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Abstract 

Over the recent decades, several studies revealed the precarious climate situation which 

is threatening all Life forms on earth, including mankind, even if sometimes we tend to 

ignore the actual fragility of our situation. Ironically, the human species is at the origin of 

the rapid change on climate, mostly by practicing unsustainable activities, such as the 

unregulated consumption of fossil fuels, excessive deforestation, extensive agriculture, 

and intensive livestock. All these practices have increased the concentration of 

greenhouse gases in the atmosphere, producing a rapid increase in the average Earth 

temperature with noticeable consequences in our lifetime. Nevertheless, several efforts 

have been conducted by the scientific community in order to revert the actual climate 

situation, even if society acts delayed. 

One of the actual work routes implies the use of catalysts to capture and convert 

greenhouse gases into less harmful and more useful chemicals. This route has found in 

transition metal carbides (TMCs) proficient candidates that could have an important 

impact in the aforementioned matter. An interesting aspect of TMCs is their capacity to 

catalyse such transformation reactions at low temperatures and to withstand several 

reaction cycles without degrading. Precisely, the present Thesis unveils and discusses 

several reaction mechanisms involved in the greenhouse gases transformation reactions 

held by TMCs, particularly, focusing on MoCy nanoparticles, a largely unexplored field. 

This Thesis combines experimental and theoretical approaches to explain the observed 

experimental evidences, where custom synthetized MoC nanoparticle supported on 

Au(111) are able to activate methane at room temperature, hydrogenate CO2, and act as 

superior H2 sponges with respect to clean MoC extended surfaces. Moreover, other 

important findings are revealed, such as the reconstruction held by some transition metal 

carbides and nitrides surfaces and the intrinsic nature of clean MoC nanoparticles towards 

hydrogenation reactions. Overall, the present dissertation intends to encourage further 

efforts on developing TMC based catalyst able to be used at industrial levels. 

The experimental section of this thesis has been carried out at the Brookhaven 

National Laboratory by the group of Prof. J. A. Rodriguez, while the computational part 

and results analysis has been carried out in the present institution, the Universitat de 

Barcelona. The results obtained have led to several joint publications. 

 



 

  



 

Resum 

En els darreres dècades, diversos estudis han revelat la precària situació climàtica que 

està amenaçant totes les formes de vida a la terra, inclosa la humanitat, encara que de 

vegades tendim a ignorar la fragilitat de la nostra situació. Irònicament, l’espècie humana 

és l’origen del ràpid canvi climàtic, principalment per practicar activitats insostenibles, 

com el consum no regulat de combustibles fòssils, la desforestació excessiva, 

l’agricultura extensiva i la ramaderia intensiva. Totes aquestes pràctiques han augmentat 

la concentració de gasos d’efecte hivernacle a l’atmosfera, produint un ràpid augment de 

la temperatura mitjana de la Terra amb conseqüències notables fins i tot durant la nostra 

vida. No obstant això, la comunitat científica està realitzant diversos esforços per revertir 

la alarmant situació climàtica, fins i tot si la societat actua amb retard. 

Una de les rutes de treball implica l’ús de catalitzadors per capturar i convertir els 

gasos d’efecte hivernacle en productes químics menys nocius i més útils. Aquesta ruta ha 

trobat en els carburs de metalls de transició (TMC) candidats competents que podrien 

tenir un impacte important en la reactivitat esmentada. L’aspecte més interessant dels 

TMCs és la seva capacitat per catalitzar aquestes reaccions de transformació a baixes 

temperatures i per suportar diversos cicles de reacció sense degradar-se. Precisament, 

aquesta Tesi revela i analitza diversos mecanismes de reacció implicats en les reaccions 

de transformació dels gasos d’efecte hivernacle catalitzades pels TMC, concretament, 

centrant-se en les nanopartícules de MoCy, que encara romanen inexplorades. Aquesta 

tesi combina enfocaments experimentals i teòrics per explicar les evidències 

experimentals observades, on les nanopartícules de MoC sintetitzades suportades sobre 

Au (111) són capaces d’activar el metà a temperatura ambient, hidrogenar CO2 i actuar 

com a esponges H2 superiors respecte a les superfícies netes de MoC. A més, altres 

descobriments importants han estat revelats, com ara la reconstrucció d’algunes 

superfícies de TMC/TMN i la naturalesa química intrínseca de les nanopartícules de MoC 

netes pel que fa a les reaccions d’hidrogenació. En general, la present dissertació té la 

intenció de fomentar nous esforços en el desenvolupament de catalitzadors basats en 

TMCs que puguin ser utilitzats a nivell industrial. 

La secció experimental d’aquesta tesi s’ha dut a terme al Brookhaven National 

Laboratory pel grup del professor J. A. Rodriguez, mentre que la part computacional i 



 

l’anàlisi de resultats s’ha dut a terme a la present institució, la Universitat de Barcelona. 

Els resultats obtinguts han donat lloc a diverses publicacions conjuntes. 
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1.1 Transition Metal Carbides 

Since quite long ago, transition metal carbides (TMCs), have been appraised by their 

ultra-hardness, refractory nature, and relatively low cost, a series of properties which have 

been a great motivation for their use on a wide-ranging of applications like cutting tools 

and thermal isolators.1 However, it was not till almost 50 years ago that some early reports 

disclosed their catalytic capabilities. Levy and Boudart2 were among the first to report a 

TMC catalytic activity. They reported that WC had the capacity to adsorb hydrogen and 

oxygen in a significantly different way from that of W, reflecting features usually 

associated with noble metals such as Pt. Furthermore, WC demonstrated its capability to 

isomerize 2.2-dimethylpropane, a process previously known to be catalysed just by noble, 

scarce and expensive metals such as Pt, Pd, and Ir. Nevertheless, even if transition metal 

carbides had an unsuspected catalytic capability, their general performance was still far 

from comparable to that of the above mentioned noble metals, sometimes displaying rates 

with several orders of magnitude lower.1 During the last decades, important efforts have 

been done aimed at improving the methodology used to synthetize TMCs, mainly by 

creating stable high surface area catalysts which can endure several catalytic cycles. This 

constant effort has disclosed other catalytic and electrocatalytic applications plus a deep 

understanding of the features involved on their performance. In the present work, we will 

focus on the early TMCs, i.e., groups 4 to 6 on the periodic table. 

 

1.2 Physical and Electronic Properties of TMCs 

In general, TMCs can be described as compounds characterized by the presence of small 

interstitial atoms (carbon in this case) within a metal lattice. The stoichiometry strongly 

depends on the synthesis conditions and can vary from those naturally encountered or 

predominantly encountered.3 As commented above, most carbides have extremely high 

melting points (2000-4000 ºC), therefore TMCs are usually employed as refractory 

materials. It is interesting to note that there is a shift on their melting point compared to 

pure transition metal compounds. While group VI pure transition metal (TM) compounds 

display the higher melting points among TMs, for TMCs the highest melting points lie on 

group V. 4 Along with the refractory capacity, TMCs have a great corrosion resistance, 

which has promoted its use on high-temperature structural materials.4 Moreover, the most 

important property of TMC is their high hardness, since these compounds are among the 
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hardest known. Some of them have microhardness values of 2000 up to 3000 kg/mm2, 

which set them just below diamond.4 Furthermore, TMCs are typically metallic in their 

electrical, magnetic, and optical properties. In most of these properties the difference 

between their purely transition metal counterpart are minimum. Electrical and magnetic 

properties are extremely sensitive to defects on the structure,4 which lead to another 

important feature. TMCs present large structural defects, as commented above, deviations 

from ideal stoichiometric structures are fairly common, and can be up to 50%, usually 

more predominant on the nonmetal lattice sites.4  

To predict which combinations of metal-carbon compounds can lead to stable 

structures, i.e., those where the ratio, r, of nonmetal and metal radii is between 0.41 and 

0.59., one could account on the long-used Hägg’s rule.5 For r values below 0.59, it is 

common to find the typical face-centred cubic (fcc), hexagonal closed packed (hcp), or 

simple hexagonal (hex) crystalline structures. On the other hand, for r values larger than 

0.59, the metallic arrangement distorts to accommodate the nonmetal atoms and, in this 

way, be able to preserve the metal-metal interactions.6 While Hägg’s rule provides the 

geometric explanation of the common structure formation, the need of a more precise 

method was required to predict the crystal structure of TMCs. The Engel-Brewer Theory 

implied a considerable improvement on the crystalline structure prediction. This theory 

predicts stable structures accounting on the outer sp electrons for pure metals.7 In the 

same way, TMCs behave similarly to their metal counterparts with some shifts usually 

explained because the interstitial nonmetal atoms increase the sp electrons on the alloy. 

While TMCs present a more predominant crystalline structure, more and more stable 

phases are being discovered of most of them in the recent years.8-12 Advances on 

experimental procedures allow to synthesise these materials on extreme conditions 

leading to different crystalline structures. 

The electronic properties of TMCs, i.e., thermal and electrical conductivity, can be 

explained by their bonding nature, with contribution of strong covalent-nonmetal 

bonding, a less important ionic bonding and a relevant influence of metallic bonding.13,14 

This mixture of bonding features allows TMCs to perform in several applications and 

explain the main physical properties already commented. The electronic structure and 

bonding in bulk transition metal carbides has been studied by means of X-ray 

photoemission spectroscopy (XPS)15 and recently by means of near edge X-ray 

adsorption fine structure spectroscopy (NEXAFS).16 Nevertheless, the information 
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obtained seem contradictory and the main issue comes from the amount of charge transfer 

between carbon and metal atoms.17,18 It is clear that there is always a certain amount of 

charge transfer probed by the relevant shifts on the concerning bands. Nonetheless, it is 

complicated to explicitly determine the amount of charge transfer just based on this shift. 

In an earlier work, Viñes et al.,19 theoretically studied the electronic structure of a series 

of transition metal carbides focusing on both bulk and most stable surfaces by means of 

density functional theory (DFT) methods. For the bulk systems, the results clearly stated 

a primary covalent bond that tends to change into a metal bond moving to the right of the 

periodic table. For group 4 TMCs, the covalency prevail and, consequently, they could 

be seen as small band-gap semiconductors, but there exists a weak overlap between 

valence and conduction band, so they display a metallic character. On the other hand, 

group 5 TMCs show an enhanced metallic character due to partially filled d bands, with 

some exceptions where the metallic character comes from partially occupied metal s 

bands (NbC and δ-MoC). For the surface models, the results show a decrease in the gap 

due to a shift between bonding and antibonding levels which is generalized for all the 

studied TMCs. This shift implies that surface systems turn around their semiconductor 

character in the bulk to a more metallic character. 

 

1.3 Synthesis of TMCs 

This section will focus on the fundamental description of the different methods used to 

synthesize TMCs. Currently, there are several methods, mostly delimited by the TMC 

used in practice and the final structure sought, being the latter, the driven thread of this 

section. The effort carried out by Oyama et al.,6 and Ahmad et al.,20 on assembling all 

these methods for an easier documentation must be recognized. 

 

1.3.1 Synthesis of low surface area TMCs  

As described by Oyama,6 there are four main methods to fabricate TMCs seeking large 

bulk/surface ratio structures. As it could seem apparent, these methods look for a more 

well-defined bulk composition than a given termination of the particle edges and surfaces. 

The first method is based on a direct reaction between the TM and elemental C. The 

merely contacting of metal and C powders in an inert atmosphere at high temperatures 
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(2300 K), propitiate the TM formation by diffusion of C atoms into the metal powder. 

The second method implies the reaction of a metal oxide in presence of solid carbon. It 

follows the same methodology as in the first case. The contacting of powders at high 

temperature (2300 K) reduces the metal oxide to metal, followed by the C diffusion into 

the metal. The latter could end up forming oxycarbides, which is the main downside of 

this method, as the final product could have impurities. 

The third method implies a more subtle process than just applying high 

temperatures on all the material. It is a self-propagating high-temperature synthesis 

(SHS),21,22 where a mix of Al, TM and, C is compressed and placed in an inert 

atmosphere. Then a small area of the pack is heated, which starts the reaction and 

continues inevitably as it has positive (exothermic) reaction heat. The reaction is based 

on the formation AlxTi and AlyCz blocks, that with an increase in temperature end up 

forming liquid Al and solid TiC.23 This method is appraised because does not require a 

high energy input. Finally, the fourth method is used to create single crystals. This method 

is based on techniques that imply the precipitation from liquid metals. Verneuil and the 

floating zone techniques are two examples of them.6 

 

1.3.2 Synthesis of 2D TMCs  

The 2D TMCs or MXenes24 are compounds structured in layers of few atoms wide, 

arranged in a particular Mn+1Xn structure, where M is the TM, X is either C or N, and 

normally have n = 1-3. On synthesis conditions MXenes are terminated with hydroxyl, 

fluorine, oxygen or hydrogen adatoms. As commented by Ahmad et al.,20 there are three 

main methods to synthetize 2D TMCs. 

The first method entails the formation of MXenes from MAX phases using the 

hydrofluoric acid etching method. MAX phases are 3D materials that follow a Mn+1AXn 

structure where M is a TM, A is a group 13 or 14 element (usually Al) and, X is either C 

or N.20 The hydrofluoric acid etching method is based on the exfoliation of MXenes by 

combining a MAX phase and hydrofluoric acid. The acid reacts with the A element to 

form AFx salt plus H2, the remanent not dissolved material is the MXene, which 

ultimately reacts with water and more hydrofluoric acid to lead to the final MXene 

covered with fluorine, OH, O, and/or H. In situ HF generation by using LiF and HCl has 

also been used.25 
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The second method entails the usage of molten salts. Concretely, a mix of a MAX 

phase and salt (usually LiF, KF, or NaF) is heated to 823 K in an inert atmosphere. Once 

the salt is melted, it acts as an etching agent that remove the Al or A element of the MAX 

phase.26 This method allows producing layers with larger lattice parameters.27 

The third and final method family is an alternative method not requiring fluoride 

compounds, which are highly toxic and corrosive. It is based on an electrochemical 

etching to convert a MAX phase into the MXene. The MAX phase is used as both 

electrodes and submerged into a HCl solution for a long period of time with an applied 

potential of around 0.6 V. In this method the Cl- etch Al and the cations intercalate and 

increase the d-spacing.20 This method has an important drawback; it only produces 

etching on the surface of the MAX phase when kept on an acidic medium. To solve this 

problem, it can be kept in a binary electrolyte solution of ammonium chloride and 

tetramethylammonium hydroxide at a high pH (over 9). 

 

1.3.3 Synthesis of TMC nanocomposites 

Nano-composites are multiphase compounds where at least one phase is of the nm order.28 

Usually, one phase acts as a solvent matrix where a repetitive structure with one or more 

phases is embedded. Polymers, ceramics and metals can be found among the most used 

matrix elements. As summarized by Ahmad et al.,20 there are three main methods to 

synthesis TMCs nano-composites. 

The first method is a one-pot solvothermal method. In this method, the precursors 

are kept under magnetic stirring for a certain time to, later on, be kept into an oven for 24 

hours. This method has been satisfactory used to synthetize a Ni/Ni3C/Ni3N nano-

composite.29 The final products are spherical Ni nanoparticles surrounded by Ni3C and 

Ni3N. This method allows a controlled growth of Ni3C and Ni3N phases which has been 

an important challenge due to its metastable nature. 

The second method is based on an electrospinning technique that allow to 

materialize thin nano-composite fibers.20 Initially, precursors are kept under stirring into 

a strong electric field. Then, the sample is heated under air atmosphere and a nitrogen 

rich atmosphere. This technique has been used to generate MoC nanoparticles embedded 
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on carbon nanofibers, which are aimed to be used as anodes in Li-ion batteries due to its 

high stability and performance.30 

The third method is based on a simple stirring.20 This method has been used to 

obtain AgTi3C2Tx from MAX phases. After etching the MAX phase with acid, the 

suspension is acclimatised by a de-ionizing process and then, a AgNO3 solution is added 

under stirring. 

 

1.3.4 Synthesis of TMC nano-particles 

TMC nanoparticles have been extensively used due to their catalytic properties, proof of 

it is the large list of methods developed to synthetize them. Ahmad et al.20 describe nine 

different methods, some of them with up to four variations in the synthesis procedure. In 

order to do not overly extend their description, only some synthesis strictly specific of a 

TMC have been summarized, leaving apart synthesis variations, for which we refer to the 

existing literature.20 

The first method and its variations are based on the carbothermal method. It is a 

simple metal carburization where a carbon source is injected into the metal sample at high 

temperatures (over 1473 K). If the carbon source is a gas, it could be done at lower 

temperatures, around 1023 K, and the products are the TMC and H2 reduced from the 

CHx species. This method is the exact replica of the first method described by Oyama et 

al., discussed in section 1.3.1. Nevertheless, in order to obtain nanoparticles, the metal is 

pre-treated with a mechanical polishing to obtain the desired nanoparticle size.31 Method 

variations imply the obtention of metal plates and metal wires. 

The second method is based on solid-state reactions. This involves a compilation 

of low temperature reactions that represent a greener alternative to the carburization 

methods. The usage of different salts plus a profound mill of the metal source allows 

obtaining TMCs at much lower temperatures (873–1073 K).32,33 The third method is a 

liquid-phase method, that allows producing Ni3C nanoparticles from Ni oleate, 

oleylamine and oleic acid. The mix is heated for 5 to 8 hours at around 523 K. 

Nanoparticles produced have a size around 18 nm.34 

The fourth method implies the use of the sol-gel technique, where a solid is 

produced from a solution containing a TM salt that is passed through a gel acting as an 
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intermediate and source of C or N. Depending on the synthesis conditions, the gel can 

modulate the nanoparticles size. There are different variations that modify the synthesis 

route. The gel can be a biopolymer,35 hydroxyl propyl cellulose (HPC),36 or other 

macromolecules. This method is highly appraised as it allows to easily tune nanoparticle 

size, morphology and porosity and, moreover, it requires low temperatures. 

The fifth method is based on the metal deposition onto a reactive multilayer of 

ethylene, using a technique called: Reactive layer assisted deposition (RLAD). The 

ethylene is initially physisorbed on an inert metal surface at low temperatures (<100 K). 

Then, TM atoms are deposited on the ethylene/Au surface and a temperature annealing is 

programmed. Upon increasing the temperature, the TM atoms react with ethylene to form 

TMC nanoparticles. Depending on the temperature annealing, it is possible to tune the 

nanoparticles Mo/C ratio. The final nanoparticles present a uniform size around 1.5 nm 

and amorphous structure. This method is the one used by the experimental group and 

provided the experimental information to the chapters in this work related to MoCy 

nanoparticles.37 

The sixth and last commented synthetic procedure is the laser ablation method. In 

this case, a sample of TM is submerged into an organic solvent and then, a laser pulse at 

high frequency is applied. The laser ablaze the metal liberating high temperature 

fragments into the solvent, which acts as C source. It is known that the solvent has a 

crucial impact on the composition and structure of nanoparticles.38 This technique is a 

low-cost alternative that does not produce toxic waste and, can produce magnetic 

nanoparticles.38 

Other techniques used to produce TMCs nanoparticles that have not been covered on 

this work are: the solvothermal technique, already explained in section 1.3.3,39 the 

thermal reduction technique,40 and the direct element combination technique.41 These 

techniques are either not popular or they have been used in one TM only. As a summary, 

several methods to produce TMCs nanoparticles have been documented, where some 

present advantages over the others. The solid-state reaction technique is a greener 

approach than the conventional carburization and, the sol-gel technique allows to tune 

several aspects of the nanoparticles. All in all, the interest to obtain TMC nanoparticles 

is clear from the rather large number of techniques developed to this end. 
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1.4 Catalysis by TMCs 

Since Levy and Boudart2 disclosed that some TMCs were able to mimic platinum 

catalytic properties, these non-noble metal containing materials have gained great 

attention. Accounting on the scarcity of the typical noble metal catalysts, that typically 

translates into a higher cost, it is not surprising that a less expensive alternative could 

bring such awareness of TMCs catalytic performance although this is still far from 

competing with that of the noble metals. Nevertheless, in the past years, some catalytic 

applications have been found, mainly on hydrogenation reactions,2 such as ammonia 

decomposition,42 isomerization,43 hydroprocessing,44 and hydrazine decomposition.45 

Among these, there are other more recent applications that will be extensively covered 

on this section. 

 

1.4.1 Catalytic conversion of biomass by TMCs 

The upgrading of biomass chemicals to fine chemicals has been an important aspect of 

TMCs catalysis.46 The major biomass components are hemicellulose and cellulose, that 

represent around 70% of plant cell. Cellulose is composed by a homogeneous polymer of 

cellobiose fused by glycosidic bonds.47 In contrast, hemicellulose is a mix of 

heterogeneous polymers of pentoses, hexoses, and some sugar acids.48 Cellulose 

conversion products are exceedingly dependent on reaction conditions and catalyst. This 

requires noble metals as catalysts and high temperatures to obtain more stable products 

with efficiency ranging from 5 to 30%,46 which is far from being ideal. In contrast, Ji et 

al.,49 developed a prominent Ni-W2C catalyst able to transform cellulose to ethylene 

glycol with an efficiency of 61%, a true goal exceeding any prediction. The same authors 

tried with Mo2C as well, nevertheless, this alternative did not culminate being as 

profitable as the W2C catalyst. The high activity shown by the W2C based catalyst has 

motivated its use in the catalysis of sugars, hemicellulose and other carbohydrates.46 

The second most important biomass compound is lignin, a three-dimensional 

structure which purpose is to fill gaps between cellulose and hemicellulose.46 Accounting 

on the results obtained on cellulose conversion by the W2C catalyst and observing some 

lignin residual conversion on a previous work, Li et al.50 studied the lignin conversion 

under the influence of the W2C catalyst. Results showed that W2C presents a high yield 

to split β-β bonds, which dominate the lignin structure, allowing its conversion to liquid 
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oils. Moreover, W2C catalyst does not have the entire monopoly of lignin conversion, as 

demonstrated by Li et al.,51 molybdenum carbide has shown interesting capabilities 

towards lignin conversion as well. All in all, both TMCs have shown promising 

capabilities on biomass catalysis and a recurrent effort is underway to improve their 

efficiency. 

 

1.4.2 Electrochemical catalysis by TMCs 

There exist two main applications for TMCs in the electrochemical field, as anode on fuel 

cells and electrocatalyst in hydrogen evolution reaction (HER). The search of a portable 

and high energy density fuel cell seems to have found a new promising alternative to the 

hydrogen fuel cells. The direct alcohol fuel cells (DAFCs) have revolutionized this field 

by displaying larger operational times, higher volumetric energy density and, much easier 

handling than other state-of-the-art fuel cells, like the already commented hydrogen fuel 

cell.52,53 DAFCs use an alcohol (methanol, ethanol, glycerol…) in an acidic medium to 

generate carbon dioxide, water and energy. The main challenge in producing a DAFCs 

system is to determine the anode oxidation catalyst. The electrocatalyst anode has to fulfil 

at least two requirements: It must have a high activity for the electrooxidation of the fuel 

and high stability in aqueous environments at anodic potentials. Some electrocatalysts 

exists that largely fulfil these requirements, like Pt or Ru, nevertheless, these catalysts are 

expensive and can be poisoned by CO.54 In contrast, some TMCs have shown their 

possibilities as alternative DAFC anode electrocatalysts. Particularly, WC appears to be 

the most successful replacement endorsed by several studies.55-60  

In the HER a similar situation is observed. While Pt is considered the best option, 

its scarcity prohibits its use at a worldwide scale in the several applications where it could 

participate, e.g., as electrolyser in fuel cell vehicles.61 On the other hand, some studies 

have concluded that monolayers of Pt supported on TMCs could overcome this problem 

by using much less Pt while maintaining a similar performance.56,62 

 

1.4.3 Water-gas shift catalysed by TMCs 

It is well known that most commercial and industrial H2 comes from hydrocarbons, 

representing up to 95% of the globally produced H2.
63 The main inconvenient of obtaining 
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H2 from hydrocarbons is that the final stream can contain up to 10% carbon oxide (CO),64 

and as commented above, it severely poisons the state-of-the-art electrodes on H2 

production, the Pt electrodes.54 Consequently, the water-gas shift reaction (WGS), 

CO+H2O→H2+CO2, has acquired great attention as a must step to increase the reliability 

of the H2 production procedure from hydrocarbons. Catalysts currently being used are 

based on mixtures of Fe-Cr and Zn-Al-Cu oxides,65,66 nevertheless, these catalysts are 

pyrophoric and require complex activation steps before its use, withdrawing efficiency to 

the process.  

Some alternatives have been studied to substitute the classical catalysts for ones 

that can undergo the WGS reaction. The most appealing alternative is the usage of metal 

nanoparticles (Pt, Au, Cu) supported on oxides (Ce2O, Ti2O and ZnO).67-70 The mixture 

appears to be decisive to obtain high yields, being the appropriate balance when there is 

a 1-10% metal weight ratio.71,72 However, even these prominent catalysts have some 

drawbacks. CO poisoning is not solved and appear after some usage time,73,74 plus the 

elevated price of noble metals does not encourage their use. 

At the end, one need compounds able to catalyse the WGS reaction, not poisoned 

by CO and, relatively cheaper. TMCs fulfil some of the requirements. As it has been 

already commented, TMCs present similar catalytic activity as to noble metals,2,46,55-57 

and they are undoubtably less expensive than noble metals. It is important to note, that 

even if TMCs are not poisoned by neither CO or S,75,76 some oxycarbide species can be 

formed under catalysis conditions77-81 and, on the long term, affect the TMCs 

performance. Nevertheless, theoretical studies have explored the catalytic activity of 

Mo2C(001) surface.81,82 The results showed a complex redox mechanism, clearly different 

from the associative mechanism occurred on Cu surface. The catalytic activity appears to 

be much lower than that of the noble metal catalysts due to strong binding of O adatoms 

to C and Mo surface atoms.81 At most, a C terminated Mo2C(001) surface covered by O 

atoms displayed a similar catalytic activity to that of noble metals. However, it appears 

that C removal after some cycles will deplete the high activity. 

Yet another possibility could come from TiC, Viñes et al.,83 theoretically studied 

the catalytic activity of the TiC(001) surface towards the WGS reaction. Results showed 

a relevant activity mainly driven by the carboxyl route that disables the formation of 

atomic O in the surface, hence, preventing the catalyst deactivation. Furthermore, two 

nanoparticle models were studied as well, although, their performance is clearly 
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discouraging. This large difference between the reactivity of the extended TiC(001) 

surface and that of the nanoparticle models is justified due to a different reaction 

mechanism, which is the same observed for Mo2C surface. The redox path generates O 

adatoms than turn out to deactivate the catalysts. These authors concluded that the 

different mechanisms selectivity is promoted by the interaction of the adsorbed species 

with the catalyst. A too strong interaction, as encountered on the nanoparticles, enables 

the non-desired redox mechanism. Finally, they suggested the use of group 5 TMs as their 

resistance to O poisoning has been predicted.84-86 

To conclude, TMCs remain prominent candidates for the WGS reaction and every 

day, new studies are published showing more and more optimistic results to finally apply 

these materials. 
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The incessant increase of methane (CH4) and carbon dioxide (CO2) concentration in the 

atmosphere is clearly threatening the future of mankind and many other Life forms.87,88 

The currently adopted measures to reduce these greenhouse gases concentration, mainly 

by reducing the usage of fossil fuels, are not enough to stop the already critical global 

warming progression. Every year, more and more evidences of exceedingly severe natural 

disasters are being reported, which not only are increasing in frequency, but their severity 

is hardly comparable to that of previous events.89,90 Besides the commented measures, 

other strategies are being considered to rapidly reduce these two components from the 

atmosphere. One of these strategies is based on using compounds able to capture and 

transform CH4 and CO2 into more valuable compounds respectful with the environment. 

In this sense, the traditional reported catalysts for these gases are scarce and, in 

consequence, expensive. Nevertheless, in the recent years, TMCs have been proposed as 

plausible alternative catalysts for such reactions. Precisely, the present thesis focuses on 

the computational study of TMCs, specifically on MoC systems at nanoscopic scale, 

where the nanostructure ensemble effect to the catalytic capabilities of this TMC remains 

mostly unexplored. The novelty of the present subject invites to collaboratively tackle the 

disposed experimental results in order to bring some insights at the microscopic level. 

Therefore, the present thesis aims on unveiling valuable insights on the main mechanisms 

responsible for CH4 and CO2 capture and transformation by means of MoC NP catalysts. 

The theoretical studies have been focused on the main mechanisms responsible of the first 

scission for both molecules, which are considered bottleneck steps in their transformation. 

Moreover, in the CO2 project, the theoretical part was not restricted to the study of its first 

scission. The experiments for the CO2 project included the presence of hydrogen within 

the reaction environment, which turn out to be crucial to activate CO2 in a stable manner. 

Thus, the hydrogen effect on the CO2 activation was included on the theoretical part, 

where the obtained results revealed an unexpected Eley-Rideal reaction mechanism 

preference for the CO2 activation. Overall, both experimental and theoretical evidences 

must be brought together in order to encourage further studies on the applicability of 

nanostructured TMCs at industrial levels. 

Additionally, other related topics have been studied in the present Thesis, as the 

theoretical study of ethylene interaction with MoC NPs, the experimental and theoretical 

study of the hydrogen adsorption and scission on MoC NPs, and the theoretical study of 

TM carbides and nitrides surface reconstruction. In the case of ethylene interaction with 
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MoC NPs, the theoretical study aimed to encourage further experiments to validate the 

reported trends and determine whether MoC NPs are suitable olefin hydrogenation 

catalysts. The main study focused on the description of ethylene and MoC NPs interaction 

relying on several chemical descriptors. The subsequent results analysis unveiled the most 

critical NP parameters, such as NP size and stoichiometry, that could be tuned to enhance 

the catalytic capabilities of MoC NP for olefin hydrogenation reactions. 

For the hydrogen adsorption and scission on MoC NPs study, the experimental 

and theoretical results were of great interest to explore further hydrogenation reactions, 

as in the case of CO2 hydrogenation. The theoretical results revealed the presence of a 

particular hydrogen conformation named Kubas, which will be further described in 

Chapter 6. The Kubas conformation appeared crucial to understand the obtained 

experimental results in this project. Moreover, the same study revealed the main features 

affecting the outstanding capability of MoC NPs to capture H, which can be summarized 

as a feasible H adatom diffusion, lower scission energy barriers for H2 and, as commented, 

the Kubas conformation. 

Finally, the unexpected discovery of some TM carbides and nitrides surfaces 

reconstruction triggered a subsequent theoretical study aiming to determine the main 

driven force responsible for such phenomenon. Accounting on the obtained results and 

their subsequent analysis, it was suggested that the main driven force was the relative 

bulk instability of the present polymorphs with respect to the most stable one at standard 

conditions. Interestingly, the reconstruction phenomenon was revealed when studying 

methane adsorption on δ-MoC surface, where the mere interaction of methane with the 

surface was able to trigger a reconstruction of the latter. 

Overall, this Thesis converges different studies aiming to inspire and motivate the 

use of TMC NPs as plausible catalysts for greenhouse gases transformation reactions. 

Some exceptions out of the scope proposed in last statement are included, nevertheless, 

their importance is clearly assessed throughout this work and their message is clearly 

bonded to the main purpose of this Thesis.  

The experimental side has been carried out by Prof. J. A. Rodriguez at the 

Brookhaven National Laboratory, Upon, Nova York, USA. On the other hand, the 

computational side has been carried out in the Computational Material Science 

Laboratory (CSML) within the Institut de Química Teòrica i Computacional (IQTC) at 
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the Universitat de Barcelona (UB). Under the lead of Prof. Dr. Francesc Illas and Prof. 

Francesc Viñes which have a long baggage in the heterogeneous catalysis field as well as 

in the simulation of the aforementioned TMCs. Moreover, the main group has had the 

active contribution of several external members as well. Among them, emphasize the 

useful contribution of Profs. Carlos Jimenez-Orozco and Elisabet Flórez from 

Universidad de Medellín, Colombia. 
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The main objective of the present Thesis is to assess computational validation to the 

observed experimental evidences on MoC NPs as outstanding catalyst for greenhouse 

gases conversion. In a more specific manner, the objectives can be summarized as: 

- Revealing the actual features and mechanisms affecting the experimentally 

observed outstanding capability of MoC NPs supported on Au(111) towards 

methane activation. 

- Disclosing the main mechanisms and features responsible for the H2 interaction 

with MoC NPs supported on Au(111). 

- Assessing theoretical support to the experimental study on CO2 interaction with 

MoC NPs supported on Au(111). The theoretical studies will focus on disclosing 

the main mechanism responsible for the CO2 hydrogenation reaction. 

 Nevertheless, other complementary objectives were set for the present Thesis. 

- Determining the existence of reconstruction phenomena on TM carbide and 

nitride surfaces. 

- Unveiling the crucial features affecting MoC NPs catalytic capabilities towards 

olefin hydrogenation reactions.  
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The goal of this Chapter is to provide a minimal background on the theoretical methods 

and models used to achieve the proposed objectives. The Vienna ab initio simulation 

package (VASP)91-93 is the main code used throughout the thesis, and, consequently, some 

insights on the implementation of the theoretical methods and algorithm used will be 

briefly discussed. 

 

4.1 Theoretical Methods 

4.1.1 The Schrödinger equation 

First-principles calculations aim at describing the electronic structure of matter, most 

often relying on non-relativistic Quantum Mechanics.94-99 Even though, relativistic effects 

can be essential to understand some aspect of the electronic nature, particularly when 

implying heavy elements, for the time being it will suffice to consider a static system 

driven by a non-relativistic time-independent Schrödinger equation: 

 �̂� |Ψ(𝑅, 𝑟)⟩ = 𝐸 |Ψ(𝑅, 𝑟)⟩ (4.1), 

where Ψ(𝑅, 𝑟) is a well-behaved wavefunction that describes the stationary states of a 

system of nuclei and electrons with positions described by vectors R and r, respectively, 

and �̂� states for Hamiltonian operator. For a system composed by multiple atoms and 

electrons, the Hamiltonian operator can be defined as: 
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 (4.2), 

where 𝑍𝐴 is the atomic charge of a nucleus A, 𝑚𝐴 is the ratio between the mass of a 

nucleus A and the mass of an electron (in atomic units), ∇𝑖
2 is the Laplacian operator acting 

on the coordinates of the i-th electron, and ∇𝐴
2 is the Laplacian operator acting on the 

coordinates of the A-th nucleus. Every term in equation 4.2 corresponds to a different type 

of energy contribution. The first term is an operator aiming to account for energy 

contributions corresponding to the kinetic energy of the electrons; the second term is a 

similar operator but corresponding to the kinetic energy of the nuclei; the third term is an 

operator that accounts for the Coulomb interaction between nuclei and electrons; the 

fourth term is an operator accounting for the repulsion interaction between electrons; and 

the fifth and last operator includes the contribution corresponding to the repulsion 

interaction between nuclei. 
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To solve for the eigenvalues (energy levels) and eigenfunctions (wave functions) 

of the Hamiltonian operator as defined in equation 4.2 is a formidable task and the usual 

approach is to solve it in a two-step procedure. The reasoning is that nuclei are much 

heavier than electrons and one could consider that they move much slower than electrons, 

so that the latter adiabatically follow the nuclear motion. For a certain nuclear 

configuration, one can imagine all electrons adiabatically moving in the field of nuclei 

that remain static compared to the time scale in which electrons move around. Regarding 

the proposed situation, a new Hamiltonian can be defined in which the nuclei kinetic 

energy term is set to zero as nuclei remain static and, for a given nuclei configuration the 

repulsion energy term becomes a constant. This approximation is usually known as the 

Born-Oppenheimer approximation (BOA) and constitutes an important pilar of quantum 

chemistry and for the derived modern ab initio methods.100 The remaining terms 

constitute the electronic Hamiltonian (EH), which describes a system of electrons moving 

on an external field of M point charges with charge 𝑍𝐴: 
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 (4.3). 

By applying the EH to equation 4.1 and solving the Schrödinger equation, one 

obtains the electronic energy and the electronic wavefunction: 

 �̂�𝑒𝑙𝑒𝑐 |Ψ(𝑅, 𝑟)𝑒𝑙𝑒𝑐⟩ = 𝐸𝑒𝑙𝑒𝑐 |Ψ(𝑅, 𝑟)𝑒𝑙𝑒𝑐⟩ (4.4). 

Nevertheless, in order to obtain the total energy of the system with fixed nuclei, it 

is mandatory to consider the constant nuclear repulsion as well: 

 𝐸𝑇𝑜𝑡 = 𝐸𝑒𝑙𝑒𝑐 + ∑ ∑
𝑍𝐴𝑍𝐵

𝑅𝐴𝐵

𝑀

𝐵>𝐴

𝑀

𝐴=1

 (4.5). 

Applying these approximations solves half of the problem and exposes the 

remaining main difficulty. In fact, one still needs to solve the Schrödinger equation for 

the nuclear motion. Substituting the solutions of equation 4.4 into 4.1 reveals, not so 

directly, that the energy in the left hand-side of equation 4.5 is the potential that the nuclei 

feel in each electronic state, which leads to the concept of potential energy surface (PES), 

usually limited to the electronic ground state and opens the door to the quantum 

mechanical description of nuclear motion. Nevertheless, solving equation 4.4, even for 

the ground state only, is not trivial and several methods have proposed in the past fifty 

years or so. Most of these methods aim at approaching the exact wavefunction and allow 
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to systematically increase the accuracy at the cost of severely increasing the 

computational demand. At the end, any method based on finding an appropriate 

wavefunction must deal with 3N electron spatial coordinates plus N spin coordinates as 

spin must be included to account for the Fermionic nature of electrons and, consequently, 

to account for the antisymmetry principle. The overall procedure often results in an 

unfeasible task and more approximations are needed. On the other hand, there are 

methods that do not rely on a wavefunction defining the system state as a solution of the 

Schrödinger equation. Methods based on the DFT, allow to approach the ground state 

energy from the electron density only. Thus, instead of a wavefunction involving a 4N 

coordinate function, one deals with a 3-coordinate problem where at every point of real 

space corresponds an electron density value. DFT methods play an important role on this 

thesis and are described in the next section. 

 

4.1.2 Density functional theory 

The key quantity in any DFT method is the ground state electron density, 𝜌(𝑟), instead 

of the corresponding complex wavefunction. Nevertheless, one must know how to obtain 

the electron density without relying on the wave function and how to relate these two 

objects. The second problem is trivial to solve as in a quantum state defined by its 

wavefunction, the electron density probability is the probability of simultaneously finding 

each electron i between ri and ri + dri, being ri a position on the real space. Therefore, the 

electron density probability can be easily derived from a wavefunction that describe a 

system of N electrons, Ψ(𝑟1, 𝑟2, 𝑟3, … 𝑟𝑁). This is given simply by the scalar product of 

the wavefunction, Ψ(𝑟1, 𝑟2, 𝑟3, … 𝑟𝑁)Ψ∗(𝑟1, 𝑟2, 𝑟3, … 𝑟𝑁). Since the electron density must 

give the probability of finding any electron i on a section of space independently of where 

all other electrons are, one must integrate the scalar product over all electrons but one: 

 ∫ Ψ(𝑟1, 𝑟2, 𝑟3, … 𝑟𝑁) Ψ∗(𝑟1, 𝑟2, 𝑟3, … 𝑟𝑁)𝑑r2, 𝑑r3 … 𝑑r𝑁  (4.6), 

where the integral runs for all the electrons coordinates but one, here electron 1 is 

considered as reference for convenience. The second aspect implies the 

indistinguishability of electrons and modifies the probability density as follows: 

 𝜌(r1)𝑑r1 = 𝑁𝑑r1 ∫ Ψ(𝑟2, 𝑟3, … 𝑟𝑁) Ψ∗(𝑟2, 𝑟3, … 𝑟𝑁)𝑑r2, 𝑑r3 … 𝑑r𝑁  (4.7). 



Chapter 4: Methodology and models 

30 
 

Finally, one obtains the probability density to find any electron in a fraction of 

space independently of where the other electrons are. When this probability density is 

summed up for any point in the real space (r), one gets the total number of electrons. The 

definition of electron density, 𝜌(𝑟) is as in 4.7.  

The first problem above commented is more complex as getting the density from 

the wavefunction is trivial, the opposite is not that easy. Hohenberg and Kohn (HK) 

provided on 1964,101 a way to estimate the energy of the ground state relying on the 

electron density only. Their approach was given in the form of two theorems. The first 

one, proved that, for a non-degenerate ground state, the external potential (corresponding 

to the nuclei-electron interaction) is a functional of the electron density of the system 

which, as corollary implies that the electron density defines the Hamiltonian and, hence, 

all the information of the system. While this has some logics, it does not solve the problem 

as it does not provide a way to solve the Hamiltonian. Nevertheless, it follows that the 

energy of the ground state must be a functional of the electron density even if the exact 

form of this functional is unknown. The proof of this theorem is based on reductio ad 

absurdum by showing that is not possible for two different external potentials applied on 

a system of electrons to produce the same ground state density since they satisfy different 

Schrödinger equations. Thus, only a unique relation of the form:  

 𝜌
0

↔ 𝑉𝑒𝑥𝑡  ↔ �̂� ↔ Ψ0 ↔ 𝜌
0
 (4.8) 

can exist. 

This, in turn, shows that the ground state wavefunction is a unique functional of 

the electron density and that, as far as one electron properties is concerned, the ground 

state wavefunction contains the same information as the ground state electron density. 

Since the ground state density determines the Hamiltonian, it also determines the ground 

state energy as: 

 
𝐸[𝜌] = ⟨Ψ[𝑛]|�̂�|Ψ[𝑛]⟩ = 𝐹𝐻𝐾[𝜌] + ∫ 𝑑r𝑉𝑒𝑥𝑡𝜌(r) (4.9), 

where 𝐹𝐻𝐾 is the Hohenberg-Kohn functional, and can be described as: 

 𝐹𝐻𝐾[𝜌] = 𝑇[𝜌] + 𝑉𝑒𝑒[𝜌] (4.10), 

where 𝑇[𝜌] is the kinetic energy and, 𝑉𝑒𝑒[𝜌] is the electron repulsion term. It must be 

pointed out that the 𝐹𝐻𝐾 functional is the same for any system with the same number of 

electrons, consequently, it has been named the universal functional. 
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The second theorem is crucial to lead to a practical method to estimate the ground 

state energy. This theorem states the validity of the variational principle applied to the 

energy functional, 𝐸[𝜌]. Strictly speaking, this theorem establishes that “for any 

positively defined trial density, ρ1, such that ∫ 𝜌1(r)𝑑r = 𝑁 then: 

 𝐸0 ≤ 𝐸[𝜌(r)]” (4.11), 

where 𝐸0 is the exact ground state energy, and 𝐸[𝜌(r)] is the energy given by the energy 

functional. It is important to note that 𝐸[𝜌(r)] will always give an upper bound of the 

ground state energy whenever the exact ground state density is not used. The proof of this 

theorem is a consequence of the first one. It is known that the trial density defines a unique 

Hamiltonian and, therefore, the wavefunction. Thus, it directly follows that the energy 

associated to the density obeys the variational theorem of the Schrödinger equation. 

 It is important to point out that the HK theorems provide a link between the ground 

state energy and the ground state electron density but do not provide any practical 

approach to determine the energy from the density. 

 

4.1.3 Implementing DFT 

The challenge now is to provide a recipe to obtain the ground state energy from the density 

alone: i.e., to each of the terms in 4.10. One year after the HK theorems were published, 

Kohn and Sham were able to provide the practical way sought for. They argued that for 

any real system, there is a fictitious system of non-interacting electrons that has exactly 

the same density as the real system of interacting electrons which provides a way to 

estimate the kinetic energy term in 4.10, although this will still differ from that of the real 

system where the electrons do interact. For the fictious systems, the wave function is 

trivial as it corresponds to a single Slater determinant build up from one electron orbitals, 

hereafter referred as Kohn-Sham orbitals (𝜙𝑖). For the fictious system of non-interacting 

electrons the kinetic energy is as in 4.12.  

 
𝑇𝑠[𝜌] = −

1

2
∑⟨𝜙𝑖|∇2|𝜙𝑖⟩

𝑁

𝑖

 (4.12). 

Since the contribution from the external potential, 𝑣𝑒𝑥𝑡, is as in 4.9 and the average 

classical Coulomb electron-electron can be estimated as 
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𝐽[𝜌] =

1

2
∫ ∫

𝜌(𝑟𝑎)𝜌(𝑟𝑏)

(𝑟𝑎 − 𝑟𝑏)
𝑑𝑟𝑎𝑑𝑟𝑏 (4.13), 

and it follows that 

 𝐹𝐻𝐾[𝜌] =  𝑇𝑠[𝜌] + 𝐽[𝜌] + 𝐸𝑥𝑐[𝜌] (4.14), 

where the first term is the non-interacting kinetic energy, the second term is the classical 

Coulomb repulsion functional and the last term is the exchange-correlation functional 

including all missing terms, i.e., the fact that electrons are Fermions, the instantaneous 

electron-electron interactions, and contributions of interacting electrons to the kinetic 

energy. The 𝐸𝑥𝑐[𝜌] functional in 4.14 is denoted as the exchange-correlation functional 

(some authors explicitly call it exchange-correlation-kinetic energy). The Kohn and Sham 

version of the universal functional ca be also defined as: 

 𝐸𝑥𝑐[𝜌] = 𝑇[𝜌] − 𝑇𝑠[𝜌] + 𝑉𝑒𝑒[𝜌] − 𝐽[𝜌] (4.15), 

where 𝑇[𝜌] and 𝑉𝑒𝑒[𝜌] are the exact kinetic and electron repulsion energies of the real 

interacting system, and, 𝑇𝑠[𝜌] and 𝐽[𝜌] are the kinetic energy for the non-interacting 

system and the classical Coulomb repulsion energy, respectively. It must be pointed that 

the non-interacting system is used just to estimate 𝑇𝑠[𝜌], as it includes electron-electron 

repulsion. The major issue of DFT methods is that the explicit expression for 𝐸𝑥𝑐[𝜌] term 

is unknown, consequently, it is not possible to calculate the exact ground state energy 

until the 𝐸𝑥𝑐[𝜌] true form is disclosed. 

In order to solve Kohn-Sham equations for an interacting system, it is necessary 

to rely on a variational self-consistent procedure. The main motive is that whatever 

functional approach is used, the 𝐸𝑥𝑐[𝜌] functional ultimately relies on the derivative 

(variation) of 𝐸𝑥𝑐[𝜌] with respect to the electron density. Therefore, an initial electron 

density must be guessed to define the exchange-correlation term. Then the 𝐹𝐻𝐾[𝜌] is 

defined and can be used to calculated the set of Kohn-Sham orbitals. This new set of 

Kohn-Sham orbitals will lead to a new electron density that will redefine the 𝐸𝑥𝑐[𝜌]. This 

procedure must be repeated until the density reaches an arbitrary convergence criterion. 

Ultimately, the converged electron density can be used to compute the energy and other 

features. 

It must be pointed out that the eigenvalues related to the self-consistent procedure 

do not have any physical meaning, although by their similitude it is customary to associate 

them to the Hartree-Fock orbitals. Note that the Kohn-Sham orbitals define the density of 
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the non-interaction fictious system but the energy is computed using 4.9 with the 𝐹𝐻𝐾[𝜌] 

as in 4.14, i.e., solving a set of one-electron Kohn-Sham equations for the interacting 

system. At self-consistency one obtains the ground-state energy and the electron density. 

Several approaches have been developed aiming to mimic the unknown exchange-

correlation functional. They are classified in function of their complexity, understanding 

complexity as how complete is their perception of the electron density. A visual and clear 

representation of this classification is the Jacob’s ladder,102,103 represented in Fig. 1, 

where every rung should be able to reproduce the results of the lower rung in certain 

limits and add more capabilities. 

 

Figure 1. Jacob’s ladder of density functional families as described by Perdew et al.103 

At the end, the appropriate functional is extremely dependent on the tested 

problem, because the increase in accuracy held by higher rungs comes at a computational 

cost, usually as restrictive limitations about where the functional can be applied. 

Nevertheless, the computational cost is not always the main decisive feature. Several 

studies have been reported demonstrating that lower functional rungs imply more 

accurate results than higher functional rungs when limited to the calculation of some 

specific features.104-107 Thus, confirming that the appropriate functional uses to depend 

on the system to be studied and, in some cases, in the specific property of interest. In the 

next section, the functional used and its group will be introduced. 
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4.1.4 Local and generalized gradient approximation 

The local density approximation (LDA) constitutes the first implementation of DFT 

(beyond primitive related models as the Thomas-Fermi or the Slater SCF- x) and follows 

from the work of Ceperley and Alder and Vosko-Wilk-Nussair, 108,109 who independently 

provided a functional form for the exchange-correlation functional for the uniform, 

homogeneous, density electron gas. This approach makes use of the density at each point 

of space and provides good molecular and crystal structures but poor thermochemistry.110 

The generalized gradient approximation (GGA) functionals are a variety of 

mathematical expressions that use the density and its gradients in each point. These 

functionals are more accurate than the LDA functionals but at the cost of computing the 

density gradients. Their improvement is clearly observed when computing bond 

dissociation energies and transition-state energy barriers.111 The main issue compared to 

LDA is that, while LDA has a universal form, GGA functionals have different forms to 

account the exchange and correlation contributions and, therefore, several forms exist for 

the GGA functionals. One of the most used GGA functionals is the PBE, called after the 

work of Perdew, Burke, and Ernzerhof.112 

The general form of all GGA functionals is: 

 
𝐸𝑥𝑐

𝐺𝐺𝐴[𝜌] = ∫ 𝑑𝑟 𝑒𝑥
𝐻𝐸𝐺(𝜌(𝑟))𝐹𝑥𝑐(𝜌(𝑟), ∇𝜌(𝑟)) (4.16), 

where 𝑒𝑥
𝐻𝐸𝐺  is the exchange contribution computed in a homogeneous electron gas (HEG) 

model, which can be calculated analytically as: 

 
𝑒𝑥

𝐻𝐸𝐺 = −
3

4
(

3

2𝜋
)

2/3 1

𝑟𝑠
 (4.17), 

where 𝑟𝑠 is the Wigner-Seitz radius: 

 
𝑟𝑠 = (

3

4𝜋𝜌
)

1/3

 (4.18). 

The 𝑒𝑥
𝐻𝐸𝐺  term in equation 4.16 can be written as well as 𝑒𝑥

𝐿𝐷𝐴, because it is how 

the LDA functional accounts the exchange contribution. The remanent term of equation 

4.16, 𝐹𝑥𝑐, is known as the enhancement factor because it takes into account deviations 

from the HEG model. The most popular enhancement factor is the PBE, which is the only 

GGA functional used along this work. The exchange part of PBE can be described as: 



Chapter 4: Methodology and models 

35 
 

 
𝐹𝑥

𝑃𝐵𝐸(𝑠) = 1 + 𝑘 −
𝑘

1 + 𝜇𝑠2/𝑘
 (4.19), 

where 𝑘 and 𝜇 are parameters optimized to fulfil the Lieb-Oxford bound113 and LDA 

linear response conditions, that the exact functional must fulfil and the 𝑠 parameter is a 

dimensionless density gradient. Moreover, the correlation part can be described as: 

 𝐹𝑐
𝑃𝐵𝐸(𝑟𝑠, 𝜁, 𝑝) = 𝑒𝑐

𝐻𝐸𝐺(𝑟𝑠, 𝜁) + 𝐻(𝑟𝑠, 𝜁, 𝑝) (4.20), 

where 𝑒𝑐
𝐻𝐸𝐺(𝑟𝑠, 𝜁) is the HEG correlation term, which depends on the Wigtner-Seitz 

radius (𝑟𝑠) and the relative spin polarization (𝜁). The 𝐻(𝑟𝑠, 𝜁, 𝑝) term has the form: 

 
𝐻(𝑟𝑠, 𝜁, 𝑝) = 𝑔3

𝛽2

𝛼
𝑙𝑛 [1 +

𝑝2 + 𝐴𝑝4

1 + 𝐴𝑝2 + 𝐴2𝑝4
] (4.21), 

where 𝑔 is a spin-scaling factor, 𝛽 and 𝛼 are constants, 𝑝 is a dimensionless density and 

𝐴 is a complex term described as: 

 
𝐴 =

2𝛼

(𝛽𝑒𝑥𝑝
−2𝛼𝑒𝑐

𝐻𝐸𝐺

𝑔2𝛽2 − 1)

 
(4.22), 

where all the terms have been already commented except the 𝑒𝑐
𝐻𝐸𝐺 , that is the correlation 

energy computed in the HEG model. In summary, when all these terms are taken into 

account, a simpler notation for the enhancement factor can be written as in 4.23,  

 
𝐹𝑥𝑐

𝑃𝐵𝐸 = 𝐹𝑥
𝑃𝐵𝐸 +

𝑒𝑐
𝐻𝐸𝐺

𝑒𝑥
𝐻𝐸𝐺 𝐹𝑐

𝑃𝐵𝐸 (4.23), 

which ultimately defines PBE. Other variants of the PBE functional, such as the PBE 

adapted for solids (PBEsol) or the revised PBE (RPBE), have been developed aiming to 

overcome some intrinsic vulnerabilities of PBE, or VV and VVsol, adjusted for a better 

description of transition metals.114 Still, PBE is a very robust functional performing 

especially well to describe the properties of bulk and surface transition metals104,114 and 

broadly used in the computational heterogeneous catalysis field.115 Note, however, that 

the description of bulk Fe, Co and Ni, and the corresponding NPs and extended surfaces 

requires taking spin polarization into account. With respect to the bulk of early transition 

metal carbides, the validity of GGA functionals to describe their main features has been 

stablished by Viñes et al.19 Moreover, these materials exhibit a metallic behaviour with 

no evidence of magnetic moments, as reported in the landmark review published by Hwu 

and Chen77 in 2005. Consequently, spin polarization does not need to be considered. 
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4.1.5 Basis sets 

Before any definition of the main protagonists of this section, it is necessary to present 

some essential concepts that will appear useful to the reader. The one electron states 

(orbitals) entering into the Kohn-Sham determinant are usually represented as linear 

combinations of basis functions on the three-dimensional (3D) space as in the method 

proposed by Roothaan to numerically solve the Hartree-Fock equations. 116  There are 

different types of basis functions, although, the two most used options are the gaussian 

type orbitals (GTO) and the plane wave (PW) functions. The former is typically used in 

molecular calculations and there is at least one periodic code based on this approach.117 

In this basis, orbitals are represented by linear combinations of nuclei-centred gaussian 

functions carefully parametrized to reproduce atomic orbitals and nowadays available 

through the basis set exchange platform.118 In short, GTOs provide a computationally 

convenient representation of orbitals and reduce the variational problem of finding the 

density minimizing the energy for the functional of choice, to a numerical problem. This 

just follows the approach brilliantly developed by Roothaan commented above, which 

originated modern quantum chemistry and also the methods of solid-state physics. 

Alternatively, PWs are the main choice when dealing with periodic systems 

precisely because they are periodic in nature with concomitant numerical advantages, for 

instance the matrix representation of the kinetic energy in a PW basis set is diagonal. 

These basis functions are the main basis sets implemented in VASP, consequently, they 

are used in all calculations reported in the present work. Contrarily to GTOs, PWs are not 

nuclei-centred and a massive linear combination of PWs is required to mimic the accuracy 

obtained with fewer GTOs. In fact, this is probably the main drawback of PWs, but it is 

compensated by the advantages in applying it to periodic systems. The amount of PWs 

needed to obtain accurate results is sometimes prohibitive, specifically, on describing 

core electrons where dramatic oscillations of the wave function are required. Here is 

where pseudopotentials appear as an alternative to represent core electrons. 

 

4.1.6 Pseudopotentials and the projector augmented wave method 

The use of pseudopotentials (PP) is based on the assumption that most chemical processes 

are dominated by valence electrons, while core electrons remain almost unaffected to the 

environment changes. Therefore, a precise representation of core electrons can be 
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substituted by an effective core potential, while valence electrons remain as originally 

intended. This approximation is what is explicitly called a pseudopotential and are 

extensively used in VASP. The exact treatment is based on substituting the exact 

Hamiltonian by an effective Hamiltonian that contains a pseudopotential operator and 

which pseudo-eigenfunctions mimic, as close as possible, those of the exact 

Hamiltonian.119 This general definition can be applied to any electron section within an 

atom, but for obvious interest, it will be restricted to core electrons. Thus, the 

mathematical definition of a pseudo-Hamiltonian for valence electrons is: 

 
𝐻𝑣 = −

1

2
∑ ∇𝑖

2

𝑛𝑣

𝑖

+ ∑
1

𝑟𝑖𝑗

𝑛𝑣

𝑖<𝑗

+ ∑ ∑ [𝑉𝑃𝑃
𝑎 (𝑟𝑎𝑖) −

𝑄𝑎

𝑟𝑖𝑎
]

𝑛𝑐

𝑎

𝑛𝑣

𝑖

+ ∑
𝑄𝑎𝑄𝑏

𝑟𝑎𝑏

𝑛𝑐

𝑎<𝑏

 (4.24), 

where 𝑛𝑣 is the number of valence electrons, 𝑛𝑐 is the number of core electrons, 𝑎, 𝑏 

indices account on all nuclei in the system, 𝑄𝑎, 𝑄𝑏 are the core charges, i.e., the sum of 

core electrons and, 𝑉𝑃𝑃
𝑎  is the one-electron pseudopotential operator. There are several 

ways to approximate 𝑉𝑝𝑝, but when dealing with GTO basis sets these are reduced to the 

so-called effective core potentials developed by Hay et al.120,121 and the ab initio model 

potential developed by the Huzinaga group.122 

PP approximation becomes unavoidable when aiming at describing periodic systems 

with a PWs basis set. Different types of pseudopotentials have been proposed with the 

ultrasoft family having been broadly used. This choice greatly contributes to minimize 

the computational cost by reducing the number of PWs needed. Nevertheless, it is 

important to take care when dealing with systems with core-valence correlation, core-

overlap and, complex nodal structures effects because their use could be compromised.119 

PP main drawback can be summarised to the loss of information on the wave function 

close to the nuclei. 

The earlier periodic codes using PWs basis sets used the so-called augmented-plane-

wave (APW) method, where the real space is divided into atom-centred spheres. These 

spheres are filled with wave functions considered as atom-like partial waves that are 

restricted within the sphere region. Outside the sphere, there is a bonding region where 

envelope functions are defined. On the interfaces, partial waves and envelope functions 

are connected. Nevertheless, this approach was far from being user friendly and, 

consequently, its use was quite limited. 
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Finally, there is a method that combines the pseudopotential approximation and the 

APW approximation. This is the projector augmented wave (PAW) method initially 

proposed by Blöch in 1994.123 This method transforms the rapidly oscillatory real wave 

function into a smooth wave function by applying a linear transformation. This linear 

transformation is only applied in a certain region close to the atomic core because the real 

wave function already presents a smooth character at a certain distance from the core. 

The region where the linear transformation occurs is defined as the augmentation region. 

It is important to carefully define this region to avoid overlap between augmentation 

spheres of different atoms. The true (one electron) wave functions inside the 

augmentation region are expanded into partial waves and transformed into smooth partial 

waves by applying the linear transformation. When the smooth partial waves form a 

complete set inside the augmentation region, it is possible to expand the complete smooth 

wave function into a sum of smooth partial waves multiplied by expansion coefficients. 

These expansion coefficients are the same that could be applied to the non-smooth partial 

functions to generate the real wave function. As the transformation must be linear, it has 

to be imposed to the expansion coefficients to be linear functionals. These linear 

functionals are defined as smooth projector functions and must fulfil some requirements 

that will not be further discussed in the present work. At the end, the linear transformation 

can be defined as:  

 �̂� = 1 + ∑ �̂�𝑎

𝑎

= 1 + ∑ ∑(|𝜙𝑖
𝑎⟩ − |�̃�𝑖

𝑎⟩)

𝑖𝑎

⟨𝑝𝑖
𝑎| (4.25), 

where 𝑎 is the atom index, 𝑖 is the expansion index, 𝜙𝑖
𝑎 is a non-smooth partial function, 

|�̃�𝑖
𝑎⟩ is a smooth partial function and, ⟨𝑝𝑖

𝑎| is the projector function. As a summary, the 

linear transformation can be understood as a decomposition of the original KS wave 

functions into two contributions: The total smooth wave function and, the subtraction of 

partial wave functions (smooth and non-smooth) projected to the total smooth wave 

function. The first contribution is smooth in all space while the second contribution has 

some rapid and small oscillations due to the contribution of the non-smooth partial wave 

functions. The final wave function of the system is much smoother than the original KS 

wave function and turns out to critically decrease the number of plane waves needed. 

Finally, it is worth to point out that in conjunction with PAW approximation, it is 

usual to find the frozen core (FC) approximation. In this condition, core electrons remain 

represented by the real KS wave functions within the augmentation region, but remain 
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unaltered by the environment changes. This approximation is the default option 

implemented in VASP. 

 

4.1.7 Reciprocal space and the Bloch theorem 

The reciprocal lattice or momentum space is an essential mathematical construction that 

ease the obtention of information for periodic systems. Any crystalline lattice in a 3D 

space characterized by three lattice vectors (a1, a2, and a3) has its own reciprocal lattice 

(b1, b2, and b3), defined as: 

 
𝑏𝑖 = 2𝜋

𝑎𝑗 × 𝑎𝑘

𝑎𝑖 · (𝑎𝑗 × 𝑎𝑘)
 (4.26), 

where i, j, and k are the indeces of the three main lattice vectors. The unit cell defined by 

(b1, b2, and b3) has a volume equal to (2π)3/V, where V is the volume of the direct unit 

cell. Hence, a large unit cell in real space, ends up being a smaller unit cell in the 

reciprocal lattice. The a1, a2, and a3 vectors provide a basis for the 3D space so that any 

point in this space (here denoted as real space) can be described by an appropriate linear 

combination of these three vectors. The b1, b2, and b3 vectors defining the reciprocal 

lattice do also define a 3D space, this is usually denoted as the reciprocal space. 

Once the unit cell is defined, let us determine the meaning of any point on the 

reciprocal lattice. Let us imagine a plane within the real space unit cell, this plane can be 

characterized by its Miller indexes and it corresponds to an infinite family of planes with 

the same interplanar distance, dhkl. The dhkl can be calculated from the unit cell parameters, 

i.e., vectors moduli and angles from the unit cell. Nevertheless, the Millers indexes are 

the main key parameter to understand the functionality of a point within the reciprocal 

lattice. From the Miller indexes, it is possible to form a vector, which moduli is reciprocal 

(inversely proportional) to dhkl and defines a point in a 3D space. Now, including all Miller 

indexes that could be obtained from a crystalline structure, it is possible to form a periodic 

lattice that remain reciprocal to the original lattice, known as the reciprocal lattice. In 

other words, any point on the reciprocal lattice represents a family of planes with Miller 

indexes in the real space. This property explains the diffraction pattern obtained from 

crystalline structures. In general, the use of the reciprocal lattice in periodic systems can 

ease the obtention of some properties. Most calculations implying the reciprocal lattice 
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are restricted to the first Brillouin zone, that can be defined as the Wigner-Seitz cell of 

the reciprocal lattice. 

Understanding the reciprocal lattice permits introducing the Bloch theorem.124 

This theorem states that any observable that can be obtained from a certain point of a 

crystalline lattice, will be the same in an infinite number of points due to the translational 

nature of a crystalline structure. Therefore, it is possible to describe a periodic potential 

which remains unaltered after a certain translational operation. In this sense, the periodic 

potential must retain the Bravais lattice periodicity, 

 𝑈(𝑟 + 𝜏) = 𝑈(𝑟) (4.27), 

where U is the potential and 𝜏 is a translational vector. Accounting on the potential 

periodicity, Bloch stated, that any one-electron wavefunction must be expressed as the 

product of two functions: 

 𝜙𝑖,𝑘(𝑟) = 𝑒𝑖𝑘𝑟𝑢𝑖(𝑟) (4.28), 

where 𝑢𝑖 is a local function and 𝑒𝑖𝑘𝑟 is a plane wave and k is a vector of the reciprocal 

space. The local function must satisfy the periodicity of the Bravais lattice. When the 

basis set used is a plane wave, then the inner shape of the electronic Bravais cell is already 

assembled into the plane wave, hence, the local function term is reduced to 1 and the 

wave function can be written as: 

 𝜙𝑖,𝑘(𝑟) = ∑ 𝐶𝑖,𝑘+𝐹𝑒𝑖(𝑘+𝐹)𝑟

𝐹

 (4.29), 

where F is a vector in the reciprocal lattice that must satisfy that its scalar product with a 

unit cell vector of the Bravais lattice (ai) has to be equal to a constant of the form 2πm, 

where m is an integer number. On the other hand, when the basis set used is based on 

Gaussian functions, the 𝑢𝑖 function form will be that of a Gaussian function. 

Finally, the one-electron wave function describing an electron moving through a 

periodic potential has the form: 

 𝜙𝑖,𝑘(𝑟 + 𝜏) = 𝑒𝑖𝑘𝜏Ψ𝑖(𝑟) (4.30), 

where its energy just depends on the k points considered. The total energy of the periodic 

system is calculated as an average of different k-points within the first Brillouin zone. 

The number of k points considered must be enough to ensure a representative average 

result. 
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4.1.8 Reaction energy profiles: The nudged elastic band method 

The ultimate goal in any theoretical study of a catalytic process is to characterise the 

molecular mechanism of the reaction of interest. By this one expects to obtain some 

features that precisely explain how reactants could become products. Usually, this process 

requires three major steps. First, it necessary to characterise minima within the potential 

energy surface (PES) for both adsorbed species, reactants and products, to determine the 

initial and final states. Several different minima can be encountered in both cases; 

however, it is a natural praxis to consider the most stable ones as, if there are no other 

effects involved, they will be the most probable to be populated. From this step, one can 

obtain the reaction energy which is simply defined as in 4.31. This is the energy difference 

between the initial state and the final state, and can be computed as: 

 𝐸𝑟𝑒𝑎𝑐 = 𝐸𝑐𝑎𝑡+𝑝𝑟𝑜𝑑 − 𝐸𝑐𝑎𝑡+𝑟𝑒𝑎𝑐𝑡 + Δ𝑍𝑃𝐸 (4.31), 

where 𝐸𝑐𝑎𝑡+𝑝𝑟𝑜𝑑 is the total energy of a system composed by the catalyst and the products, 

𝐸𝑐𝑎𝑡+𝑟𝑒𝑎𝑐𝑡 is the total energy of a system composed by the catalyst and the reactants and, 

Δ𝑍𝑃𝐸 is the difference in zero-point energy between reactants and products. 𝐸𝑟𝑒𝑎𝑐 gives 

information about the exothermicity of a reaction. 

The second step consists on typifying the interaction of reactants and products gas 

species with the catalyst. This step is typically characterised by the adsorption energy, 

which can be defined as: 

 𝐸𝑎𝑑𝑠 = 𝐸𝑐𝑎𝑡+𝑟𝑒𝑎𝑐 − 𝐸𝑐𝑎𝑡 − 𝐸𝑟𝑒𝑎𝑐.𝑔𝑎𝑠 + ∆𝑍𝑃𝐸 (4.32), 

where 𝐸𝑐𝑎𝑡+𝑟𝑒𝑎𝑐 is the total energy of the system composed by the catalyst plus the 

reactant or product, 𝐸𝑐𝑎𝑡 is the total energy of the system without the reactant or product, 

𝐸𝑟𝑒𝑎𝑐.𝑔𝑎𝑠 is the total energy of the reactant or product in gas phase and, ∆𝑍𝑃𝐸 is the 

difference in zero-point energy contribution for the gas and adsorbed species. 𝐸𝑎𝑑𝑠 

concept is intensely bonded to the ordering of minimums as it is a conceptually easy 

method to propose absolute values for the adsorbate-catalyst interaction. 

Finally, the third step consists on the characterisation of the Transition State (TS), 

i.e., the structure of maximum energy along the minimum energy reaction pathway.125 

There are different approaches to find a TS structure, nevertheless, the main method used 

in this work is the Nudged Elastic Band method (NEB).126 
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The NEB method is based on a combined optimization of intermediate images 

along a proposed reaction path. For each image a normal optimization is carried out but 

this is bonded to the two nearest images by spring forces that constraint its movement 

along the reaction path. Hence, one obtains a set of images equally spaced that can be 

interpreted as if a band or rope was adapting to the PES. This method alone is not enough 

to determine a TS structure, depending on the number of images, the highest energy image 

could still be spatially far from the TS structure. In order to find the TS structure, it is 

necessary to apply a different approach within the NEB method. The Climbing-Image 

NEB (CI-NEB), implies a small modification to the NEB method, where the highest 

energy image does not feel the spring forces. Instead, this image feels an opposite force 

along the tangent, consequently, it maximizes the energy along the band and minimize in 

all other directions. Once, it converges, the structure will be close to that of the saddle 

point sought for. Nevertheless, a frequency analysis is always required to find the single 

imaginary frequency defining a TS.  

 

4.2 Models 

This section focuses entirely on the models used to represent the materials of interest as 

they play a major role on the computational projects carried out in this Thesis. There are 

three main types of models which, for simplicity, will be discussed separately. The 

models can be divided into support surfaces, MoC nanoparticles, and MoC/MoN surfaces. 

 

4.2.1 Support surfaces 

Most experiments carried out by the experimental group of Jose A. Rodriguez, at the 

Brookhaven National Laboratory (BNL) used a Au(111) surface as support. In order to 

provide a realistic model the Au(111) surface is represented by p(6×6) slab including 4 

atomic layers with 36 atoms each. Following a typical 2+2 scheme (Fig 2.), 127the two 

outmost atomic layers are relaxed and the two bottommost are fixed as in the bulk to 

provide an appropriate bulk environment to the surface region. The slab area of this slab 

model, corresponding to that of the plane orthogonal to the Z axis, is large enough to 

ensure that adsorbates, in this case supported NPs, in the periodically repeated unit cells 

are at least separated by 15 Å and, hence, do not exhibit noticeable interactions. 
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 Of course, the slab surface model has its own limitations, as the bulk/non-bulk 

transition is clearly quite abrupt. However, this can be minimized by adding more totally 

relaxed layers that will produce a smoother transition. The (2+2) scheme has been chosen 

to reach a compromise between accuracy of the model and computational resources. 

Moreover, this scheme has been proven to be sufficient in several works, justifying its 

use. 127-131 

 

Figure 2. Au (111) slab in two different perspectives. The black arrows represent the lattice 

vectors. The black points are the different adsorption sites that can be encountered. The blue 

rectangle shows the frozen layers of a (2+2) scheme. 

The Au(111) slab has four high symmetry adsorption sites illustrate in Fig 2 that 

are typically used when dealing with small adsorbates. These sites have been considered 

for each NP adsorption and also for some molecule adsorption, where its diffusion to the 

Au slab appeared plausible. NPs are too large to be placed above a given adsorption site, 

their rather large size implies simultaneously occupying several adsorption sites. Thus, to 

ensure a differently adsorption based on the four adsorption sites, it was required to 

determine a reference position within the NP. The reference position was chosen to be 

the centre of mass, so the centre of mass of each NP was initially placed above the four-

adsorption sites. The adsorption site is not the only parameter to be considered when 

supporting the NPs. The nanoparticle orientation is relevant as well, and requires a 

meticulous systematic procedure to ensure that every NP is placed in every possible 

orientation. 
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4.2.2 MoC nanoparticles 

Undoubtedly MoCy NPs are the main players in this work, as they constitute the active 

part of the catalyst in all the studied chemical reactions. From the information provided 

by the experimental group of Jose Rodriguez, i.e., size, morphology and, stoichiometry 

of the NPs, a series of models have been developed taking into account the specified 

parameters as much as possible. Again, a compromise between accuracy of the model and 

the computational resourced must be invoked. As a summary, the NPs size should be 

around 0.6-1.5 nm in diameter, they should exhibit an amorphous structure and, the 

stoichiometry largely depended on the studied case, as it can be easily moulded by the 

synthesis conditions. The experimental information does not overly restrict the search of 

appropriated structures, which ultimately difficult the whole process as it adds more 

variability to the problem. As it will be explained later, this aspect is significantly 

important on the stoichiometry feature. 

The initial stoichiometric structures were obtained from mimicking the most 

stable gas-phase TiC NPs reported by Oriol et al.132 They obtained the TiC NPs structures 

combining data from data mining searches, global optimization using interatomic 

potentials (IP), and geometry optimization by means of DFT of the most prominent 

candidates. They reported a total of 21 low-energy structures, for (TiC)6 and (TiC)12. On 

the present work, the 21 structures have been used as templates. A simple substitution of 

Ti by Mo atoms plus a full reoptimization were required to obtain the MoC NP models. 

It is important to remark that the shape of most MoC models, in special the most stable 

ones, remain unaltered when compared to their TiC counterparts. This is not shocking 

when one takes into account that both TiC and δ-MoC polymorph display the same rock-

salt crystallographic structure. 

Moreover, even if gas-phase MoCy NPs exhibit magnetization, supporting these 

NPs on the Au(111) surfaces completely quenches the magnetism. Therefore, spin 

polarization has not been included for the supported NPs. In addition, one must point out 

that calculations for supported NPs showed that the spin polarized solution converges to 

the non-spin polarized one. Moreover, for several surface reactions on nonmagnetic 

substrates, Fajín et al.,133 showed that the effect of spin polarization is negligible, the two 

solutions are indistinguishable, even if bond breaking and bond forming occurs. This is 

at variance of the situation encountered in gas-phase reactions where TS exhibit a strong 

radical character requiring the use of a multiconfigurational description or including spin 
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polarization if the reaction is studied by DFT based methods. In the latter case, one must 

be aware of limitations inherent to the single determinant nature of DFT. To summarize, 

reactions occurring at surfaces of non-magnetic systems, there is no need to account for 

spin polarization and most often this is the case in heterogeneous catalysis. 

 

Figure 3. Left side: Three most stable structures of Mo6C6 isomers. Right site: Three most stable 

structures for Mo12C12 isomers. The indices {1,2,3} recall the stability order, being 1 the most 

stable and 3 the least stable. A and B letters denote different view orientation for the same NP. 

Generally, only the two most stable structures of each stoichiometry have been 

considered through the present work, i.e., Fig. 3 indices 1 and 2. It appeared 

computationally unfeasible to systematically consider the 21 nanoparticles for each 

catalytic reaction, therefore, it became compulsory to restrict the number of models to be 

used. Among the most stable, there is a significant energy difference between the 2nd and 

3rd models for each stoichiometry, a feature that has been used a restriction criterium to 

select the models to be used. 

To generate the non-stoichiometric models, two straightforward possibilities 

exist. One could add atoms or remove them. Of course, other alternatives exist like the 

search of global minima for every considered stoichiometry, however, due to its 

complexity and computational cost they have not been considered. The addition option 

implies far more degrees of freedom as atoms can be placed in several positions within 

the same addition site. After the optimization, most addition sites will turn up inexistent 

and the variability will strongly decrease as most added atoms will end up in the same 
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position. Nevertheless, it is not possible to predict the final addition sites beforehand and, 

therefore, all possibilities must be computed, greatly increasing the computational cost. 

On the other hand, removing atoms implies to remove all non-equivalent atoms from the 

system, which number can be severally decreased when there exists symmetry within the 

NP. In the absence of other decisive aspects apart from the computational cost, the 

removing method has been chosen as the main source to obtain non-stoichiometric 

structures. 

In the removing approach, all non-equivalent atoms were removed for the two 

most stable NPs of each size (Mo6C6 and Mo12C12), generating different Mox-1Cx or 

MoxCx-1 structures. Afterwards, a full optimization is carried out to obtain the final non-

stoichiometric structures. This procedure is repeated in a cascade manner to obtain larger 

deviations from the 1:1 stoichiometry, i.e., all non-equivalent C atoms from all MoxCx-1 

structures are removed in order to obtain suitable structures for the MoxCx-2 

stoichiometry. As explained in Chapter 9, this procedure scales as 2·Nz per removal, 

where N is the average number of inequivalent atoms per removal, Z stands for the 

number of atoms that have been already removed, and the coefficient 2 is necessary as 

there are two species. Nevertheless, this expression must be considered as an upper 

bound. The generation of repeated structures from different parents or the appearance of 

new symmetric shapes that reduce the N value can severely decrease the number of 

different structures per removal. Nevertheless, it is clear that a fully cascade procedure 

implying several removals can rapidly became prohibitive. Thus, for large Z values only 

the most stable Z-1 parents have been considered to produce new structures. This 

approach is not fully arbitrary as it has been observed that, at least for the first iterations, 

the most stable Z structure was obtained from the most stable Z-1 structure. Thanks to an 

ongoing work done by Prof. Elizabeth Flores in collaboration with our group, based on 

the study of low-energy MoyCx structures by means of temperature annealing, has 

determined the validity of the cascade procedure for small Z values. Thus, the structures 

obtained by the cascade procedure appear among the most stable structures encountered 

by the temperature annealing method. For large Z values, it is clear that the obtained 

structures are not ideal and other more stable structures can easily appear. It could be easy 

to fall for rapid conclusions on this matter, however, the truth is that more future research 

has to be done in this topic. Nevertheless, one must remind that one does not pretend to 
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find out the most stable isomers for a given stoichiometry but just to provide reasonable 

models that can provide a fair representation of the experimental systems.  

 

4.2.3 MoC and MoN surfaces 

The study of MoC and MoN (001) surfaces is not addressed to the study of a particular 

catalytic reaction. In fact, their inclusion into this work was unexpected, as it will be 

commented on Chapter 6. Specifically, there are two more surfaces studied in Chapter 6 

apart from MoC and MoN. WC and WN were considered after realizing that they exhibit 

the same particular behaviour as MoC and MoN. Nevertheless, the main discussion can 

be focused on the MoC system and then extrapolated to the other surfaces. Figure 4 gather 

the different MoC models used in Chapter 6. 

 

Figure 4. (√𝑁 × √𝑁)𝑅45° MoC(001) supercells with N ranging from 1 to 4. For simplicity 

these supercells are hereafter denoted as (N×N). 

The MoC (001) surface was obtained by cutting the optimized δ-MoC bulk 

structure (Fm3̅m-MoN/WN and γ-WC). The resulting surface was composed by four 

layers in the same fashion as in the Au surface, a (2+2) scheme where the two outermost 

layers were freely optimized and the two innermost were kept frozen at the bulk geometry. 

It must be pointed that, in this specific research, other schemes were included in order 

obtain information about the surface thickness effect. The thickest surface considered was 

an eight-layer surface following a (2+6) scheme, where the two innermost layers were 

kept frozen and the six outermost layers were freely optimized. Moreover, in this case the 

supercell size was a central parameter to be studied, therefore, different supercell sizes 

were considered, ranging from (1×1) to (4×4). Compared to Au surface where NPs had 

to be adsorbed, which implies an increase in vacuum space, a 15 Å vacuum distance 
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between MoC surfaces was enough to ensure the non-interaction condition. After the 

appropriate optimization, an artificial displacement was triggered in order to determine 

whether a reconstruction pattern exists. A full explanation will be found in Chapter 6.  
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Chapter 5 

Methane activation on MoC 
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5.1 Introduction 

Methane is the main component of natural gas and the first greenhouse gas treated in this 

work. It shows a high chemical stability (4.15 eV for its first C-H bond) plus its non-polar 

character strongly compromises its use or transformation into other species without 

greenhouse effect or industrial profitability. Nevertheless, recent efforts aiming to 

develop low temperature activation procedures for methane have found some promising 

catalysts in transition metals,134 Ni and Co surfaces,135,136 nanoporous carbons,137 

zeolites,138 and metal-organic frameworks (MOFs).139 

The present Chapter is focused on the capacity of MoCy NPs supported on 

Au(111) to activate methane at room temperature. Both, experiments and theoretical 

calculations, were carried out to study the main mechanisms involved in this process. 

Along with the theoretical results on NPs models, the interaction with the bulk surfaces 

of Mo2C and MoC were studied for comparison.  

MoC nanoparticles were produced following the techniques explained in section 

1.3.4, and their characterization was done using X-ray photoelectron spectroscopy (XPS), 

thermal desorption mass spectroscopy (TDS), and scanning tunnelling microscopy (STM) 

techniques. These confirmed that methane was adsorbed on the NPs and also that the 

molecule dissociates. Moreover, the synthesis procedure allows tuning the NPs 

stoichiometric ratio; consequently, it was possible to study the stoichiometry effect on the 

methane activation. To summarize, the experimental results showed that these systems 

adsorb and activate CH4 at room temperature with a low methane partial pressure. 

On the theoretical part, a set of MoCy NPs supported on Au(111) were modelled, 

where y could range from 0.6 and 1.5. The actual stoichiometry obtained from 

experiments does not contemplate stoichiometric ratios larger than 1.1, nevertheless, this 

possibility was considered in the theoretical models to determine the effect of larger C 

concentrations. The energy profiles were obtained by means of DFT based calculations. 

Interestingly, DTF results showed a clear difference between MoC surfaces and MoC 

NPs interacting with methane. For the interaction and dissociation of methane on the 

different extended surfaces, a Brønsted-Evans-Polanyi (BEP) relationships140,141 trend 

emerges that is not followed when analysing results for the supported NPs. Moreover, a 

detailed comparison between NPs and surfaces revealed the importance of the 
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contribution of the NP ensemble in lowering the energy barriers. Furthermore, other 

aspects affecting the methane activation are contemplated and discussed. 

The present discovery opens the possibility to design new carbide catalysts for 

methane activation at room temperature that could represent an important contribution to 

mitigate methane effect in climate change. 

 

5.2 Results 

In order to ensure the inert nature of the support, a clean Au(111) surface was exposed to 

methane at 1 Torr and 300 K. The absence of a peak in the XPS spectra at C 1s binding 

energy range confirms the inexistence of methane adsorbed to Au(111). Moreover, 

another indispensable experiment was done in order to determine the incapacity of 

polycrystalline δ-MoC surface to activate methane, highlighting the importance of the NP 

shape. In this case, the polycrystalline δ-MoC surface was exposed to the same conditions 

specified for the Au(111) surface. XPS results revealed the typical signal of carbon atoms 

within a carbide and not a trace of CHx species formation. 

On the other hand, MoCy (y = 0.6-1.1) NPs showed a completely different 

behaviour. The obtained results showed that this NPs are able to interact and react with 

methane at room temperature, where the strength of the interaction is connected to the NP 

C/Mo ratio. This feature becomes visible when observing the C(1s) XPS spectra of 

Au(111) covered with NPs of different stoichiometry. For MoC0.6 system, the C(1s) 

spectra exhibits a significant peak around 284.8 eV after being exposed to methane at 300 

K. This peak cannot be attributed to methane being adsorbed on the NP and indicates the 

presence of CHx (x = 1, 2, 3) species, a clear demonstration of methane dissociation. The 

subsequent annealing to 500 and 600 K stimulated desorption of adsorbed species, nearly 

recovering the C(1s) XPS spectrum of the MoCy NPs in the absence of methane. The 

impossibility to totally recover the clean NPs C(1s) XPS spectra suggests that the MoC0.6 

NPs are metastable in presence of methane. This possibility was confirmed by an increase 

in the NPs C/Mo ratio, which indicates the C enrichment of the NP. Subsequently, the 

low stability displayed by MoC0.6 NPs indicated that they are not suitable as catalysts for 

reactions involving C atoms as these are attached to the C-deficient NP, thus changing 

their nature. 
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The same procedure was carried out for MoC1.1 NPs, where results indicated that 

MoC1.1 NPs still show a significant reactivity towards methane without the penalty of 

being metastable, as their C/Mo ratio does not change after exposure. Although, their 

interaction with the CHx species is weaker when compared to that of MoC0.6 NP. The 

weaker interaction is evident as a minor temperature increase inducted a hasty decrease 

in the CHx species intensity signal in the XPS spectra. Nevertheless, MoC1.1 NPs 

significant reactivity and capacity to withstand several adsorption/desorption cycles 

makes them useful as possible catalysts. 

On the computational part, a set of models and reactions were studied to support 

the obtained experimental results and add some insight in the methane activation process. 

Accounting on the methodology already commented in Section 4.2.2, a set of eight low-

energy NPs were selected with C/Mo ratios ranging from 0.67 to 1.50. For comparison, 

the same activation steps were studied on extended C- and Mo-terminated β-Mo2C(0001) 

and δ-MoC(001). All NPs were systematically supported on the Au(111) surface 

accounting on the procedure explained in section 4.2.1. The obtained structures can be 

seen in Figure 5. A similar procedure was done to adsorb all the species involved in the 

reaction, i.e., CH4, CH3, and H, in all inequivalent sites within the NP. CH4 adsorption 

results showed its preference to adsorb on low-coordinated Mo atoms, with adsorption 

energies (Eads) ranging from -0.38 to -1.16 eV. In comparison, the extended surfaces 

showed smaller values ranging from -0.17 to -0.39. Moreover, CH3 adsorption results 

showed a similar preference as CH4 for low-coordinated Mo atoms and, finally, H 

adsorption results showed its indifference to adsorb in either top-C or top-Mo sites. 
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Figure 5. Top and side views for the fully optimized MoCy/Au(111) systems considered. C, Mo, 

Au, and H are illustrated as black, blue, yellow and white spheres, respectively. All structures 

correspont the most stable isomer for such stoichiometry, except for Mo6C6, where the first and 

second most stable isomers were considered. 

The reaction energy profiles were obtained by means of TS searches using the CI-

NEB method. The main bottleneck step on methane transformation is the first scission of 

an H atom, which is precisely the step assumed in the experiments. Therefore, for the 

eight NPs and the extended surfaces, several reaction paths were computed studying the 

CH4 dissociation into CH3 and H. Analysing the results permits to unveil some interesting 

trends. First, the NP size does not seem to play a significant role, although, a larger set of 

NPs should be examined in order to ensure this statement. Second, the NP shape has a 

central role on methane activation. It appears clear comparing the two models with the 

same stoichiometry where one doubles the energy barrier value of the other. Third, the 

stoichiometry plays an important role as well., as commented in the experiments, where 

the carbon deficient NPs are the most reactive. Nevertheless, the reactivity stops 
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decreasing once the 1:1 carbon/metal ratio is reached. Finally, methane activation on 

MoCy NPs supported on Au(111) does not display the typically featured linear correlation 

between the Eb and Ereac (i.e., BEP relationship),140,141 that otherwise is observed for the 

extended surfaces. The non-linearity displayed by the NP systems can be accused to a 

disproportionate lowering in the energy barriers for the methane activation, consequence 

of the existence of special low-coordinated Mo atoms in the vertices of the NP. 

 

5.3 Conclusions 

The experimental and theoretical results obtained clearly revealed an important 

enhancement in the catalytic properties towards methane activation for the MoC NPs 

systems compared to the extended MoC surfaces. Specifically, the experiments revealed 

that MoCy (y = 0.6-1.1) NPs supported on Au(111) are capable to dissociate methane at 

room temperature where the stability and activity depend on the C/Mo ratio. The NP 

C/Mo ratio has a small impact on the activity; however, it has an important impact on the 

NP stability. Low C/Mo ratio NPs tend to strongly bind with the formed CHx species, and 

increase their C/Mo ratio upon annealing, leading to the inevitable conclusion that MoC0.6 

NPs are not suited to be a catalyst. On the other hand, stoichiometric NPs are still able to 

dissociate methane and, in conjunction with their higher stability in a methane 

atmosphere, are great candidates towards methane capture and conversion.  

For a more detailed description, the reader is referred to the publication included below. 

The supporting information of the present publication, can be found in Appendix A. 

Contribution: models preparation, DFT based calculations, results interpretation, 

scientific discussion, and providing a first draft of the publication. 

Note: There is an error in the abstract. “MoCy (y = 0.5-1.3)” should be “MoCy (y = 0.6-

1.1)”  
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Boosting the activity of transition metal carbides 

towards methane activation by nanostructuring
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6.1 Introduction 

This chapter and the subsequent publication were not initially intended to be part in the 

present Thesis, nevertheless, the main topic discussed had a crucial impact on the previous 

Chapter, which made its inclusion compulsory. On Chapter 6, the insights on methane 

activation catalysed by TMC NPs have been discussed, and their performance compared 

to that of the MoC bulk extended surfaces. This comparison was crucial to determine the 

importance of a NP ensemble on methane activation and, additionally, another feature 

was revealed while studying the MoC extended surfaces. Methane adsorption onto the δ-

MoC surface seemed to be sufficient to trigger a surface reconstruction revealing a lower 

energy pattern. Since methane is a very stable molecule featuring physisorption only, one 

may wonder whether the reconstructed surface is indeed the most stable one. Note also 

that ignoring such a reconstruction could lead to misleading conclusions about the 

interaction of methane (or other adsorbates) and δ-MoC, e.g., a mistakenly large Eads. The 

unveiling of this feature motivated the study of the relative stability of the ideal and 

reconstructed δ-MoC surfaces. During the research, other similar transition metal 

carbides and nitrides (WC, MoN, and WN) were unveiled generating similar 

reconstruction patterns. The studied surfaces displaying reconstruction patterns are (001) 

cuts from cubic Fm3̅m rock-salt structures, which are not the most stable polymorph 

structures at standard conditions for any of the explored materials. Subsequently, one may 

wonder if the reconstruction process is a natural consequence of the metastable bulk 

structure from where the surfaces were obtained. In fact, for many other carbides or 

nitrides such as Ti, Zr, Hf, V, Nb, and Ta, the rock-salt structure is the most stable 

polymorph under standard conditions,142 and the (001) surface is the most stable one.19 

Nevertheless, these surfaces do not feature any reconstruction, just some rumpling, which 

is the mere vertical relaxation of both metal and non-metal atoms with respect to their 

bulk positions.19 Accounting on the obtained results and the already mentioned features 

for the remanent TMCs, this Chapter brings strong evidence of the driven force behind 

the reconstruction of the, in principle, more most stable surfaces, i.e., (001), obtained 

from metastable bulk structures. 
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6.2 Results 

In order to validate the obtained results, it is primordial to accurately model the cubic 

Fm3̅m structures of MoC, WC, MoN, and WN. In this sense, the first step implied the 

comparison of the presently optimized lattice parameters with those obtained from the 

literature, either experimental or computational.8,11,143-147 In general, the present values 

were in concordance with the literature, just in some cases there existed a small 

discordance. Lattice parameters of MoC and WC are displaced 0.1 Å, and MoN presents 

a displacing of 0.2 Å with respect to experiment. These differences represent relative 

errors of only 2% up to 4% for MoN particular case, small variations that effectively 

validates the computed models. 

Next, the surface energy of the different surfaces was computed in two different 

manners, fixed and relaxed. The former is calculated as 

 
𝛾𝑓𝑖𝑥 =

𝐸𝑠𝑙𝑎𝑏
𝑓𝑖𝑥

− 𝑛𝐸𝑏𝑢𝑙𝑘

2𝐴
 (6.1), 

where 𝐸𝑠𝑙𝑎𝑏
𝑓𝑖𝑥

 correspond to the bulk-truncated energy of the model slab with all atoms at 

the bulk environment positions, 𝐸𝑏𝑢𝑙𝑘 stands for the bulk energy per formula unit, n is the 

number of formula units repeated in the slab model and, A corresponds to the area of on 

one of the slab model surfaces. The computation of this essentially theoretical value 

provides a self-check on the computational models and methods, because the same value 

must be obtained for the different supercells considered, i.e., (1×1), (2×2), (3×3), (4×4), 

or any other supercells, defined as in section 4.2.3. The use of a PWs basis set may induce 

small discordances due to a different density of PWs in the supercell for a given cutoff. 

Nevertheless, the obtained results showed that the difference between 𝛾𝑓𝑖𝑥 computed for 

the different supercell was, in each case, minimal, hence validating the present approach. 

The relaxed surface energy was calculated as 

 
𝛾𝑟𝑒𝑙 =

𝐸𝑠𝑙𝑎𝑏
𝑟𝑒𝑙 − 𝑛𝐸𝑏𝑢𝑙𝑘

𝐴
− 𝛾𝑓𝑖𝑥 (6.2), 

where most parameters have been already commented except, the 𝐸𝑠𝑙𝑎𝑏
𝑟𝑒𝑙 that is the total 

energy of the fully relaxed slab. The difference between surface energies allows to 

quantify which is the relaxation energy. To keep it simple, the analysis of the obtained 

results derived from the difference in relaxation energies is only discussed for the δ-MoC 

surface.  
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The (1×1) unit cell of the δ-MoC surface relaxes just displaying the typical 

rumpling observed for most transition metal carbides.19 The further frequency analysis of 

the relaxed layers, obtained by the diagonalization of the Hessian matrix obtained from 

discrete displacements of analytical gradients, showed positive eigenvalues only. 

Nevertheless, it has been shown that this surface can undergo reconstruction when 

interacting with Ni, Cu, and Au atoms in large supercells.148 Again, the question that 

arises is whether the reconstruction is triggered by the adsorbate, as commented for 

methane above, or it is intrinsic of the surface and hidden when a small supercell is used 

to represent the surface. In the latter case, the use of larger supercells will unveil the 

reconstruction, if any. In order to determine which is the driven feature affecting the 

reconstruction, the unit cell was doubled and the overall structure fully relaxed by the 

corresponding geometry optimization. This showed that the symmetry displayed by the 

(1×1) supercell remained. Nevertheless, the frequency analysis revealed some imaginary 

frequencies, and a subsequent optimization displacing the atoms along the imaginary 

frequencies, leaded to a different structure with a lower surface energy and all frequencies 

displaying positive values. The obtained reconstructed structure for the (2×2) supercell is 

illustrated in Figure 6. 
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Figure 6. First (top) and second (bottom) layers of the δ-MoC(001) surface in the 

reconstructed structure (right) and as in the bulk-truncated structure (left). Black and violet 

spheres correspond to C and Mo atoms, respectively. 

The same procedure was carried out for the (3×3) and (4×4) supercells leading to 

the same reconstruction without imaginary frequencies. However, it must be pointed out 

that the (3×3) supercell introduces an artificial distortion which becomes apparent as it 

displays a slightly larger surface energy. Analysing the (4×4) model it is clear that the 

artificial distortion comes from the impossibility for the (3×3) model to properly duplicate 

the reconstruction pattern observed in the (2×2) model. 

Next, the effect of surface thickness was considered in order to determine its 

impact on determining the structure of the reconstructed surface, as the (2+2) scheme 

could be considered insufficient to ensure the results validity. Hence, a (6+2) scheme was 

considered, where the 6 outermost layers were fully relaxed and the 2 innermost layers 

were left fixed as in bulk. The non-relaxed model presents the same surface energy as in 

the (2+2) scheme model, which, as already mentioned, provides a self-check. On the other 

hand, the relaxed structures display a significant difference on the surface energy, where 

the thickest model (8 layers) shows a lower energy, making clear the limitation of the 

(2+2) scheme on regards of calculating the surface energy. Nevertheless, the optimized 
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structure obtained after the reconstruction remained unaltered, confirming the validity of 

the obtained trends on the (2+2) scheme models. 

In general, the trends obtained for the δ-MoC surface model hold for all the studied 

materials, however, some special features appeared when analysing those that remain 

unexplained. WN does not display a different energy surface when comparing the (3×3) 

and (4×4) reconstructed models, as both patterns are identical, meaning that WN 

reconstruction pattern is already converged in the (3×3) supercell model. Another 

differential aspect is that all the other (2×2) surface models explored, directly reconstruct 

when relaxed without any prior action. Moreover, the N based materials showed negative 

surface energies, which can be explained because the surface reconstruction is determined 

by the bulk structure instability, which provokes that the surface reconstruction tends to 

change the surface phase to that of a hexagonal environment. Thus, the bulk instability is 

partially remediated when the surface atomic layers are reconstructed and the energy 

lowering largely contributes to the surface energy lowering. 

Finally, a detailed comparison between the difference in energy between the more 

unstable cubic crystal and the most stable hexagonal structure, reveals that the more 

unstable the cubic cell is compared to its hexagonal counterpart, the larger the 

reconstruction is. This can be observed as well in the geometry changes. In other words, 

the larger the difference in bulk stability with respect to the most stable polymorph, the 

larger the distance and angle distortions. This trend seems to confirm, the already 

commented hypothesis that the reconstruction process is driven by the relative instability 

of these polymorph with respect to the most stable one. The distortions observed try to 

compensate the energetic and geometric difference with respect to the most stable 

structure. 

 

6.3 Conclusions 

The present Chapter summarize a purely theoretical work aiming to explain the main 

insights on the predicted reconstruction processes displayed by some transition metal 

carbides and nitrides. The modelling and further optimization allowed to reveal the 

reconstruction process and an inherent defect of those models too small to reproduce the 

reconstruction pattern. The obtained surface energies agree with an earlier observed trend 

for transition metal system, where the larger the bulk instability, the smaller the surface 
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energy. Furthermore, a detailed analysis of the relaxation degree, size, and energetic terms 

has been provided. The calculations indicated that the main driven force for such 

reconstructions seems to be the relative bulk instability of the present polymorphs with 

respect to the most stable ones at standard conditions. 

For a more detailed description, the reader is referred to the publication included below. 

The supporting information of the present publication, can be found in Appendix B. 

Contribution: models preparation, DFT based calculations, results interpretation, 

scientific discussion, and providing a first draft of the publication. 
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7.1 Introduction 

At present, most hydrogenation reactions are catalysed by Pt-group metals,149,150 although 

their scarcity and subsequent high prize seriously compromises their use in the near 

future. However, in the recent years, TMCs have been proposed as a valuable alternative 

to precious metals for several hydrogenation reactions.2,77,130,150-153 The capabilities of 

these carbides are comparable or superior to those displayed by Pt-group metals, 

therefore, substantial efforts have been done in order to maximize their performance. 

Most of these efforts have been focused on studying the insights of H2 adsorption on 

TMCs single crystal surfaces,151,152 however, the effect of the NP ensemble is still 

unknown. In the present study, MoCy NPs supported on Au(111) have been subjected to 

a H2 rich atmosphere for an interval of increasing temperatures (300-500 K). The system 

characterization has been carried out at the Brookhaven National Laboratory by a 

combination of XPS and temperature programmed desorption (TPD). On the 

computational side, which is part of this thesis, several DFT based calculations have been 

carried out to unveil the insights in the interaction between H2 and the MoCy NPs. The 

obtained results provide strong evidence of the main aspects affecting the aforementioned 

interaction, such as, the easy H2* dissociation, the rather easy diffusion of H* adatoms, 

the primarily role of low-coordinated Mo atoms and, the formation of Kubas complexes 

(adsorbed H2 with elongated bond). The obtained results suggest that MoCy NPs could be 

ideal candidates for hydrogenation catalytic reactions. 

 

7.2 Results 

In order to set a benchmark, the H2 adsorption on a polycrystalline MoC surface was 

examined first. Accounting on previous studies, the C/Mo ratio of the present surface can 

be estimated to be around 0.98, close to the 1.0 value of the rock-salt δ-MoC.154 Prior to 

the H2 exposition, the MoC surface displayed a single peak (282.4 eV) in the C(1s) XPS 

spectra, corresponding to C atoms in the MoC surface. Upon exposure to 1 Torr of H2 at 

300 K, the C(1s) XPS spectra displayed and additional peak around 284.0 eV assigned to 

the formation of CHx species on the MoC surface, which indicates the capacity of the 

MoC surface to adsorb and dissociate H2. From C(1s) XPS peaks intensity, the estimated 

adsorbed hydrogen was around 0.2-0.3 monolayers (ML). Next, the TPD technique was 

applied to determine H2 desorption between 300 and 500 K The results revealed a 



Chapter 7: H2 adsorption and interaction on MoC… 
 

88 
 

complex TPD plot with numerous desorption peaks between 320 and 400 K, indicating 

the polycrystalline character of the surface and a concomitant large amount of defects. 

The H2 total desorption occurs around 425 K. Comparing to the TPD of H2 in Pt(111) 

surface, it is possible to estimate that the actual coverage of the MoC surface is 0.93 

ML,155,156 a much larger value than the 0.2-0.3 ML obtained in the XPS spectra. This 

feature indicates the presence of alternative adsorption sites that do not involve the 

formation of CHx species. 

Next, a new system composed by MoCy NPs supported on a Au(111) surface was 

prepared following the same procedure commented in Chapter 5.37 As a summary, the 

obtained NPs have a C/M ratio varying from 0.6 to 1.1 and the data collected from STM 

images indicates that their size range from 0.8 to 1.5 nm in diameter. In order to show 

that hydrogen does not-interact with the Au(111) surface, a TPD experiment was carried 

out after the exposure of a clean Au(111) surface to H2 at 300 K. The absence of any peak 

in the TPD spectra indicates the inert nature of gold towards H. Next, both 

stoichiometries, MoC0.6 and MoC1.1, were prepared separately and characterized using 

the same techniques as in MoC surface case. After exposure to H2, it is clear that the 

nanostructure shape displays a different behaviour from that of bulk MoC. Furthermore, 

the C/M ratio has a significant influence on the MoCy NPs reactivity towards H2. In the 

case of MoC0.6/Au(111), the C(1s) XPS spectra at 300 K revealed a small amount of CHx 

formed, around (0.05 ML). The obtained results could be explained due to the strong 

interaction between Mo and C atoms within the NPs, which is required to maintain their 

integrity. The TPD estimates that the H coverage in MoC0.6/Au(111) surface is 0.27 ML, 

a substantially smaller coverage compared to that of the bulk MoC (0.93 

ML).Nevertheless, it is consistent taking into account the fact that the amount of MoC0.6 

NPs in the gold substrate is of 0.3 ML only. Since Au does not interact with H2, the same 

proportion is maintained.  

On the other hand, a totally different behaviour was observed for the 

MoC1.1/Au(111) system. The increase in C/M ratio implies an increase in reactivity 

towards H2 adsorption and dissociation. The obtained C(1s) XPS spectra for the 

MoC1.1/Au(111) system displayed two peaks with the same intensity, which implies that 

50% of all C atoms in the system are involved in CHx species. The adsorption and 

desorption processes are fully reversible as, once heated to 500 K, no trace of H remained 

and the process can be repeated several times without affecting the C/M ratio. The TPD 
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plot displayed different peaks indicating the presence of different active sites. Moreover, 

it can be estimated a total H coverage of 0.58 ML, which implies a H/C ratio of 2, a much 

larger value than the observed for both, MoC1.1 NPs and δ-MoC surface. Hence, 

indicating the outstanding capacity of MoC1.1/Au(111) to capture H2 and pointing them 

as suitable systems for hydrogenation reactions. 

To understand the outcome of the experiments, a series of DFT based calculations 

were carried out. The main goal here being to unveil the microscopic details of the 

interaction between H2 and the MoC NPs/Au(111) system. The study was restricted to 

the stoichiometric NPs, the most valuable asset reported by the experiments. Accounting 

on the methodology reported in section Section 4.2.2, a low energy Mo12C12 NP structure 

was selected. The Au(111) support is as already reported in Chapter 5 and explained in 

Section 4.2.1. The total system consists of a Au(111) four-layered p(6×6) slab model with 

30 Å vacuum, where the selected Mo12C12 NP was supported following the procedure 

reported in Section 4.2.1. Next, H2 and H* adatoms were adsorbed in all non-equivalent 

sites within the supported NP. Results obtained indicate that both species attach with 

similar strength to the NP, but H2 having a preference for low-coordinated Mo sites and 

H* adatoms displaying a preference for low-coordinated C atoms. The H* adatom 

stability was further analysed by comparing to that of H* adatom on δ-MoC (001). From 

the data in a previous study,157 the observed H* Eads in the present calculations was 

slightly larger than that of H* adatoms adsorbed on δ-MoC (001) surface (∆Eads=0.05 

eV). Assuming order two desorption kinetics, H*+H*→H2*→H2, and estimating 

desorption temperatures of the maximum desorption rates via Redhead equation, revealed 

a shift in the TPD spectra of 19-28 K between the Mo12C12/Au(111) system and δ-MoC 

surface, which is in perfect agreement with the obtained experiments shift (∼30 K). 

Moreover, the large H* adsorption energy displayed by low-coordinated Mo atoms on 

Mo12C12/Au(111) system (-0.54 eV) contradicts the disadvantageous H* adsorption 

energy computed for Mo atoms on the δ-MoC surface (0.12 eV).157 This aspect can be 

interpreted as an activity-killing effect held by neighbouring C atoms on Mo atoms that 

is countered by the low-coordination of Mo atoms in Mo12C12/Au(111) system. 

Nevertheless, it is not possible to discard the effect of a particular electronic arrangements 

to the nanoscale ensemble. 

In order to study the hydrogen dissociation, several reaction paths were studied. 

The obtained results on the H2 anchoring sites revealed dissociation energy barriers as 
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low as 0.2 eV on top of low-coordinated Mo atoms, a much lower value compared to the 

0.39 eV energy barrier of the extended δ-MoC surface.157 The promoted H2* dissociation 

leads to a partial occupation of the MoCy perimeter, suggesting that H* diffusion could 

occur. To investigate this possibility, all non-equivalent diffusions paths in the Mo12C12 

were studied, and are displayed in Figure 7. The obtained results were analysed focusing 

on the largest energy barrier that should be overcame in order to fill the proposed sites. 

The largest diffusion barrier encountered was 0.76 eV, a much lower value compared to 

the extended δ-MoC surface (0.95 eV). Hence, implying that the H* diffusion is well 

promoted on the MoC1.0/Au(111) system. 

 

Figure 7. Top view of the explored system. Purple arrows show H2 adsorption sites and purple 

values account for their respective adsorption energies. Red arrows show the H2 dissociation 

paths, where one hydrogen atom remains in the adsorption site and the other moves to occupy a 

nearby site. Black arrows show H adatoms diffusions. The energy barrier values, either forward 

or backward, are shown in normal or italic fonts in the nearest square, respectively. Blue, black, 

and yellow spheres represent Mo, C, and Au atoms, respectively. 
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Finally, the possibility of having Kubas CH2 structures, i.e., an elongated and 

adsorbed H2 molecule over a substrate C atom was considered. From the obtained results, 

it was clear that the direct formation of Kubas can be rapidly rejected in these systems 

due to large energy barriers ranging from 1.2 to 1.8 eV. Nevertheless, Kubas structures 

can be formed from H* adatoms diffusion, as reported in Figure 8. The obtained results 

on this possibility revealed that the Kubas structure can be easily formed by H* diffusion 

as each considered site displayed rather small energy barriers, ranging from 0.18 to 0.55 

eV. For comparison, the extended δ-MoC surface display much larger energy barriers 

ranging from 1.07 to 1.92 eV.157 Moreover, the obtained results explain the different H 

sponginess capacity in function of stoichiometry. The H* preference for bonding to C 

atoms, either directly or in Kubas structure, is more limited in the MoC0.6 NPs as they 

have fewer sites and C atoms are more saturated by Mo atoms. Thus, they are less active 

toward CHx formation. All in all, it appears clear that the Kubas formation is key to 

understand the sponginess of MoC1.0 systems supported on Au(111). 
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Figure 8. Top view of the explored system. Blue arrows show Kubas formation from gas-phase, 

where blue values account for their respective energy barriers, in the same manner as Figure 7. 

Orange arrows show Kubas formation from H adatom recombination, where orange values 

account for their respective energy barriers, in the same manner as Figure 7. Blue, black, and 

yellow spheres represent Mo, C, and Au atoms, respectively. 

 

7.3 Conclusions 

In the present Chapter, a combined theoretical and experimental study has shown the 

outstanding sponginess capabilities of MoCy (y≈1.0) NPs supported on Au(111) surface 

when compared to the extended δ-MoC surface. The main features responsible for such 

difference can be summarized as the NPs stronger Hx affinity, significantly lower 

dissociation energy barriers, promoted H* adatom diffusion, and the formation of Kubas 

species. The other studied NP stoichiometry (MoC0.6), do not follow this trend observed 

in the stoichiometric NPs. The decrease in active C sites appears to be the main cause to 

the observed activity decrease toward H. Nevertheless, MoC0.6 NPs H activity is 
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comparable to that of the extended δ-MoC surface. All in all, the combination of 

experimental data and computational calculations have disclosed several insights behind 

the high H activity displayed by MoC1.1/Au(111) system, placing them as plausible 

alternative catalysts for Pt-group TMs. 

For a more detailed description, the reader is referred to the publication included below. 

The supporting information of the present publication, can be found in Appendix C. 

Contribution: models preparation, DFT based calculations, results interpretation, 

scientific discussion, and providing a first draft of the publication. 
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8.1 Introduction 

This Chapter comes back to one of the main goals of this Thesis, the study of catalytic 

reactions to transform greenhouse gases by means of TMCs based catalysts. In the same 

line as described in Chapter 5, involving CH4 activation by MoC NPs, and relying on the 

obtained results from Chapter 7, studying H2 adsorption and dissociation on MoC NPs as 

well, the present Chapter focuses on the hydrogenation reaction of CO2 catalysed by MoC 

NPs supported on Au(111). Experimental and computational evidences are brought 

together to reveal the capabilities of MoC NP/Au(111) to adsorb and hydrogenate CO2.  

On the experimental side, a series of techniques involving XPS, TPD, and ion-

scattering spectroscopy (ISS) were used to characterize and monitor the evolution of the 

studied systems. The consideration of two different NP C/M ratios revealed the important 

role of stoichiometry. Carbon deficient NPs are unstable under the hydrogenation reaction 

of CO2, mainly due to its transformation into a highly stable oxycarbide that only 

produces significant amounts of CO. Nevertheless, rich carbon NPs are well suited to be 

used as catalysts for the hydrogenation reaction of CO2, as they remain stable under such 

reaction producing a significant amount of methanol. 

On the computational part, a series of DFT based calculations brought important 

insights regarding the main mechanisms responsible for CO2 hydrogenation. The 

obtained results suggest that, even if the CO2*+H*→ CO*+OH* mechanism could have 

some importance on the proposed reaction, the main outcome seems to involve an Eley-

Rideal mechanism, where CO2 reacts with a previously adsorbed H* moiety. Moreover, 

role of the Au(111) support was studied by comparing the reaction profiles obtained by 

explicitly including it to those involving just gas-phase NP models. The obtained results 

show that, even though the support has a certain impact on the products stability, it does 

not have a relevant effect on the main reaction path and energy barriers, suggesting that 

its inclusion in the present work is not necessary to unveil the main trends. 

 

8.2 Results 

First, the MoC NPs supported on Au(111) were synthetized by the group of Prof. Jose 

Rodriguez at the Brookhaven National Laboratory, following the same protocol already 

commented in Chapter 5 and Chapter 7.37 This method allows to tune the C/M ratio in the 
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obtained NPs and, hence, two different stoichiometries were studied. These are 

MoC0.6/Au(111) and MoC1.1/Au(111), hereafter called, C-deficient and C-rich, 

respectively. Next, the carbon dioxide adsorption on C deficient, MoC0.6/Au(111), and C 

rich, MoC1.1/Au(111), NPs supported on Au(111) was monitored by means of XPS at 300 

K. The obtained C(1s) and O(1s) spectra for the C deficient system revealed the presence 

of C, O, and CO species, indicating the total and partial CO2 decomposition. On the other 

hand, the obtained C(1s) and O(1s) spectra for the rich C system displayed a totally 

different behaviour. There was no evidence of CO2 decomposition and just one signal 

appeared in the O(1s) spectra, meaning that CO2 was molecularly adsorbed without 

undergoing any further reaction. The subsequent heating revealed that CO2 desorbs 

around 450 K, without any further evidence of reactivity. As in previous cases, the 

adsorbate, CO2 in this case, interaction with the clean Au(111) surface was studied. Upon 

exposure of CO2 to the Au(111) surface, a flat C(1s) spectra was collected, indicating the 

non-interaction of CO2 on the Au(111) surface. 

Next, experiments were carried out to study the reactivity of CO2 with H2 on MoC 

NPs supported on Au(111). The study of hydrogenation reaction relies on the results 

obtained in Chapter 7, where it was demonstrated the capabilities of MoC NPs to store 

and bind H. In order to monitor the aforementioned reaction, CO2 and H2 species were 

injected into a reactor at partial pressures of 0.5 atm and 4.5 atm, respectively. The 

catalyst was already placed in the reactor before exposure to the gases. Then the catalyst 

was heated to the reaction temperature around 500-600 K Next, the gas composition 

inside the reactor was characterized by a gas chromatograph with a flame ionization 

detector during 16 h.154 The obtained results for the C-deficient systems showed that the 

main product formed was methane and, secondly, CO with traces of methanol. From the 

collected O(1s) spectra, it is possible to explain this behaviour. The O(1s) spectra during 

the reaction process, showed an increase in O adatoms signal overtime, indicating the 

accumulation of O adatoms on the catalyst. Therefore, even if at the beginning, the total 

dissociation of CO2 produces C atoms that are suitable to be hydrogenated and become 

methane, the accumulation of O adatoms on the catalyst shifts the selectivity towards CO, 

making it the main reaction product. At the end, the carbide NP was transformed into an 

oxicarbide due to the accumulation of O adatoms. 

On the other hand, the obtained results for the C-rich system showed that the main 

product was CO with a significant amount of methanol being also produced. Moreover, 
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the product distribution did not change overtime and there was not any trace of methane 

production. From the post-reaction O(1s) spectra, it can be concluded that the amount of 

O adatoms in the surface was halved compared to the C-deficient case. Most O adatoms 

were rapidly hydrogenated and become gaseous water. Furthermore, from the post-

reaction C(1s) spectra, one can conclude that the surface was basically clean, as there was 

not any trace of C-containing molecules. From the described features, it is clear that the 

C/M ratio is an essential parameter for CO2 hydrogenation on MoC/Au(111) systems. 

Finally, the data collected from the gas chromatograph was used to determine the 

activation energy for methanol production via Arrhenius plots. The obtained activation 

energy for methanol production was 14 kcal/mol, a lower value compared to those of bulk 

δ-MoC (17 kcal/mol) and Cu(111) (25 kcal/mol). 

To better understand the microscopic details of the experiments, the 

computational part focused on explaining the observed capabilities of MoC1.1/Au(111) 

systems to hydrogenate CO2 and produce methanol. First, the most stable stoichiometric 

NP structure, obtained following the procedure commented in Section 4.2.2, was selected. 

Next, the NP was supported on the Au(111) surface following the procedure explained in 

Section 4.2.1. Then, the adsorption of CO2 on MoC1.1/Au(111) was studied considering 

all non-equivalent sites of the NP. The obtained results showed CO2 adsorption energies 

ranging from 0.5 to 1.4 eV, where the largest value corresponds to a low-coordinate C 

atom. The adsorption energy values obtained were compared to those of the bulk δ-MoC 

surface,128 where the adsorption energies range from 1.0 to 1.2 eV using the same 

approach as in the present study, i.e., PBE-D3. Nevertheless, these bulk δ-MoC surface 

values are much larger than those computed on rather equivalent sites on the present 

models. From results reported in Chapter 6, it can be suggested that the surface model 

used on the δ-MoC study could have reconstructed and go unnoticed, leading to a much 

larger adsorption energy simply because the energy of the bare surface was too high. In 

fact, taking into account that the reconstruction energy for this model is around 0.6 eV, 

the adsorption energies could end up being as low as 0.4 to 0.6 eV, a much more similar 

value compared to the currently obtained values for the rather equivalent sites on 

MoC1.1/Au(111). A clear indication that, in previous work, the reconstruction of the clean 

δ-MoC(001) surface went unnoticed. 

Next, a systematic series of reaction pathways was considered so as to explore the 

direct CO2 dissociation mechanism. Neglecting a very specific and hardly frequent low-
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coordinated C site and a similar low-coordinated Mo site, all sites displayed rather large 

energy barriers, in agreement with the experiments where it was concluded that C-rich 

systems do not dissociate CO2. The observed low-coordinated sites reporting low energy 

barriers are interpreted as limitations of the specific model used to represent the real 

system. The concentration of these corner sites is assumed to be very small and, probably, 

due to their high reactivity, they will be rapidly passivated by C or O atoms. The 

aforementioned pathways are shown in Figure 9. 
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Figure 9. Paths considered for CO2 direct dissociation on the studied system. Black, blue, red, 

and yellow spheres correspond to C, Mo, O, and Au atoms, respectively. All energies are given 

in eV. 

In addition, the effect of the support Au(111) surface in the reactivity was studied 

in detail. The same pathways explored in the supported model for the direct CO2 

dissociation, were considered for gas-phase models (without including the Au support) in 

three different variants; totally frozen, partially relaxed, and totally relaxed. The obtained 

results revealed that the energy barriers and the CO2 adsorption energies remain almost 

unaffected in the absence of a support. However, more significant discrepancies were 
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observed for the reaction energies. In order to determine the impact of the NP structure 

in such discrepancies, the structural difference between gas and supported models when 

reactants and products are adsorbed was studied. To this aim, the total energy of the NPs 

at the same structure but without reactants and products was computed. For simplicity, 

the Mo12C12-supported NP structure in reactants and products structure is referred as 

SupR and SupP, respectively. The same notation is used for the fully relaxed gas model, 

in this case referred as FreeR and FreeP. From these definitions, the influence of the NP 

structural differences caused by the absence of a support in the reaction energy was 

computed as 

 
∆𝑠𝑢𝑝=

(𝐸𝑠𝑢𝑝𝑃 − 𝐸𝑠𝑢𝑝𝑅) − (𝐸𝑓𝑟𝑒𝑒𝑃 − 𝐸𝑓𝑟𝑒𝑒𝑅)

𝐸𝑠𝑢𝑝
𝑅𝑒𝑎𝑐 − 𝐸𝑓𝑟𝑒𝑒

𝑅𝑒𝑎𝑐  (8.1), 

where 𝐸𝑠𝑢𝑝
𝑅𝑒𝑎𝑐 and the 𝐸𝑓𝑟𝑒𝑒

𝑅𝑒𝑎𝑐 are the actual reaction energies of the free and supported 

models. From Eq. 8.1, it is deducted that to fully ascribe the reaction energy difference 

between the supported model and the free model to structural changes in the NP structure, 

the ∆𝑠𝑢𝑝 value should be 1. Nevertheless, the closest ∆𝑠𝑢𝑝 value reported was 0.8 for one 

of the cases. The other two considered path displayed values of 2.1 and -0.7, meaning that 

the differences observed in the reaction energies between supported and gas-phase cannot 

be attributed to structural changes of the NP. Instead, the observed discrepancies were 

attributed to the presence of the support, meaning that a full description of the energy 

profiles, including the reaction energy, requires to explicitly incorporate the Au support. 

Nevertheless, the supported and totally relaxed gas-phase models provide an almost 

equivalent description of the CO2 adsorption and dissociation energy barrier. These 

parameters are considered bottleneck parameters on CO2 activation, which justifies the 

use of the totally relaxed gas-phase model regardless of the observed discrepancies in the 

reaction energy. Consequently, the H reactivity towards CO2 on the MoC/Au(111) 

systems was studied on the totally relaxed gas-phase model. It must be pointed that the 

two other gas-phase models, i.e., frozen and partially relaxed, are not suited to represent 

the supported NP due to lack of a minimal reconstruction required to regain its catalytic 

capabilities towards CO2. 

The use of the totally relaxed gas-phase models was initially used in the 

exploration of additional CO2 dissociation pathways. The obtained results revealed the 

same conclusions observed for their supported counterparts, where CO2 direct 

dissociation is not favoured as reported in the experiments. In fact, experiments only 
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report the CO2 transformation in a H-rich atmosphere. Hence, the next logic step was to 

explore the CO2 dissociation in an environment with coadsorbed H adatoms. This new 

situation was explored relying on gas-phase models only, which is justified by the 

aforementioned reported trend which validates the conclusions extracted from gas-phase 

models. Additionally, the hydrogen adsorption was considered relying on the results 

reported in Chapter 7. For this new situation, several path ways were carried out at 

different H-coverages. The minimum H coverage considered was modelled by placing 

one H adatom in every C atom, the most preferable site as reported in Chapter 7. For the 

CO2 molecule, the same previously encountered adsorption sites were used. The obtained 

hydrogenation pathways involved an initial CO2 scission to form CO + O and next, the 

hydrogenation of the O adatom to form a hydroxyl (OH) group. It is interesting to point 

out, the unexpected encountered difficulty to converge on a carboxylate intermediate, a 

key specie on the water-gas shift mechanism.154 Most hydrogenation paths failed to 

converge into the carboxylate or, if converged, the corresponding energy barrier was 

exceedingly large. Moreover, the predominant double step mechanism, allows for a 

meaningful comparison with the direct CO2 dissociation in absence of H. The obtained 

results indicated that both, H-free and low H regime, mechanisms involved similar energy 

barriers, implying that the presence of low H quantities do not affect the CO2 activation 

process.  

Therefore, in order to unveil the insights on the reported experiments, a high H 

regime was considered. The high H regime has been considered by incorporating H 

adatoms in a Kubas conformation, a favoured structure reported in Chapter 7. The same 

paths for the CO2 hydrogenation were carried out in the present situation. The obtained 

results show that an increase in H adatoms in a Kubas form, implies a significant energy 

barrier decrease in the hydrogenation process. Moreover, the reaction mechanism remains 

unaltered, an increase of H adatoms do not favour the formation of a carboxylate 

intermediate, instead, the two-step mechanism prevails. From the obtained trends, it is 

clear the significant influence of H coverage for the CO2 hydrogenation on MoC/Au(111). 

A clear summary can be observed in Figure 10. 
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Figure 10. Specific hydrogenation path converged in two different hydrogen regimes. Top panel 

describes the low H regime, while the bottom panel describes the high H regime. Black, red, 

white, and blue sphere represent C, O, H, and Mo atoms, respectively. All values are in eV. 

Finally, the study was completed by exploring an alternative model in better 

agreement with the experiments. The reported relation of H2/CO2 partial pressures in the 

experiments is 9, which suggest that most of the NP adsorption sites could be covered 

with H adatoms. In this sense, a H fully covered NP was considered, where the gas-phase 

CO2 reacts with the adsorbed H adatoms to form a formate moiety (HCOO) following an 

Eley-Rideal mechanism. The obtained energy barriers are significantly small, comparable 

to those observed for in the high H regime and smaller than those observed for the direct 
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CO2 dissociation. All in all, the reported DFT calculations indicate that the presence of 

substantial amounts of adsorbed H atoms, lowers the energy barriers for the CO2 

dissociation. Moreover, there are two favoured reaction mechanisms in presence of H, 

i.e., the adsorbed CO2 direct dissociation and the CO2 transformation to formate via an 

Eley-Rideal mechanism. 

 

8.3 Conclusions 

In the present Chapter, a set of experiments and density functional calculations on suitable 

models have been reported evidencing the catalytic activity of MoC/Au(111) systems 

towards CO2 hydrogenation. The C/M ratio plays a major role on the system stability and 

the final reaction products obtained. On the stability order, the MoC0.6/Au(111) system 

appears to not be stable in presence of CO2 due to O poisoning, which derives into its 

transformation to an oxycarbide. Contrarily, the MoC1.1/Au(111) system remains stable 

through the reaction process, displaying small amounts of O adatoms adsorbed on the NP. 

On the reaction products side, MoC0.6/Au(111) system produces mostly CO and methane, 

where the former is the major product obtained at large reaction times due to O poisoning. 

On the other hand, the MoC1.1/Au(111) system produces mostly CO and significant 

amounts of methanol, without any trace of alkanes as reaction products. Moreover, the 

reported activation energies calculated via Arrhenius plots, indicate the superior 

capability of MoC/Au(111) systems to activate CO2 compared to Cu(111) and δ-MoC 

bulk surfaces. All in all, experiments concluded that both MoC stoichiometries 

considered are highly active towards CO2 transformation. Nevertheless, the instability 

displayed by the C-deficient system discourages its use as catalyst, placing the C-rich 

system as the only valid option for such reactions. 

On the computational part, the DFT calculations, which constitute the main 

contribution of this Thesis Chapter, focused on the C-rich model. These found large 

energy barriers for the direct dissociation of CO2 in absence of H, which is in agreement 

with the experiments. Moreover, the comparable results for the supported and gas-phase 

models show the same qualitative trends in the adsorption energy and energy barrier 

features. This aspect opens the possibility to use gas-phase systems on the study of the 

hydrogenation process, at least as far as activation energies is concerned. Subsequently, 

the hydrogenation process studied on the gas-phase models indicates the importance of 
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high H coverages in order to decrease the energy barriers for the CO2 hydrogenation. 

Finally, the model calculations suggest that the main hydrogenation mechanism could 

involve an Eley-Rideal mechanism, which leads to formate intermediate. 

For a more detailed description, the reader is referred to the publication included below. 

The supporting information of the present publication, can be found in Appendix D. 

Contribution: models preparation, DFT based calculations, results interpretation, 

scientific discussion, and providing a first draft of the publication. 
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9.1 Introduction 

The interaction of ethylene (C2H4) with TMC surfaces has been explored in some 

previous studies to determine their practicability as alternative catalysts to the Pt-group 

metals. 158-160 Nevertheless, the effect of the nanostructure ensemble still remains 

unexplored and, as seen in previous Chapters of this Thesis, a nanostructure ensemble 

could significantly improve the inherent catalytic capabilities of TMCs. Moreover, the 

results in Chapter 8 show that the effect of the Au(111) support on the catalytic activity 

of the MoC nanoparticles is not dominant. Therefore, the chemistry of their interaction 

with ethylene can be safely studied using models that do not include the metallic support. 

In the present Chapter, a purely theoretical study aiming to describe the interaction 

between MoC NPs and ethylene, which can be taken as a model for larger olefins, is 

reported. A series of DFT based calculations were carried out to study several chemical 

descriptors revealing the insights of ethylene and MoC NPs interaction. The 14 NPs 

models used in the present Chapter have M/C ratios ranging from 0.67 to 2.0, thus 

covering a broad stoichiometries range, including those prepared experimentally and 

discussed in the previous Chapter regarding CO2 activation and conversion. 

The detailed analysis of the obtained results revealed some insights on the 

ethylene interaction with MoCy NPs in gas-phase which may be also important to 

understand the chemistry of these NPs when supported on Au(111) or similar substrates. 

Particularly, the most relevant results are those indicating the superior capabilities of 

MoCy NPs to bind ethylene compared to the δ-MoC(001) surface. Nevertheless, some 

NPs displayed rather large deformation energies and ethylene distortion energies, which 

are not a desired feature to consider MoCy as possible hydrogenation catalysts. Large 

values in these descriptors imply the distortion of the C=C bond, which is considered key 

in such reactions as long as it remains unaltered. However, a rigorous analysis determined 

that for Mo/C ratios lower than 1.08, can avoid such difficulties and still display large 

adsorption energies. The obtained theoretical results determine the optimal MoCy 

composition for ethylene binding, providing a benchmark encouraging further 

experimental studies to develop MoCy based catalysts for hydrogenation reactions. 
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9.2 Results 

The NPs models were selected accounting on the methodology described in Section 4.2.2, 

however, in this case the set of models was enlarged. The additionally considered models 

comprises a series of larger models or especially stable structures like the MetCar 

(Mo8C12) or the Nanocube (Mo14C13).
161,162  First, the bare selected NPs were analysed in 

order unveil some insights concerning the stoichiometry or size effects. The first chemical 

descriptor considered is the formation energy, Eform, as it provides an estimation of the 

thermodynamic stability. The obtained results reveal that for a constant C/M ratio, an 

increase in size implies a linear decrease of the Eform, as expected from the increased 

stability. The second chemical descriptor considered for the bare NPs is the band gap, 

Egap, which does not show any relevant correlation between size or stoichiometry. In fact, 

it remains mostly constant around 0.15 eV, implying that these NPs do not have a clear 

metallic character which is typical of finite systems since even very large metallic 

nanoparticles exhibit discrete energy levels and a concomitant band gap. 

Next, ethylene adsorption was considered in all 14 models, in all non-equivalent 

sites and all possible adsorption modes, implying a total of 500 different initial C2H4 

adsorption structures. After optimization, the 500 different structures were reduced to 221 

topologically different ethylene adsorption structures. The subsequent analysis focused 

on the most stable adsorption structure only, as the second most stable adsorption 

structure was always located, at least, more than 0.1 eV higher. The obtained results 

revealed that for the stoichiometric NPs, the Eads values were significantly larger than 

those observed for the δ-MoC surfaces,158,159 and similar to those obtained for β-Mo2C 

surfaces.160 From conformational point of view, the most common adsorption binding 

mode was π-M, which implies that both ethylene C atoms are bonded to the same low-

coordinated Mo atom, usually at the NP corner sites. Other common adsorption modes 

are σ-M and μ-M, both implying a direct bond of a C atom with a Mo atom. The obtained 

results revealed the major role played by low-coordinated Mo atoms in the ethylene 

adsorption. Additionally, the elongation of the C=C bond was studied, revealing 

significant elongations ranging from 0.09 to 0.25 Å. Interestingly, the largest elongations 

were found on those adsorption modes implying C binding, i.e., the bonding of ethylene 

C with NP C atoms. From the obtained results, one can suggest that bond elongations are 

more correlated to certain adsorption modes rather than to larger Eads, i.e., interaction 

strength. 
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The results were also analysed focusing only on the stoichiometric NPs so as to 

establish possible trends. A comparison between Eads and NP size reveals a poor 

correlation between both properties. Nevertheless, this behaviour can be consequence of 

the inherent Eads nature, which is a balance of different energy contributions, i.e., the 

ethylene distortion energy, Edis, the NP deformation energy, Edef, and, the attachment 

energy, Eatt, the result of considering both Edis and Edef contributions. The resulting plots 

reveal the same uncorrelated oscillations displayed by the Eads, with the exception of the 

Eatt, indicating that the driving force is the intrinsic nature of the nanoscale regime, where 

features observed for small structures are usually not scalable to larger ones.163 Precisely, 

for Eatt, an increase in size represents a decrease of this value with the sole outlier of 

Mo32C32, mostly due to a different adsorption mode. When the same adsorption mode is 

considered, there is an almost perfect correlation between size and Eatt, where an increase 

in the former evokes a decrease in the latter as expected, indicating once again the major 

role played by the adsorption mode. The poor correlation between Eads and size can be 

attributed to just one case, the Mo24C24 NP, that distorts the linear correlation. The 

Mo24C24 special behaviour could be consequence of its particular atomic structure, where 

its higher symmetry leads to some unexpected values for the computed descriptors, i.e., 

remarking the non-scalable regime present at these small sizes.  

A similar study was carried out focusing on only on the non-stoichiometric NPs, 

aiming to unveil some different trends. Even though, their comparison is difficult, in the 

sense that there are a mix of size and C/M ratio features involved, some trends emerged. 

First, for M/C ratios smaller than 1, the Eads dispersion is rather small, of 0.2 eV. On the 

other hand, for M/C ratios larger than 1, the Eads dispersion is larger, around 1.1 eV. There 

is not a clear explanation for this aspect. Moreover, the size effect, in terms of C content, 

seems to be relevant as a larger size implies a weaker ethylene binding energy, with some 

pronounced outliner changes that can be accounted on a different adsorption mode. 

Additionally, for most of the considered NPs, the distortion energy triggered by ethylene 

adsorption was above 1 eV, which could imply the scission of the C=C bond in 

hydrogenation reaction, which is to be avoided. Another analysed feature was the charge 

transfer from the NP to ethylene. The obtained results indicated that charge transfer 

increase with the Mo/C ratio. In fact, the Mo enrichment has appeared relevant as well 

when analysing the largest NPs. The Mo enrichment appears to induce a rise in the Eads 

for such NPs. Nevertheless, Mo/C ratios larger than 1.1 appear to not be favourable for 
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ethylene activation. The increase of Mo/C above 1.0 implies higher Edis and Edef, which 

lowers the Eatt. Consequently, the only desirable Mo/C ratios to bind ethylene are those 

close to the stoichiometric ratio. 

Finally, the electronic structure resulting from the ethylene interaction with the 

NPs was studied by means of Charge Density Difference (CDD) and Electronic 

Localization Function (ELF) plots. The main conclusion appear when accounting for the 

different bonding modes. For instance, the σ-M and μ-M modes favour a large charge 

transfer from the NP to the ethylene molecule as shown in the ELF plots from Figure 11, 

which clearly correlates with the large -0.61 e Bader charge computed. Contrarily, the 

main observed binding mode, π-M, displays less electron density within the adsorbate, in 

concordance with the -0.30 e Bader charge computed. This behaviour could indicate that 

the ethylene adsorption on MoC NPs has some ionic character. Moreover, the electron 

density increase within ethylene occupies the lowest unoccupied molecular orbital 

(LUMO) anti-bonding orbitals, which induces a decrease in the bond order, elongating 

the C-C bond. On the other hand, the δ-MoC(001) surface reveals a continuous flux of 

electron density within its layers,158 a behaviour that can be extrapolated to other 

TMCs.164 Interestingly, ethylene on δ-MoC(001) displays negligible elongations of 0.03 

Å, consequence of an easy perturbation in the Mo and C atoms arrangement upon 

interacting with ethylene. 
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Figure 11. Top part: CDD plots for bonding via (a) σ-M, μ-M (Mo12C6) and (b) π-M (Mo12C12) 

modes. Bottom part: ELF illustration for the same bonding modes considered in the top part. C, 

H and Mo atoms are represented by brown, white and magenta spheres, respectively. In the 

CDD plots, red and green areas represent where charge was lost or gained, respectively. ELF 

illustration describes the likelihood of finding a pair of electrons in function of colour, being 

blue the least probable areas, and red the most probable ones. 

 

9.3 Conclusions 

In the present Chapter, a systematic study was carried out in order to reveal the insights 

of the ethylene binding to MoCy NPs. The explored models account for a large range of 

M/C ratio (0.67-2.00) and NP structures obtained from different sources. The results of 

the DFT based calculations reveal that a major classification can be described accounting 

on the adsorption modes, as this plays a major role in the bonding strength. Furthermore, 

the ethylene adsorption strongly perturbs the NP electron density, which induces larger 

adsorption energies and higher charge densities migrations to ethylene compared to those 

observed for the δ-MoC surface. Moreover, C-C bond elongations of 0.09-0.25 Å have 

been reported, where the largest elongations are found on C binding sites. 

Apart from the adsorption energy, the present Chapter precisely describe the 

aforementioned interaction as observed from several other descriptors and features, 

including the NPs stoichiometry, size, ethylene distortion energy, NP deformation energy 
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and ethylene attachment energy. Taking these properties as possible descriptors, one can 

predict that the highest performance on the ethylene hydrogenation reaction will be 

obtained using NPs with Mo/C ratios below 1.08, as larger ratios easily distort the C=C 

bond eventually breaking it and leading to undesired subproducts of the hydrogenation 

process. The main underlying reason for such distortion is that an excess of Mo atoms 

and, therefore, a low coordination of these atoms, imply that Mo atoms adsorption sites 

will bind ethylene too strongly in order to compensate their uncoordinated nature. 

All in all, the present study unveiled several aspects of the ethylene binding on 

MoCy NPs, contributing to the already established idea that MoC NPs can be excellent 

catalysts for hydrogenation reactions.  

For a more detailed description, the reader is referred to the publication included below. 

The supporting information of the present publication, can be found in Appendix E. 

Contribution: models preparation, results interpretation, and contribute to the writing of 

the publication. 
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This Thesis focuses on the study of nanoparticles of transition metal carbides, and more 

specifically on MoC nanoparticles, and on the effect of nanostructuring on their 

performance as catalysts for the conversion of greenhouse gases on useful chemicals. This 

work constitutes a continuation of previous works carried out in the host research group 

of this Thesis, where transition metal carbides surfaces were considered as catalysts for 

the mentioned reactions as well as supports of metallic nanoparticles. 

This Thesis is composed of a theoretical/computational part and an experimental 

one. The latter was carried out in the Brookhaven National Laboratory by the group of 

Prof. J. A. Rodriguez. Their contribution implied the synthesis of all systems composed 

of MoC nanoparticles supported on Au(111), their subsequent characterization, and the 

monitoring of all the reactivity reported in this thesis. On the other hand, the theoretical 

part has been carried out in the present institution, Universitat de Barcelona, and has 

implied the analysis of both experimental and theoretical results in addition to carrying 

out all the computational calculations. At the end, the obtained results have been 

published jointly. 

With respect to the comparison of theory and experiments, the main conclusions are as 

follows: 

- MoCy nanoparticles supported on Au(111) present an outstanding capability to 

activate methane that can be explained thanks to the obtained theoretical results 

and predicted trends. 

- These nanoparticles act as excellent H2 sponges due to the viability of Kubas 

formation in addition to other features theoretically revealed. 

- Furthermore, they are excellent candidates for the hydrogenation of CO2 at high 

hydrogen concentrations under mild conditions. 

In addition, motivated by the experimental findings and on the anticipated Au(111) 

support inactivity towards greenhouse gases transformation reactions, the intrinsic 

chemical nature of clean MoCy nanoparticles has been studied. Moreover, the comparison 

between nanoparticles and extended surfaces of transition metal carbides revealed 

unexpected features. Thus, two more general conclusions have been obtained: 

- Unsupported MoCy nanoparticles can be considered as proficient catalysts for 

olefin hydrogenation reactions when some restrictions involving structural 

features are accounted, for such as the C/Mo ratio. 
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- The extended surfaces of some polymorphs of transition metal carbides and 

nitrides can undergo reconstruction, this is the case when they are not the most 

stable polymorph at standard conditions. 

All in all, the present Thesis has provided detailed information on the effect of the 

nanostructuring in the catalytic performance of MoCy nanoparticles on some greenhouse 

gases transformation reactions and other related topics. The expected outcome is to 

encourage further studies on the applicability of these materials as proficient greenhouse 

gases transformation catalysts.
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