of molecular hydrogen dissociation where the initial position is C-

corner and the final configuration has one hydrogen atom adsorbed on a C-edge and the other 

is on a C-face. 

7.6.1.2. Carbon edge as initial position 

As can see in the Scheme 7.3, when Cedg is an initial position, two final 2H configurations have 

been tested. In the first case, the dissociation leads to two H atoms adsorbed on two C-edge 

sites. The second case studied corresponds to one H atom adsorbed on a Cedg and another H 

atom adsorbed on a C-face.  
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 Cedg to two Cedg sites. 

The initial and final structures associated with dissociation for this case can be seen in Figure 

7.26 where the initial position with an H2 molecule adsorbed on a Cedg and the final configuration 

where both H atoms are adsorbed on two different C-edge sites. 

 

Figure 7.26. H2 dissociation where the initial position H2 is adsorbed on a C-edge and in the final 

in configuration the H2 is dissociated with both H atoms adsorbed on two different Cedg-edge 

sites on (TiC)32. 

In Figure 7.27 we show the reaction profile for this calculation. 

 

Figure 7.27. Reaction profile for H2 dissociation where the initial position is a C-edge and finally 

both hydrogen atoms are adsorbed on two vicinal C-edge sites on the (TiC)32 NP. 

Figure 7.27 shows that TS barrier to this reaction profile is 1.04 eV and the difference 

between initial and final position is -0.24 eV. (i.e. the ore dissociated adsorbed hydrogen atoms 

are more energetically favourable than the initial state). The transition state is shown in Figure 

7.28. 
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Top view Side view 

Figure 7.28. TS for molecular hydrogen dissociation where initial position is a C-edge and 

finally both hydrogen atoms are adsorbed on a C-edge. 

 C- edge to C-edge and C-face. 

In this case, the initial position corresponds to H2 molecule adsorbed on Cedg and in the final 

position, on H atom is adsorbed on Cfac and the other has remained adsorbed on Cedg. The 

geometries of initial position and final position are shown in Figure 7.29. 

 
Figure 7.29. H2 dissociation where initial position H2 is adsorbed on Cedg and final in positions H2 

is dissociated being one H adsorbed in Carbon edge and other H in Cfac. 

The reaction profile for this dissociation reaction is show in Figure 7.30. 
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Figure 7.30. Reaction profile for H2 dissociation on (TiC)32 where the initial position is a C-edge 

and finally of the hydrogen atoms are adsorbed on a C-edge and on a C-face site. 

The TS energy is 1.05 eV and the difference between initial and final position is 0.30 eV. In 

this case, the initial position is more stable than the final, as for the first case studied (Ccor → Ccor 

– Cfac). As such this reaction is not thermodynamically favourable. The TS is shown in Figure 7.31.  

  
Top view Side view 

Figure 7.31. TS structure for molecular hydrogen dissociation on (TiC)32 where initial position is 

C-edge and final configuration of the hydrogen atoms is adsorbed on a C-edge and the other on 

a C-face. 

In both cases studied when the H2 molecule is adsorbed on Carbon edge as an initial position, 

the TS is the same and it displays the same energy and the same geometry.  

In this case, a new method to corroborate the TS has been tested. As the CI-NEB method is 

not implemented in the FHI-AIMS code, the method tested has consisted of a new NEB between 

previous and later TS images. The new NEB has carried out using 5 intermediate images. The 

new method tested cannot found the TS, because the NEB is not optimized. The NEB found 

structures energetically more stable than the initial and final positions, and this prevents the 

NEB from being optimized. It is normal that NEB find those more stable positions, since in this 
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case both of the initial and the final images are not stable positions. For this reason, the TS 

cannot be corroborated by this method and the method and test are abandoned. 

In summary, the TS energies found for the three cases studied in (TiC)32 size are shown in 

Table 7.13. 

Table 7.13. Energy in eV for initial, Transition state, and the difference between initial and final 
positions in the three NEB cases studied for (TiC)32 NP. 

Energy (eV) Transition state 
ΔE initial and final 

position 

Corner to Ccor - Cfac 1.65 0.97 

Edge to Cedg - Cedg 1.04 -0.24 

Edge to Cedg - Cfac 1.05 0.30 

According with the results, the only possibility for thermodynamically favourable H2 

dissociation to occur on the (TiC)32 NP is when the initial position of H2 molecule is adsorbed on 

Cedg and in the final position both H atoms are adsorbed on two vicinal Cedg atoms. This case also 

gives an energy barrier lower than the other two cases studied. 

7.6.2. (TiC)18 

As above size studied, only one option was thermodynamically favourable (Cedg → Cedg – Cedg), in 

this size only this option has been studied for the (TiC)18 NP. In addition, for this size, two options 

were tested: when the NP has all atoms (i.e. the stoichiometric NP) and when four C atoms are 

removed from the corners. 

7.6.2.1. Stoichiometric NP 

For this size, only one option has been tested to know the barrier energy. The option under study 

is shown in Figure 7.32. 

 

Figure 7.32. H2 dissociation on (TiC)18 where the initial position of H2 is adsorbed on a C-edge 

site and finally H2 is dissociated with both H atoms adsorbed on two different Carbon edge. 

You can see the reaction profile which has been obtained for this size in Figure 7.33. 
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Figure 7.33. Reaction profile of H2 dissociation on (TiC)18 where the initial position is a C-edge 

and finally both hydrogen atoms are adsorbed on two vicinal C-edge  

The TS barrier in this reaction profile is 1.02 eV and the difference between initial and final 

position is -0.24 eV (i.e. the dissociated hydrogen atoms are more stable than the initial state). 

Figure 7.34 shows the TS geometry. 

  

Top view Side view 

Figure 7.34. Geometry of Transition State found in (TiC)18 size. 

 7.6.3. (TiC)24 

The H2 dissociation path has been studied from H2 adsorbed on a C-edge to two H atoms 

adsorbed on two C-edge sites on the (TiC)24. The initial and final structures can be seen in Figure 

7.35. 
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Figure 7.35. H2 dissociation on (TiC)24 where initial the position of H2 is adsorbed on a C-edge 

and finally is dissociated with both H atoms adsorbed in two different C- edge sites. 

The reaction profile is shown in Figure 7.36. 

 

Figure 7.36. Reaction profile of H2 dissociation On the (TiC)24 NP where initial the position is a 

C-edge and finally both hydrogen atoms are adsorbed on two vicinal C-edge sites. 

The geometry of the TS is shown in Figure 7.37. 

 

Top view 

Figure 7.37. Geometry of Transition State for H2 dissociation on (TiC)24 where the initial position 

of H2 is adsorbed on a C-edge. 
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7.7. Conclusions. 

According to the above results, TiC NP is good material to adsorb H2. As for the bulk TiC surface 

studied previously, the H2 molecule energetically prefers to adsorb on C atoms. The most 

energetically favouable adsorption positions is the C-Corner. When the NP size increases, the 

magnitude of the adsorption energy also increases when the H2 molecule is adsorbed on C 

atoms. When the adsorption occurs on the Ti atom, practically no variation of adsorption energy 

is observed with increasing the size. When NPs are poor in C atoms, their reactivity increases 

and in for some H2 adsorption sites H2 spontaneously dissociates. Finally, the TiC NP exhibits 

lower barrier energies for H2 dissociation reaction than TiC surfaces. The energy barrier for H2 

dissociation does not vary significantly with respect to the NP sizes studied. 
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8. Global conclusions 

The present Thesis consists of different studies about TMCs and their role in H2 interaction and 

dissociation, as well as on CH4 dissociation being a support of Ni clusters, and their NP stability 

and IR recognition.  

As far surface results are being concerned, the following conclusions can be withdrawn: 

 H atoms prefer to occupy surface C-Top positions on TiC (001) surface, up to a full ML 

situation. The adsorption energy decreases with coverage, making it suitable to have H 

adatoms occupying Ti-Top sites, which can be occupied when surrounded by C-Top sites, 

forming sort of pyramidal H, particularly occupied when going over a 1 ML situation. 

These results made it possible to understand experimental studies, allowing the 

assignment of the peaks obtained in the experimental TPD. Aside from C-Top sites, H2 

can be adsorbed as an elongated H2 moiety, called Kubas model. The dissociation of H2 

molecule into 2H adatoms is an exothermic process and presents a small energy barrier. 

The as generated H adatoms may diffuse over the TiC (001) surface, through moderate 

energy barriers. Such results point out the use of TiC as a possible hydrogenating 

catalyst. 

 Results obtained for the rest six TMCs studied revealed that the H2 molecule preferably 

physisorbs on C-Top for Group IV TMCs and -MoC, but on M-Top for group V TMCs (VC, 

NbC, and TaC). When the H2 molecule adsorbs on C-Top, the H2 molecule adopts a Kubas 

mode adsorption, where the H2 bond is sensibly elongated. This mode adsorption has 

been found on all TMC even though it is not the most favourable adsorption mode. The 

only compound where the Kubas mode has not been found has been in TaC. Once 

adsorbed, the H2 molecule is thermodynamically driven to dissociate on group IV TMCs 

(TiC, ZrC, and HfC), where H adatoms occupy vicinal C-Top sites, and, in all cases, the H2 

dissociation energy barriers are easily surmountable. This not occurs on Group V TMCs, 

where the physisorption and the generally endothermic dissociation step is translated 

in somewhat larger Eb values. Finally, -MoC features a strong H2 adsorption, but a 

somewhat high Eb value, making it a viable hydrogenating catalyst, but at temperatures 

large enough so as to overcome this reaction step energy barrier. At this point, only the 

group IV TMCs are good candidates to performed the H2 dissociation reaction. 

 With respect to the CH4 molecule, it presents a lower adsorption energy on TiC (001) 

surface, and the dissociation will hardly occur, since the molecule would likely desorb 

before breaking into CH3 and H, this last step featuring a very large energy barrier. On 

the other hand, when the surface supports Ni clusters, the CH4 adsorption energy 

increases 1.5-2.5 times with respect that on the clean TiC (001) surface, depending on 

the size of the Ni clusters. Furthermore, the activation energy decreases considerably in 

the best of cases studied (Ni4/TiC). Thus, it seems plausible that a combination of lack of 
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coordination and particular electronic structure of Ni clusters provokes that this CH4 

activation can occur more easily. 

As far NP results are being concerned, the following conclusions can be withdrawn: 

 Concerning IR identification, different parameters of the simulation have been tested 

showing that some of them can modify the IR spectra (e.g. functional, charge state, and 

temperature). The IR characterization of the simulated NPs has allowed us to compare 

with the experimental cluster beam derived IR spectra. The MD-derived IR spectra 

allowed us identifying the likely NP structures in experiment for the two smaller NP 

sizes. In addition, it was found the that the experimental IR spectrum likely corresponds 

to the Ti18C14 structure when the 4C atoms are missing from the parent stoichiometric 

NP in the corners. Furthermore, this NP structure is the most stable found within all 

Ti18C14 isomer structures that have been studied. As it is the energetically most stable 

isomer, we tentatively suggest that this result could also be extrapolated to the larger 

NP sizes of (TiC)24 and (TiC)32 where it also happens that when the parent cubic structure 

loses the corners atoms it is the most stable isomer for TixCx-4.  

With respect to H2 adsorption and dissociation NP, the results show that H2 molecule, in the 

same way that in the (001) surface, prefers to adsorb on C atoms. The most energetically 

favorable adsorption position is the C-Corner. When the NP size increases, the magnitude of the 

adsorption energy also increases when the H2 molecule is adsorbed on C atoms. When the 

adsorption occurs on the Ti atom, practically no variation of adsorption energy is observed with 

increasing the size. When NPs are put in C atoms, their reactivity increases and in for some H2 

adsorption sites H2 spontaneously dissociates. Finally, the TiC NP exhibits lower barrier energies 

for H2 dissociation reaction than TiC surfaces. The energy barrier for H2 dissociation does not 

vary significantly with respect to the NP sizes studied. In addition, the energy barrier obtained 

on TiC NP is higher that the found for TiC (001) surface in the same conditions that the NP has 

been studied 
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10. Summary in Spanish 

En esta memoria se han plasmado los resultados correspondientes a la tesis titulada 

“Modelización computacional de carburos de metales de transición con relevancia para la 

nanotecnología y catálisis”. En esta Tesis Doctoral se llevan a cabo diferentes estudios sobre 

Carburos de Metales de Transición (TMC por sus siglas en inglés). Estos estudios se han realizado 

sobre superficies y nanopartículas de estos materiales.  

10.1. Introducción 

En la mayoría de reacciones químicas de la industria se utilizan utilizados catalizadores. Un 

catalizador se define por la Unión internacional de Química Pura Aplicada (IUPAC) como una 

sustancia que aumenta la velocidad de una reacción sin modificar el cambio de energía libre 

estándar general de la reacción; el proceso se llama catálisis.(1) Un catalizador interactúa con los 

reactivos, productos e intermedios para disminuir a energía de activación de una reacción. En 

muchos casos, esta disminución viene dada por la modificación del mecanismo de reacción 

(Figura 10.1). Un catalizador sólo modifica la velocidad de reacción, manteniendo intactas las 

magnitudes termodinámicas. Además, no afecta a los reactivos ni productos y al final de la 

reacción se puede recuperar. 

 

Figura 10.1. Representación de un perfil de reacción arbitrario para una reacción catalizada 

(línea verde) y una reacción no catalizada (línea roja). 

La catálisis se puede clasificar según la naturaleza del catalizador y del estado en el que se 

encuentran las sustancias que participan en la reacción como catálisis enzimática, catálisis 

homogénea o catálisis heterogénea. La catálisis enzimática es aquella en la que el catalizador 

son moléculas biológicas que reciben el nombre de enzimas, un ejemplo de este tipo reacciones 

serían las que se producen en el cuerpo humano. En la catálisis homogénea, los reactivos y el 

catalizador se encuentran en el mismo estado físico. Un ejemplo de estas reacciones es el 

proceso Fenton(2) para la eliminación de contaminantes en agua. Finalmente, nos encontramos 
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con la catálisis heterogénea, donde los reactivos se encuentran en fase gas o bien en líquido y 

el catalizador es sólido. El 90% de la producción química se obtiene mediante un catalizador 

sólido.(3) Estos procesos son algunos de los ejemplos: 

Tabla 10.1. Importancia de la catálisis heterogénea en la industria química. 

Proceso catalizador reacción 

Haber-Bosh  Hierro N2(g) + 3H2(g) → 2NH3(g) 

Reformado de 
gas natural  

Níquel CH4(g) + H2O(g) → CO(g) + 3H2(g) 

Cracking del 
petróleo 

Zeolitas 

Productos: 

 En gas: etano, propano 

 En liquido: gasolina 

 como residuo: gasoil 

Reformado de 
Nafta 

Platino y Renio 
sobre alúmina  

Síntesis de 
Epoxi etano  

Plata sobre 
alúmina  

Síntesis de 
ácido sulfúrico 

Oxido de Vanadio 
(V) sobre sílice 

2SO2(g) + O2(g) → 2SO3(g) 

Síntesis del 
ácido nítrico 

Platino y Rodio  4NH3(g) + 5O2(g) → 4NO(g) + 6H2O(g) 

La catálisis heterogénea implica sistemas extremadamente complejos donde el proceso 

catalítico se lleva a cabo en la superficie. La mayoría de los catalizadores industriales son metales 

preciosos, y esto es una gran desventaja debido al gran coste económico de estos metales y su 

baja abundancia en la tierra. Esto lleva a buscar nuevos catalizadores alternativos, donde los 

catalizadores de TMC han llamado la atención de los investigadores. 

Estos nuevos materiales se sintetizan introduciendo átomos de Carbono en sitios 

intersticiales de sus metales originales, que normalmente incluyen todos los elementos 3d y 

elementos 4d/5d de los metales de transición tempranos de los grupos III-VI, aunque también 

la incorporación de átomos de C puede implicar un cambio es su estructura cristalina.(4) Los TMCs 

tienen propiedades físicas y químicas que combinan los rasgos característicos de tres clases 

diferentes de materiales: En primer lugar, los TMC muestran la extrema dureza y fragilidad de 

los sólidos covalentes. En segundo lugar, tienen una temperatura de fusión alta y estructuras 

cristalinas simples, típicas de los cristales iónicos. Y, por último, también tienen propiedades 

eléctricas y magnéticas, propias de los metales de transición.(4) Los TMC también presentan 

algunas ventajas con respecto a los metales preciosos (Ru, Rh, Pd, Os, Ir y Pt). El primero es su 

coste; los TMC son materiales rentables, mientras que los metales nobles son muy caros dada 
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su escasez. La segunda ventaja es que en los TMC la adsorción es menos fuerte que en los 

metales preciosos. Este hecho provoca que la disociación de algunos productos sea más sencilla. 

Finalmente, los catalizadores de TMC son resistentes al envenenamiento por carbono o azufre, 

aunque pueden envenenarse con oxígeno, la formación de oxicarburos reduce así su actividad 

catalítica. Sin embargo, incluso en el último caso, existen estudios recientes en los que el 

oxicarburos de superficie puede retener la actividad química, como se ve, por ejemplo, en la 

captura de CO2 por los oxicarburos TMC del grupo IV.(5) Estos catalizadores se presentan como 

unos excelentes catalizadores para diferentes reacciones como: disociación de H2,(6) oxidación 

de CO, (7,8) y activación de metano,(9) entre otras. 

En esta Tesis Doctoral se va estudiar la adsorción y disociación de Hidrógeno, debido a su 

gran interés entre otros usos como energía limpia. El hidrógeno es el elemento más abundante 

del universo(10) pero debido a su gran volatilidad, en la tierra no se encuentra. Por esa razón es 

necesario producirlo. El 96% de hidrogeno que se produce, se obtiene del carbono y únicamente 

el 4% se obtiene mediante la electrolisis del agua. (Figura 10.2) 

 

Figura 10.2. Producción de hidrogeno. 

Dentro de los usos del Hidrógeno, la mayoría de se usa en la industria química y la industria 

petroquímica (cerca del 72%), dentro de estas industrias, el hidrogeno se emplea en la síntesis 

de amoníaco (Proceso Haber-Bosh), refinamiento de petróleo y síntesis de metanol (Figura 1.3). 

 

Figura 10.3. Usos del Hidrogeno. 

Electrólisis
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10.2.1. Adsorción y disociación de H2 en la superficie (001) de TiC 

En un primer lugar, se ha estudiado la adsorción y disociación de hidrogeno en siete TMC. (Figura 

10.4). Además, sobre la superficie del TiC, se ha estudiado la disociación de metano (CH4). 

 

Figura 10.4. TMC donde se van a estudiar la adsorción y disociación de hidrogeno. 

10.2.1.1 Adsorción de H atómico y H2 molecular en la superficie (001) de TiC. 

En primer lugar, se define la celda unidad como 8 átomos de Carbono y 8 de Titanio, por lo tanto, 

una monocapa (ML) está constituida por 8 átomos. Una vez definida la celda unidad, se lleva a 

cabo la adsorción de H atómico a bajo recubrimiento, esto es decir 1 átomo de H (12,5% de 

recubrimiento). Para esta situación, se estudian 6 posiciones diferentes donde se ubica el átomo 

de H dentro de la celda. Estas seis posiciones son definidas como: (1) Top metal (M-Top), (2) Top 

Carbón (C-Top), (3) Puente entre un carbono un átomo metálico, (4) Hueco cuádruple, (5) Hueco 

triple formado por 2 átomos de metal y 1 de carbono (MMC), y (6) hueco triple formado por 2 

átomos de carbono y 1 de metal (CCM). Estas posiciones se muestran en la Figura 10.5. 

 

Figura 10.5. Vista en planta esquemática de un TiC (001). La imagen muestra átomos de C 

(negro), átomos metálicos (azul) y átomos de H (rojo) en las seis posiciones iniciales bajo estudio. 

Las líneas discontinuas de color naranja son guías para los ojos. 

Una vez adsorbidos los átomos, se ha calculado la energía de adsorción para conocer en cuál 

de las posiciones estudiadas es energéticamente más favorable la adsorción del átomo de 

hidrogeno. Para calcular la adsorción, se emplea la siguiente fórmula: 

𝐸𝑎𝑑𝑠/𝑎𝑏𝑠
𝐻 = 𝐸𝐻/𝑇𝑀𝐶 − (EH − ETMC)                                     (10.1), 
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donde EH/TMC es la energía total de la superficie de TiC con el átomo de H adsorbido en ella, EH la 

energía total de un átomo de hidrógeno aislado en el vacío y ETMC la energía total de la superficie 

de TiC (001). Observe que se usa la misma ecuación al calcular la adsorción de H consecutiva, 

pero considerando como ETMC la superficie con una cobertura de H dada, en la que se adsorbe 

un H adicional. Observe que EH se obtiene colocando el átomo de H en una celda unitaria de 

simetría rota de dimensiones de 91011 Å y llevando a cabo una optimización de Γ puntos. De 

manera similar, la adsorción de energía de H2 se calcula con la misma ecuación, pero usando en 

lugar de EH la energía de una molécula de H2 aislada. 

Para este caso, se ha encontrado que la posición de adsorción más favorable es en C-Top con 

una energía de adsorción de -2,73 eV para el funcional PBE(11) y -2,83 eV para PBE con corrección 

Grimme D3.(12) A continuación, se ha incrementado la cobertura de los átomos de H en la 

superficie, estudiando los casos de cobertura de 0,25 ML (2 átomos), 0,65 ML (5 átomos) y 1 ML 

(8 átomos). 

Los resultados obtenidos han mostrado que, en todas las coberturas estudiadas, la adsorción 

se produce sobre C-Top. Cabe destacar que se ha descubierto, que los átomos de H adsorbidos 

sobre átomos de C, favorecen la adsorción sobre átomos de Ti. En el caso de 5 átomos de H 

adsorbidos, se aprecia claramente este efecto. Cuando los cuatro átomos de H se encuentran 

adsorbidos sobre cuatro átomos de C y se quiere añadir un quinto átomo de H se puede colocar 

en las posiciones que se muestran en la Figura 10.6. 

 

Figura 10.6. Esquema de vista superior de un quinto átomo con H añadido. 

Los resultados para esta situación han mostrado que la posición más estable para el quinto 

átomo de H es sobre el C-Top (posición D) pero que al adsorberse en la posición A, la energía de 

adsorción incrementa debido a las interacciones entre los átomos de hidrogeno. En este caso, 

se forma una estructura piramidal entre los átomos de Hidrógenos adsorbidos como se muestra 

en la Figura 10.7. 
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Figura 10.7. Quinto átomo de H agregado en Ti-Top en medio de cuatro átomos de hidrógeno 

adsorbidos en C-Top, formando una piramidal de átomos de H. 

Cuando la adsorción se realiza en posiciones más separadas, la energía de adsorción 

disminuye como se puede ver en la Figura 10.8. 

 

Figura 10.8. Vistas superiores de la variación de Eads para el quinto en sitios C-Top y Ti-Top. 

Para una cobertura de 1 ML (cobertura completa) se han estudiado 3 maneras posibles de 

realizar dichas coberturas. Obteniendo como resultados que la posición más estable para 

adsorber H es sobre C-Top. Finalmente, se ha estudiado la posibilidad de adsorber a sobre la 

cobertura máxima de la superficie. En este caso, se ha encontrado que los átomos de H, se 

adsorben en Ti-Top, favorecidos por la interacción con los átomos previamente adsorbidos. En 

ningún caso, la adsorción de H se produce entre capas, es decir la absorción es menos favorable 

que la adsorción. 
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Estos estudios nos han permitido explicar los datos de los investigadores experimentales del 

grupo del Dr. Rodríguez del laboratorio nacional de Brookhaven, en EE.UU. 

A continuación, se ha estudiado la adsorción de la molécula de H2, en este caso, se han 

examinado 19 posiciones diferentes sobre la superficie del TiC. Los resultados han mostrado que 

la adsorción de la molécula de H2 es débil sobre estas posiciones excepto en la posición sobre el 

átomo de C cuando la molécula de hidrogeno esta paralela a la superficie. En este caso, la 

adsorción de H se produce formando el denominado modos kubas, donde el enlace H2 se alarga 

sensiblemente. El modo kubas se muestra en la Figura 10.9. 

 

 

Vista en planta Vista en perfil 

Figura 10.9. Vista en planta superior (izquierda) y perfil (derecha) de la adsorción de H2 en un 

modo Kubas en TiC (001). 

10.2.1.2 Disociación de H2 en la superficie (001) de TiC. 

Para llevar a cabo el estudio de la disociación de H2 se han utilizado los métodos CI-NEB(13) y 

Dimmer.(14) En este caso, se ha utilizado como posición inicial la molécula de H2 adsorbida en 

modo kubas y en la posición final, los átomos de hidrógeno se encuentran adsorbidos sobre 2 

átomos de C vecinos. La coordenada de reacción obtenida se puede ver en la Figura 10.10. 

 

Figura 10.10. Perfil energético de la reacción de disociación H2. 
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Los resultados obtenidos muestran una barrera de 0.47 eV cuando PBE-D3 es empleado. Esta 

barrera disminuye hasta los 0.34 eV cuando se añade la corrección ZPE. 

10.2.2. Adopción y disociación de H2 en la superficie (001) de diferentes TMCs. 

El mismo procedimiento descrito para el TiC, se han llevado a cabo para el resto de los TMCs. En 

primer lugar, se ha estudiado la adsorción de un átomo de H sobre las superficies a una 

cobertura de 0.125 ML. los resultados han mostrados que, en todos los casos, la adsorción de H 

se produce sobre C-Top y los valores obtenidos se muestran en la Tabla 10.1. 

Tabla 10.1. Valores de Eads, en eV, obtenidos a nivel PBE-D3 en TMCs (001) superficies para un 

átomo de H. 

 TiC VC ZrC NbC -MoC HfC TaC 

Eads -2.83 -2.26 -2.91 -2.05 -2.94 -2.84 -2.35 

A continuación, la adsorción de la molécula de H2 se ha estudiado. En este caso, los resultados 

obtenidos han mostrado que la molécula de H2 se fisisorbe preferiblemente en C-Top para las 

TMC del grupo IV y -MoC, pero en M-Top para las TMC del grupo V (VC, NbC y TaC). Cuando la 

molécula de H2 se adsorbe en C-Top, la molécula de H2 adopta una adsorción en modo Kubas. 

Este modo de adsorción se ha encontrado en todos los TMC, aunque no es el modo de adsorción 

más favorable excepto en el compuesto de TaC donde no se ha logrado encontrar. 

Una vez conocido la posición de adsorción más estable para la molécula de H2, se ha 

procedido a estudiar la disociación de esta. Para ello, se han empelado los métodos de CI-NEB y 

Dimer.  

Como posición inicial la posición más estable en cada caso, para los metales del grupo IV y -

MoC, la molécula de H2 adsorbida en modo kubas sobre el átomo de Carbono, y para los metales 

de del grupo V, la molécula de H2 se encuentra fisiadsorbida sobre el metal mientras que para 

la posición final, en todos los casos se utilizan los dos H adsorbidos se encuentran adsorbidos 

sobre dos átomos de C vecinos, excepto en el Ta, que se encuentran adsorbidos sobre 2 átomos 

de Ta (posición energéticamente más estable). Las barreras de activación encontrada para cada 

material se muestran en la Tabla 10.2. 

Tabla 10.2. Barreras de energía de disociación H2, Eb, PBE-D3 con ZPE, expresadas en eV. 

 TiC VC ZrC NbC -MoC HfC TaC 

Eb (eV) 0.35 1.08 0.59 0.86 0.90 0.46 1.11 

Finalmente, los perfiles son graficados en la Figura 10.11. 
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Figura 10.11. Perfiles de la reacción de disociación de hidrógeno con PBE-D3 en la superficie 

(001) de todos las TMC estudiados. 

Con estos resultados, los únicos TMCs que sus resultados revelan que pueden ser buenos 

candidatos para albergar la reacción de disociación de H2 son los metales del grupo IV (Ti, Zr y 

Hf). 

10.2.3. Adsorción y disociación de CH4 en la superficie (001) de TiC 

En este caso, se han seguido el mismo procedimiento descrito para la disociación de H2. El 

estudio de la disociación de metano ha sido estudiado para dos situaciones diferentes. La 

primera de ellas es cuando se dispone de la superficie de TiC (001) limpia como ocurría en el 

estudio de la disociación de H2, y la segunda situación que se ha explorado es cuando la 

superficie TiC (001) se encuentra dopada con clústeres de Ni de diferente tamaño. Los clústeres 

de Ni estudiados han sido el clúster Ni4, el Clúster Ni9 plano, y el Clúster Ni13 piramidal. Estos 

clústeres soportados por la superficie de TiC (001) se muestran en la Figura 10.12. 

 

Figura 10.12. Clústeres de Ni4, Ni9 y Ni13 soportados sobre TiC donde se van a estudiar la 

adsorción y disociación de CH4. 
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En este caso, se estudia la adsorción de CH4 (posición inicial) y CH3 + H (posición final) sobre 

los 3 sistemas de clústeres de Ni soportados en la superficie TiC y en la superficie limpia de TiC 

(001). Los resultados para ambos casos se muestran en la Tabla 10.3. 

Tabla 10.3. Energía de adsorción para CH4, CH3, H, y CH3 + H en los diferentes sistemas NiX/TiC 

estudiados y en la superficie limpia. 

Catalizador Ni4/TiC  Ni9/TiC  Ni13/TiC  TiC(001) 

CH4 Eads  -0.57 -0.64 -0.36 -0.23 

CH3 + H -1.32 -1.69 -1.05 -0.43  

Se puede observar como la energía de adsorción cuando la superficie se encuentra dopada 

con clúster de Ni es entre 2-2,5 veces superior que cuando la superficie no se encuentra dopada. 

Esto es debido a la estructura electrónica particular de los clústeres de Ni que provoca que esta 

activación de CH4 pueda ocurrir más fácilmente. Las posiciones de adsorción para los valores de 

CH4 se muestran en la Figura 10.13. 

 

Figura 10.13. Posición más estable para la adsorción de CH4 en los sistemas Ni4/TiC, Ni9/TiC y 

Ni13/TiC. 

En la Figura 10.13 se aprecia como la posición de adsorción más estable para el CH4 en los 

clústeres Ni4 y Ni9 es sobre el átomo de Ni que se encuentra en el vértice, mientras que en el 

caso del clúster Ni13, esta posición difiere un poco respecto a la anterior, siendo la posición 

más estable la adsorción sobre la arista del átomo de Ni. 

Finalmente, se lleva a cabo el estudio de la disociación de CH4. En este caso, el estudio se ha 

llevado a cabo utilizando en método NEB. Las barreras de energía obtenidas para los diferentes 

catalizadores se muestran en la Tabla 10.4.  

Tabla 10.4. Barreras de energía obtenidas para los diferentes catalizadores. 

Catalizador Ni4/TiC Ni9/TiC Ni13/TiC TiC(001) 

CH4 Eb 0.18 0.25 0.38 1.22 
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Como se puede ver, las barreras de energía obtenidas son muy pequeñas. Esto demuestra 

que la superficie (001) de TiC dopada con clústeres de Ni es un buen catalizador para disociar 

metano. Los perfiles obtenidos para los 4 casos, también son mostrados en la Figura 10.14. 

 

Figuras 10.14. Cordenada de reaccion para los 4 casos estudiados. Izquierda: 3 casos con la 

superficie dopada con clústeres de Ni. Derecha: cuando la superficie de TiC está limpia. “taken 

from Ref  

10.3. Espectros infrarrojos vibraciones para Nanopartículas de TiC 

En esta parte del trabajo, se han estudiado la estabilidad y su posterior caracterización de 

diferentes tamaños de Np con el objetivo de encontrar la estructura de unas partículas de TiC 

de las cuales únicamente se dispone de sus espectros de IR.  

La información experimental de la cual se dispone es el conjunto de espectros que ya se 

encuentra publicado en la literatura.(15)  
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Figura 10.15. Espectros de ionización multifotónica mejorados por resonancia infrarroja IR (IR-

REMPI) de diferentes grupos de carburo de titanio nanocristalino. Los dos modos de fonón de 

superficie ópticamente activos de TiC a granel, medidos por espectroscopía de pérdida de 

energía electrónica de alta resolución (HREELS), se muestran como líneas discontinuas. “Taken 

from Ref. 15” 

10.3.1. Factores que afectan los espectros de IR de las NP de TiC 

En primer lugar, se han estudiado diferentes factores que podrían afectar a los IR simulados de 

nuestras NP. En total se han examinado cuatro factores: el factor de los isómeros, el uso de 

distintos funcionales, el efecto de la carga global de las NP y por último el efecto de la 

temperatura. 

 Efecto de los isómeros. 

El efecto de los isómeros se ha estudiado sobre el tamaño más pequeño del cual se disponen 

datos experimentales, el 3×3×3. Para este tamaño, existen dos posibles isómeros el Ti14C13 y el 

Ti13C14. Ambos isómeros se muestran en la Figura 10.16. 

  

Figura 10.16. Izquierda: Ti14C13 NP. Derecha: Ti13C14 NP. 
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En primer lugar, se ha de optimizar la estructura, condición imprescindible para poder 

simular el IR de una estructura. Después de optimizar la estructura, los IR son calculados a través 

de las frecuencias de vibraciones y, por último, se comparan los IR obtenidos para ambos 

isómeros. Los dos espectros se pueden ver en la Figura 10.17. 

 

Figura 10.17. Espectros de IR armónicos para NP Ti14C13 y Ti14C13. 

Como se puede apreciar en la figura anterior, los espectros de IR obtenidos son claramente 

diferentes, esto permite distinguir los isómeros mediante esta técnica. Los resultados muestran 

que el isómero Ti14C13, encaja mejor con el espectro experimental como se puede apreciar en la 

Figura 10.18. 



10. Summary in Spanish 

 232 

 

Figura 10.18. Espectro de IR armónico simulado para el isómero Ti14C13 comparado con los datos 

experimentales.(15) 

 Efecto del funcional 

En este caso, dos funcionales son comparados para comprobar cuál de los dos simula mejor el 

IR experimental. Los funcionales utilizados son PBE(11) y PBE0.(16) Los espectros obtenidos para la 

estructura Ti14C13 con cada uno de los funcionales, junto con el IR experimental son mostrados 

en la Figura 10.19. 
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Figura 10.19. Espectros de IR armónicos obtenidos para Ti14C13 utilizando diferentes funcionales. 

En rojo el funcional PBE, en azul el funcional PBE0 y en gris el espectro experimental.(15) 

Los resultados muestran como el funcional PBE se ajusta mejor a los datos experimentales 

ya que únicamente presenta 2 picos, mientras que el funcional PBE0 presenta 4 picos. Además, 

estos picos se encuentran a frecuencias mayores que las experimentales.  

 Efecto de la carga 

En esta sección, se han estudiado tres estados de carga diferentes para el Ti14C13 NP: neutro (0), 

catiónico (+1) y aniónico (-1). Aprovechando que se disponen de las tres estructuras, se han 

calculado la afinidad electrónica y la energía de ionización, siendo la primera de 0.97 eV y la 

segunda de 4.15 eV. Los tres espectros obtenidos se representan en la Figura 10.20. 
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Figura 10.20. Espectros de IR armónicos para carga neutra, positiva y negativa para la estructura 

NP Ti14C13. 

Los espectros muestran diferencias significativas a bajas frecuencias, entre 200 y 400 cm-1. 

En este rango, los picos de IR de tres estructuras no coinciden. Los otros dos picos que exhiben 

estas especies, alrededor de 500 cm-1 y 650 cm-1 aparecen en frecuencias similares en todos los 

casos. La estructura neutra (línea verde) se desplaza ligeramente a frecuencias más grandes con 

respecto a los espectros aniónico y catiónico. Específicamente, el pico de frecuencia más alto 

para el espectro neutro aparece en 667 cm-1 que es 10 cm-1 más alto que para las estructuras 

catiónica y aniónica. Finalmente, el pico alrededor de los 490 cm-1 es diferente para cada uno de 

los tres estados de carga. En orden de frecuencia creciente, este pico aparece primero en la 

estructura catiónica (481 cm-1), luego en la estructura aniónica (485 cm-1) y finalmente la 

estructura neutra a 490 cm-1. 

Como los espectros simulados obtenidos no exhiben diferencias significativas en el rango de 

datos experimentales de 400 cm-1 a 900 cm-1, no se pueden utilizar para afirmar la carga del 

sistema experimental para esta estructura. Por lo tanto, en el resto de espectros de IR simulados 

se realizarán de compuestos neutros. 

 Efecto de la temperatura 

Para estudiar el efecto de la temperatura, se utiliza la dinámica molecular para obtener el 

espectro IR. El tamaño de NP elegido para realizar esta prueba fue el NP de Ti14C13 a cinco 

temperaturas diferentes: a 0 (IR armónico), 400, 900, 1500 y 2100 K. Todas las temperaturas 

consideradas son inferiores al punto de fusión experimental del TiC, que es aproximadamente 

3100K.(17) Los resultados obtenidos para este estudio son mostrados en la Figura 10.21, junto 

con el espectro experimental. 
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Figura 10.21. Espectros de infrarrojos simulados a diferentes temperaturas y datos de 

infrarrojos experimentales para Ti14C13. 

Todos los resultados de IR simulados muestran dos picos entre 400 cm-1 y 800 cm-1 en línea 

con el espectro experimental, y ninguno de ellos presenta picos a frecuencias más altas. A 0 K, 

el pico más intenso corresponde al pico de mayor frecuencia (675 cm-1) con respecto al pico de 

menor frecuencia (500 cm-1). El pico más alto está triplemente degenerado y corresponde al 

modo de estiramiento Ti-C-Ti desde el borde C. Los átomos de C oscilan en los bordes entre los 

átomos de Ti de las esquinas, mientras que el pico a 500 cm-1 también está triplemente 

degenerado y se debe al modo de flexión Ti-C-Ti. En este caso, los átomos del borde C oscilan 

con respecto al centro del cúmulo. Sin embargo, a medida que aumenta la temperatura, el pico 

de frecuencia más alta se ensancha y aplana, lo que lleva a que el pico de frecuencia más baja 

tenga relativamente más intensidad. A medida que aumenta la temperatura, más allá de 900 K, 

el pico de frecuencia más alto es cada vez más difícil de diferenciar debido al alto nivel de 
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ensanchamiento inducido térmicamente. También se observa que el pico de frecuencia más baja 

se desplaza gradualmente a frecuencias más bajas a medida que aumenta la temperatura. Este 

cambio en el pico de baja frecuencia asciende a alrededor de 30 cm-1 entre 0 y 2100 K. 

Para este estudio, el espectro simulado que más se asemeja al experimental es el obtenido a 

900 K. En este caso, el pico de menor frecuencia en ambos espectros coincide con 490 cm-1. El 

segundo pico de frecuencia más alto para el espectro simulado de 900 K está algo desplazado 

hacia frecuencias más altas, alrededor de 30 cm-1, pero tiene un perfil de intensidad similar al 

pico experimental. El cambio de 30 cm-1 podría deberse a que la temperatura del NP Ti14C13 en 

el experimento está cerca de 900 K pero ligeramente más alta. 

Los resultados muestran que la temperatura es un efecto importante para interpretar los 

espectros IR obtenidos de experimentos de haz de racimo. En particular, este estudio sugiere 

fuertemente que la temperatura en el experimento para Ti14C13 NP es cercana a 900 K. Este 

efecto de temperatura en los espectros de IR se probará para otros tamaños de NP en el resto 

de este Capítulo. 

10.3.2. Estabilidad de NP basadas en (TiC)18 

En este apartado se estudiará el (TiC)18 NP. Este tamaño es el segundo tamaño NP más pequeño 

representado en la Figura 10.15. Para este tamaño de NP, son posibles dos estructuras de corte 

cúbico diferentes (isómeros). Uno de estos isómeros es el 3×3×4 NP mientras que el otro 

isómero es 2×3×6. Ambos isómeros son estudiados y se obtiene que el isómero 3×3×4 es 2.88 

eV más estable que el isómero 2×3×6. 

En la Figura 10.15, los datos experimentales indican que a los NP para un tamaño de (TiC)18 y 

mayores les “faltan” cuatro átomos de carbono (etiquetados como “3×3×4 - 4C”. Esto se observa 

específicamente para los tamaños (TiC)18, (TiC)24 y (TiC)32. Cuatro átomos de carbono tienen una 

masa de 48 amu, que también corresponde a la masa de un átomo de Ti. Por ello, se estudiarán 

ambas posibilidades. Una posibilidad corresponde a una composición de Ti18C14, donde los 4 

átomos de carbono se han eliminado y la otra posibilidad corresponde a una composición de 

Ti17C18, donde el átomo eliminado es uno de Titanio.  

 Ti18C14. 

Para este compuesto, se estudiarán cuatro posibilidades (isómeros). Las posibilidades que 

consideramos que se eliminan los 4 átomos de carbono son: en las esquinas, en las aristas de la 

cara pequeña, internos y aleatorios. Los 4 isómeros se pueden ver en la Figura 10.22. 
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esquinas Arista pequeña internos aleatorios 

    

Figura 10.22. Isómeros de Ti18C14 estudiados a partir de (TiC)18, donde los átomos eliminados se 

muestran en rojo. 

Los resultados muestran que el isómero más estable es cuando se eliminan los átomos de 4C 

en las esquinas. Las energías relativas calculadas para estos NP se informan en la tabla 10.5. 

Tabla 10.5. Energías relativas en eV para las diferentes estructuras de Ti18C14 cuando se eliminan 

átomos de 4C de (TiC)18 NP. 

esquinas Arista pequeña internos aleatorios 

0.00 7.01 9.96 6.04 

Para buscar estructuras de NP alternativas, se utilizaron simulaciones de dinámica molecular 

clásica (MD). Específicamente, se ejecutaron una serie de simulaciones NVT MD contiguas 

comenzando primero desde una temperatura alta (2500 – 3000 K) y reduciendo la temperatura 

de manera escalonada en 14500 K hasta alcanzar una temperatura de 1000 K. A continuación, se 

extrajeron y optimizaron las estructuras de las NP. Con este método se obtuvieron así otras 10 

estructuras de Ti18C14. Ninguna de las estructuras NP obtenidas por este procedimiento es más 

estable que Ti18C cuando los átomos se eliminan de las esquinas como se puede ver en la Figura 

10.23. Estabilidades energéticas de las estructuras NP de Ti18C14 en relación con el NP de energía 

más baja con átomos de C eliminados de las esquinas, ver Figura 10.23. 
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Figura 10.23. Estabilidades energéticas de las estructuras NP de Ti18C14 en relación con el NP de 

menor energía con átomos de C eliminados de las esquinas. 

 Ti17C18. 

Para este compuesto, igual que en el caso anterior, también se han estudiado 4 isómeros de 

Ti17C18, donde el átomo de Ti ha sido eliminado de diferentes posiciones. Las posiciones donde 

se ha eliminado el átomo de Ti son: centro de la cara, esquina, arista larga y arista corta. Los 

cuatro isómeros se muestran en la Figura 10.24. 

Centro de la cara esquina Arista larga Arista corta 

    

Figura 10.24. Isómeros de Ti17C18 estudiados a partir de (TiC)18, donde los átomos eliminados se 

muestran en rojo. 

Las energías relativas obtenidas para estos NP de Ti17C18 se muestran en la Tabla 10.6. 

Tabla 10.6. Energías relativas en eV para las diferentes estructuras de Ti17C18 cuando se elimina 

un átomo de Ti de (TiC)18 NP. 

Arista corta Centro de la cara esquina Arista larga 

0.00 8.56 6.14 0.23 
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Los resultados indican que la estructura de Ti17C18 más estable es cuando el átomo de Ti se 

elimina del borde corto del NP de Ti17C18. Esta estructura es la más estable porque se forma un 

C-C espontáneo. Lo mismo ocurre cuando el átomo de Ti se elimina por el borde largo. La 

formación de un enlace C-C hace que la estructura se estabilice. En nanoclústeres 

estequiométricos pequeños (TiC)n, aunque las estructuras de energía más baja tienden a seguir 

el orden alterno Ti-C del cristal de sal de roca, los isómeros metaestables bajos pueden exhibir 

enlaces C-C.(18) Con el aumento del contenido de C, la formación de dímeros C2 altamente 

estabilizadores energéticamente se vuelve más fácil,(19) y es probable que la mayoría de las NP 

de TixCy ricas en C presenten tales fracciones. En los otros dos casos en estudio, no se forman 

enlaces C-C. La estructura final para los cuatro casos se muestra en la Figura 10.25. 

Centro de la cara esquina Arista larga Arista corta 

    

Figura 10.25. Estructuras definitivas para las cuatro estructuras en estudio para Ti17C18. 

Se crearon 49 estructuras más con la estequiometría Ti17C18. Los 49 NP resultantes de la 

optimización directa de los NP después de la eliminación de un átomo de Ti y/o las ejecuciones 

clásicas de recocido MD apoyan aún más esta tendencia. En este caso, después de la 

optimización, muchas de estas estructuras NP exhiben enlaces C-C. La formación de enlaces C-

C se identifica fácilmente en los espectros de IR de las NP de TixCy debido a un pico de firma 

fuerte cercano a 1350-1400 cm-1 asociado con el estiramiento C-C.(18,20) Observamos que no se 

informa que los espectros IR experimentales para los NP considerados en este estudio exhiban 

tal pico.(21) Por tanto, las estructuras NP con enlace C-C no se consideran candidatos viables para 

explicar los datos experimentales de RI. La energía más baja de NP de Ti17C18 sin enlace C-C se 

encontró tras la eliminación de Ti de una esquina del compuesto (TiC)18 que consideramos como 

el candidato NP rico en C más probable para explicar potencialmente los resultados 

experimentales de IR. 

Por lo tanto, tomamos la referencia como NP donde el átomo de Ti se quita de una esquina, 

y la energía del resto de las estructuras NP se ha comparado energéticamente en la Figura 10.26. 
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Figura 10.26. Estabilidades energéticas relativas de las estructuras de NP de Ti17C18 con respecto 

a la estructura con un átomo de Ti extraído de una esquina del NP de 3×3×4 (TiC)18. Las 

estructuras con enlaces C-C se indican en azul y las estructuras que no poseen enlaces C-C se 

indican en rojo. 

Como se puede observar en la Figura 10.26, la estructura más estable es la que forma enlace 

C-C y además presenta más simetría. 

10.3.3. Espectros infrarrojos basados en MD.  

Diferentes tamaños de NP han sido caracterizados utilizando el IR armónico, pero no se han 

conseguido encontrar ningún compuesto que encaje con el experimental. Por eso, se han 

empleado el espectro basados en MD, para así poder simular espectros a diferentes 

temperaturas (900K, 1500K y 2100K). En este caso, el tamaño de Np escogido es el 3×3×4 (TiC)18 

y se estudiaran el compuesto estequiométrico, el Ti17C18 cuando pierde el átomo en la esquina 

y el Ti18C14 cuando pierde los 4 átomos de C en las esquinas. Los resultados, han mostrado que 

el compuesto que más se acerca al IR experimental es el del compuesto Ti18C14. Los espectros 

para este compuesto a diferente temperatura se muestran en la Figura 10.27. 
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Figura 10.27. Espectros de IR a diferentes temperaturas para Ti18C14 en comparación con el IR 

experimental. 

Como se puede observar en la Figura 10.27, el espectro simulado a 2100K encaja bastante 

bien con el experimental. Estos resultados sugieren que el espectro IR experimental 

corresponde a la estructura Ti18C14 cuando faltan los átomos 4C del NP estequiométrico en las 

esquinas. 

10.4. Adsorción de H2 en NP de TiC 

Emulando los estudios realizados para las superficies, se han llevado a cabo la adsorción y 

disociación de H2 en TiC NP. Diferentes tamaños de NP han sido estudiados desde el tamaño 

2×2×2 hasta el tamaño 6×6×6. 
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10.4.1. Adsorción de H sobre TiC NP 

Los resultados obtenidos revelan que la posición más estable para adsorber la molécula de H2 

es en el córner de un átomo C. Además, la adsorción del H2 sobre el C es mayor cuanto mayor 

es el tamaño de la nanopartículas mientras que la energía de adsorción sobre un átomo de Ti no 

varía al incrementar el tamaño de la NP.  

Para el tamaño (TiC)18 y (TiC)24 se ha estudiado las NPs donde 4 átomos de carbono en las 

esquinas son eliminados. En ambos casos, los resultados han demostrado que la reactividad 

aumenta. Además, cuando se han estudiado las posiciones del átomo de Ti solitario y el 

baricentro formado por tres átomos de Ti (Figura 10.28) los resultados han revelado que se 

produce una disociación espontanea de la molécula de H2. 

  

Figura 10.28. Dos casos peculiares estudiados. Izquierda: el Ti solitario. Derecha: baricentro. 

10.4.2. Disociación de H2 en TiC NP 

La disociación de H2 en el tamaño (TiC)32 se va a estudiar en diferentes situaciones como se indica 

en la Figura 10.29.  

 

Figura 10.29. Estados de transición estudiados para la disociación de H2 en el (TiC)32 NP. 

Los resultados han revelado que únicamente una de estas disociaciones es energéticamente 

favorable. El caso favorable es el en que la molécula de H2 en posición inicial para se encuentra 

adsorbida sobre la arista y en la posición final los dos átomos de H se encuentran adsorbidos 

sobre 2 átomos de C en las aristas. Esta situación se muestra en la Figura 10.30. 

Posición 
final

Posición 
inicial

Disociacion de 
Hidrógeno

Esquina Ccor - Cfac

Arista
Cedg - Cedg

Cedg - Cfac
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Figura 10.30. Disociación de H2 donde la posición inicial H2 se adsorbe en un átomo de C en la 

arista y en la configuración final el H2 se disocia con ambos átomos de H adsorbidos en dos 

átomos de C ubicados en la arista para el tamaño (TiC)32. 

El perfil de reacción que se obtiene se muestra en la Figura 10.31. 

 

Figura 10.31. Perfil de reacción obtenido para la disociación de Hidrógeno en la NP (TiC)32. 

En la figura anterior se muestra que la barrera de TS a este perfil de reacción es 1.04 eV y la 

diferencia entre la posición inicial y final es -0.24 eV. (es decir, los átomos de hidrógeno 

adsorbidos disociados de mineral son más favorables energéticamente que el estado inicial). 

Esta misma situación se ha estudiado para otros tamaños, dando valores de barreras 

semejantes.  

10.5. Conclusiones 

La presente tesis consta de diferentes estudios sobre TMC. Estos estudios se han realizado sobre 

superficies y nanopartículas de estos materiales. En la primera parte de la tesis se han realizado 

estudios de adsorción y disociación de hidrógeno en la superficie (001) de diversos materiales, 

además de la superficie de TiC (001) se ha estudiado la adsorción y disociación de metano. En 

una segunda parte, se ha estudiado la estabilidad de diferentes tamaños de NP cúbicas de TiC. 

Además, se ha estudiado el efecto de eliminar átomos de estos NP, tanto de 4 átomos de 

carbono como de un átomo de Ti. Posteriormente, estas nanopartículas han sido caracterizadas 
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por IR para su comparación con datos experimentales previamente publicados y así poder 

conocer las estructuras de estas nanopartículas. Finalmente, se ha estudiado la adsorción y 

disociación de hidrógeno en diferentes tamaños de nanopartículas. 

Los resultados de estos estudios han permitido conocer la preferencia de que los átomos de 

H ocupen posiciones C-Top en la superficie de TiC (001). En el mismo material también se estudia 

la secuencia de llenado hasta la cobertura total donde los resultados demostraron que los 

átomos de H prefieren ser adsorbidos en la superficie en lugar de ser absorbidos entre las capas. 

La adsorción de átomos de H ocurre en C-Top, esta energía de adsorción es más débil a medida 

que la capa de átomos de H se llena, incluso los adatomos C-Top H estabilizan los H adatomos 

vecinos en los sitios Ti-Top. Sin embargo, los sitios Ti-Top pueden estar ocupados cuando están 

rodeados por sitios C-Top, formando una especie de H piramidal, particularmente ocupado 

cuando se pasa por una situación de 1 ML. Estos resultados han permitido comprender lo que 

ocurre en los estudios experimentales, permitiendo la asignación de los picos obtenidos en la 

TPD experimental. En TiC (superficie 001), la adsorción de H2 también se prefiere sobre los sitios 

C-Top, pero en forma de un resto H2 alargado, llamado modelo de Kubas. La disociación de la 

molécula de H2 en adatomos 2H es un proceso exotérmico y presenta una pequeña barrera 

energética. Los H adatomos generados pueden difundirse sobre la superficie de TiC (001), pero 

con barreras de energía moderadas. Dichos resultados señalan el uso de TiC como posible 

catalizador de hidrogenación. 

Los resultados obtenidos para el resto de las seis TMC estudiadas revelan que la molécula de 

H2 preferiblemente physisorbs en C-Top para las TMC del grupo IV y δ-MoC, pero en M-Top para 

las TMC del grupo V (VC, NbC y TaC). Cuando la molécula de H2 se adsorbe en C-Top, la molécula 

de H2 adopta una adsorción en modo Kubas, donde el enlace H2 se alarga sensiblemente. Este 

modo de adsorción se ha encontrado en todos los TMC aunque no es el modo de adsorción más 

favorable. El único compuesto donde no se ha encontrado el modo kubas ha sido en TaC. Una 

vez adsorbida, la molécula de H2 es impulsada termodinámicamente para disociarse en las TMC 

del grupo IV (TiC, ZrC y HfC), donde los H adatomos ocupan sitios C-Top vecinos y, en todos los 

casos, las barreras de energía de disociación de H2 se pueden superar fácilmente. No ocurre lo 

mismo en las TMC del Grupo V, donde la fisisorción y el paso de disociación generalmente 

endotérmica se traducen en valores de Eb algo mayores. Finalmente, el δ-MoC presenta una 

fuerte adsorción de H2, pero un valor Eb algo alto, lo que lo convierte en un catalizador de 

hidrogenación viable, pero a temperaturas lo suficientemente grandes como para superar esta 

barrera energética del paso de reacción. En este punto, solo los TMC del grupo IV son buenos 

candidatos para realizar la reacción de disociación de H2. 

Respecto a la molécula de CH4, esta molécula presenta una menor energía de adsorción en 

la superficie de TiC (001). El estudio de disociación de esta molécula muestra que, en lo que 

respecta a la superficie de TiC (001), esta disociación difícilmente ocurrirá, ya que la adsorción 

de CH4 es muy débil y la molécula probablemente se desorbería antes de romperse en CH3 y H, 
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ya que esto cuenta con una barrera de energía muy grande. Por otro lado, cuando la superficie 

soporta racimos de Ni, la energía de adsorción de CH4 aumenta 1,5-2,5 veces con respecto a la 

superficie limpia de TiC (001), dependiendo del tamaño de los racimos de Ni. Además, la energía 

de activación disminuye considerablemente en el mejor de los casos estudiados (Ni4/TiC). Parece 

plausible que una combinación de falta de coordinación y una estructura electrónica particular 

de los grupos de Ni provoque que esta activación de CH4 pueda ocurrir más fácilmente. 

Las conclusiones que se pueden extraer de los resultados obtenidos en los estudios de NP 

son las siguientes. En primer lugar, se han probado diferentes parámetros de la simulación 

mostrando que algunos de ellos pueden modificar los espectros IR (por ejemplo, funcional, 

estado de carga y temperatura). La caracterización IR de las NP simuladas nos ha permitido 

comparar con los espectros IR derivados del haz de racimo experimental. Los espectros de IR 

derivados de MD nos han permitido identificar las estructuras NP probables en el experimento 

para los dos tamaños de NP más pequeños. Además, se encontró que el espectro IR 

experimental probablemente corresponde a la estructura Ti18C14 cuando faltan los átomos 4C 

del NP estequiométrico original en las esquinas. Además, esta estructura NP es la más estable 

que se encuentra dentro de todas las estructuras de isómeros Ti18C14 que se han estudiado. 

Como es el isómero energéticamente más estable, sugerimos tentativamente que este resultado 

también podría extrapolarse a los tamaños NP más grandes de (TiC)24 y (TiC)32 donde también 

sucede que cuando la estructura cúbica madre pierde los átomos de las esquinas es el isómero 

más estable para TixCx-4. Respecto al NP de adsorción y disociación de H2, los resultados 

muestran que la molécula de H2, de la misma forma que en la superficie (001) prefiere 

adsorberse en átomos de C. Las posiciones de adsorción más favorecidas energéticamente es el 

C-Corner. Cuando aumenta el tamaño de NP, la magnitud de la energía de adsorción también 

aumenta cuando la molécula de H2 se adsorbe en átomos de C. Cuando se produce la adsorción 

en el átomo de Ti, prácticamente no se observa variación de la energía de adsorción al aumentar 

el tamaño. Cuando los NP son pobres en átomos de C, su reactividad aumenta y en algunos sitios 

de adsorción de H2, el H2 se disocia espontáneamente. Finalmente, el TiC NP exhibe energías de 

barrera más bajas para la reacción de disociación de H2 que las superficies de TiC. La barrera 

energética para la disociación de H2 no varía significativamente con respecto a los tamaños de 

NP estudiados. Además, la barrera energética obtenida sobre TiC Np es superior a la encontrada 

para la superficie de TiC (001) en las mismas condiciones que se ha estudiado el NP. 
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Figure S1 Top view of the TiC(001) surface. The image show C atoms (black), Ti 

atoms (blue), and H atom (pink) in the six initials positions under study. Top metal (M-

top, 1), Top carbon (C-top, 2), Bridge between vicinal carbon and metal atoms (3), 4-

fold hollow (4), 3-fold hollow formed by two metal and one carbon atoms (MMC, 5), 

and 3-fold hollow formed by two carbon and one metal atoms (CCM, 6). 
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Table S1. Adsorption energies of an H atom on the TiC(001) surface. Values are given 

in eV.  

 

TiC M-top  C-top CCM 

PBE -0.73 -2.73 -1.77 

PBE-D3 -0.83 -2.83 -1.89 
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Figure S2. Top view of the TiC(001) surface. The image shows C atoms (black), Ti 

atoms (blue), and H2 molecule (pink) in the 19 initial positions under study. Positions 1 

to 6 correspond to a vertical orientation of the H2 molecule and positions 7 to 19 

correspond to horizontal orientation of the of the H2 molecule. Dashed orange lines are 

guides to the eyes. 
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Tabla S2. H2 adsorption energies on the TiC(001) surface. All values are given in eV. 

Position 1 7 8 10 12 13 

PBE -0.07 -0.07 -0.23 -0.07 -0.07 -0.46 

PBE-D3 -0.21 -0.21 -0.41 -0.21 -0.20 -0.66 
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Figure S3. Top view of the H atom addition sequence on C-top sites on the TiC(001) 

surface. 
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Table S3. Adsorption energies (Eads, in eV) for different H atom coverages on the TiC 
(001) surface. 

	

	

	

	

	

	

	

	

	

	

	

 

 

 

 

 

 

 

 

 

 

 

 

H atoms 1  2  3  4  5  6  7  8  

PBE -2.73 -2.71 -2.47 -2.36 -2.49 -2.30 -2.11 -1.94 

PBE-D3 -2.83 -2.81 -2.64 -2.61 -2.61 -2.41 -2.21 -2.02 
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Table S4. Adsorption energies (Eads, in eV) for different H atoms coverages on the TiC 
(001) surface using 

1
/2·H2 molecule as reference. 

 

H atoms 1  2  3  4  5  6  7  8  

PBE -0.47 -0.44 -0.20 -0.10 -0.23 -0.03 0.15 0.33 

PBE-D3 -0.56 -0.54 -0.29 -0.19 -0.35 -0.14 0.05 0.24 
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Electronic Supplementary Information (ESI)

S2. Optimized Geometries of Adsorbate Species

Figure S1. Optimized geometries (top view) for H2, H, and H2,Kubas on all TMCs studied. C and H atoms are 

shown as grey and white spheres, respectively, whereas M atoms (M = Ti, Zr, Hf, V, Nb, Ta, Mo) are 

represented by spheres with a different color.
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Electronic Supplementary Information (ESI)

S3. Optimized Geometries of Transition States

Figure S2a. Optimized geometries (top view) for the TSs I-III on all studied TMCs. Colour code is as in 

Figure S1. 
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Electronic Supplementary Information (ESI)

Figure S2b. Optimized geometries (top view) for the TSs IV-VI on all studied TMCs. Colour code is as in 

Figure S1. 
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Electronic Supplementary Information (ESI)

Figure S2c. Optimized geometries (top view) for the TSs VII and VIII on TaC. Colour code is as in Figure 

S1. 
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Electronic Supplementary Information (ESI)

S4. Energy Profile for TaC

Figure S3. Energy profile (PBE-D3, including ZPE) for the H2 adsorption, diffusion, desorption, and 

dissociation on TaC(001) including TSs IV, V, VII, and VIII. 
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S1. Computational details 

Further details of the periodic density functional theory (DFT) calculations follow the 

discussion in the main text. The valence electron density was expanded in a plane wave 

basis set with a kinetic energy cutoff of 415 eV, chosen to yield total energy variations 

below 0.01 eV. The effect of core electrons on the valence electron density was 

described by the projector augmented wave method (PAW) of Blöchl,1 as implemented 

by Kresse and Joubert.2

The TiC(001) surface slab model for was built from the pre-optimized bulk unit 

cell containing four atomic layers, where the bottom two layers were constrained to 

bulk positions and the uppermost two fully relaxed.3 To avoid interactions between 

periodic slab images, a vacuum region of 10 Å perpendicular to the surface was added. 

All adsorbates and Ni clusters were relaxed to their optimum geometry using a 

conjugate-gradient algorithm, with convergence criteria for electronic and atomic 

updates of 10-5 eV and 0.01 eV·Å-1, respectively. Optimized geometries were 

characterized as minima on the potential energy surface by appropriate frequency 

analysis involving diagonalization of the corresponding block of the Hessian matrix 

with elements obtained through finite differences of analytic gradients. 

The clean TiC(001) model consists of a R45º(3√2×3√2) supercell containing 72 

Ti and 72 C atoms. The supported Ni4 clusters were constructed by placing 4 Ni atoms 

on the TiC(001) model described above. In a similar way, the Ni9 and Ni13 supported 

clusters were constructed by placing 9 and 13 Ni atoms, respectively, on a 

R45º(4√2×4√2) supercell containing 128 Ti and 128 C atoms. Integration in reciprocal 

space was carried out using k-point meshes selected following the Monkhorst-Pack 

scheme4 adapted to the model. Thus, 5×5×1 and 3×3×1 k-point meshes were used for 

either pristine or Nin-containing TiC(001) R45º(3√2×3√2) or R45º(4√2×4√2) surface 

models, respectively (see Figure 1 in the main text). 

Several initial geometries were tested for each adsorbed Nin cluster, and the 

most stable structure for each size was chosen to study the CH4 dissociation reaction 

upon. A more extended Ni particle was represented by means of a nanorod supported on 

a 6×4 supercell model of the TiC(001) surface. The rod was oriented along the [010] 

direction and the overall model contains 96 Ti and 96 C atoms plus the 20 Ni atoms 

forming the rod (see Figure 2 in the main text). The atomic structure of all supported Ni 

clusters and rod models were fully optimized before including any adsorbates.
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S3. Transition state for CH 4 dissociation on TiC

Figure S2. Optimized geometry (top and side views) for the CH4 dissociation transition 

state on clean TiC(001) surface surface. Ti and C atoms are shown as light and dark 

grey spheres, respectively, and H atoms as white spheres.
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S4. Adsorption energies on Ni clusters 

The top positions of CH4 are shown, and the corresponding adsorption energies. In 

many cases, the CH4 moved to a vicinal adsorption site, and this displacement is shown 

with a black arrow.

a) b)

c)

Figure S3. Adsorption energies (in eV) for CH4 on a) Ni4, b) Ni9, and c) Ni13 clusters 

supported on the TiC(001) surface. Dots and arrows correspond to calculations were the 

adsorbate moved during the optimization (i.e., the black dot shows the initial position 

and the arrow points to the final position). Ti and C atoms are shown as light and dark 

grey spheres, respectively, and Ni atoms as green spheres. The unit cell is shown in 

dotted lines.
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a)

b)

c)

Figure S4. Optimized geometries (top and side views) for CH4 adsorbed on the most 

stable site for a) Ni4, b) Ni9, and c) Ni13 clusters supported on the TiC(001) surface. Ti 

and C atoms are shown as light and dark grey spheres, respectively, and Ni and H atoms 

as green and white spheres, respectively. The unit cell is shown in dotted l ines.
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The CH3 adsorption sites are shown next.

a) b)

c)

Figure S5. Adsorption energies (in eV) for CH3 on a) Ni4, b) Ni9, and c) Ni13 clusters 

supported on the TiC(001) surface. Dots and arrows correspond to calculations were the 

adsorbate moved during the optimization (i.e., the black dot shows the initial position 

and the arrow points to the final position). Ti and C atoms are shown as light and dark 

grey spheres, respectively, and Ni atoms as green spheres. The unit cell is shown in 

dotted lines.
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a)

b)

c)

Figure S6. Optimized geometries (top and side views) for CH3 adsorbed on the most 

stable site for a) Ni4, b) Ni9, and c) Ni13 clusters supported on the TiC(001) surface. Ti 

and C atoms are shown as light and dark grey spheres, respectively, and Ni and H atoms 

as green and white spheres, respectively. The unit cell is shown in dotted l ines.
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Finally, the most stable sites for the H adatom are displayed.

a) b)

c)

Figure S7. Adsorption energies (in eV) for H on a) Ni4, b) Ni9, and c) Ni13 clusters 

supported on the TiC(001) surface. Dots and arrows correspond to calculations were the 

adsorbate moved during the optimization (i.e., the black dot shows the initial position 

and the arrow points to the final position). Ti and C atoms are shown as light and dark 

grey spheres, respectively, and Ni atoms as green spheres. The unit cell is shown in 

dotted lines.
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a)

b)

c)

Figure S8. Optimized geometries (top and side views) for H adsorbed on the most 

stable site for a) Ni4, b) Ni9, and c) Ni13 clusters supported on the TiC(001) surface. Ti 

and C atoms are shown as light and dark grey spheres, respectively, and Ni and H atoms 

as green and white spheres, respectively. The unit cell is shown in dotted l ines.
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S5. Transition state for CH 4 dissociation on Ni clusters

S5.1 Ni4/TiC(001)

Initial state TS Final state

Figure S9. Optimized geometries (top view) for the reactant, transition state and 

product configurations. Ti and C atoms are shown as light and dark grey spheres, 

respectively, and Ni and H atoms as green and white spheres, respectively.

S5.2 Frozen Ni4/TiC(001)

TS2* (frozen cluster)

Figure S10. Optimized geometry (top and side views) for the transition state for CH4 

dissociation on Ni4/TiC(001) when both the surface atoms and the cluster Ni atoms are 

frozen to the most stable configuration for the clean cluster. Ti and C atoms are shown 

as light and dark grey spheres, respectively, and Ni and H atoms as green and white 

spheres, respectively. Black crosses mark the atoms that have been frozen.
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S5.3 Ni9/TiC(001)

Initial state TS Final state

Figure S11. Optimized geometries (top view) for the reactant, transition state and 

product configurations. Ti and C atoms are shown as light and dark grey spheres, 

respectively, and Ni and H atoms as green and white spheres, respectively.

S5.4 Ni13/TiC(001)

Initial state TS Final state

Figure S12. Optimized geometries (top view) for the reactant, transition state and 

product configurations. Ti and C atoms are shown as light and dark grey spheres, 

respectively, and Ni and H atoms as green and white spheres, respectively.
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S6. Adsorption energies on Ni-rod

a)

b)

Figure S13. Optimized geometries (top and side views) of a) CH4 and b) CH3 adsorbed 

on the most stable site for Ni-rod/TiC(001) surface. Ti and C atoms are shown as light 

and dark grey spheres, respectively, and Ni and H atoms as green and white spheres, 

respectively.
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S9. Details on the calculation of descri ptors for C-H activation

Values used to construct the BEP plot in Figure 10 and formation energies used in 

Figure 11 are reported on Table S2.

 (eV)𝐸𝑏  (eV)𝐸𝑟𝑒 𝑎𝑐 (eV)𝐸𝑓
𝐻 (eV)𝐸𝑓

𝑇𝑆

Ni4/TiC 0.30 -1.25 -1.15 -0.27

Ni9/TiC 0.39 -1.00 -1.05 -0.25

Ni13/TiC 0.51 -0.95 -0.94 0.15

Nirod/TiC 0.80 -0.60 -0.77 0.31

Ni(111) 1.18a 0.13a -0.66 1.10b

Table S2. Calculated values at PBE-D3 level of energy barriers ( ), reaction energies (𝐸𝑏

) and formation energies for H ( ) and the CH3-H TS ( ). Values do not 𝐸𝑟𝑒 𝑎 𝑐𝐸𝑓
𝐻 𝐸𝑓

𝑇𝑆

include the ZPE term. a PBE values obtained from Ref. 9 . bValue obtained from Ref. 10 

using the OptPBE functional.

Figure S15. Plot of the formation energy of the TS versus the forma tion energy of 

adsorbed hydrogen for CH4 dissociat ion on the Ni/TiC systems and on Ni(111).
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