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          Abstract  

           Transition metal carbides and phosphides have shown tremendous potential as highly 

active catalysts. At a microscopic level, it is not well understood how these new catalysts 

work. Their high activity is usually attributed to ligand or/and ensemble effects. Here, we 

review recent studies that examine the chemical activity of metal carbide and phosphides as a 

function of size, from clusters to extended surfaces, and metal/carbon or metal/phosphorous 

ratio. These studies reveal that the C and P sites in these compounds cannot be considered as 

simple spectators. They moderate the reactivity of the metal centers and provide bonding 

sites for adsorbates.  
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I.  Introduction 

The carbides of the early-transition metals exhibit chemical and catalytic properties that in 

many aspects are very similar to those of expensive noble metals [1]. Typically, early-transition 

metals are very reactive elements that bond adsorbates too strongly to be useful as catalysts. 

These systems are not stable under a reactive chemical environment and exhibit a tendency to 

form compounds (oxides, nitrides, sulfides, carbides, phosphides). The inclusion of C into the 

lattice of an early-transition metal produces a substantial gain in stability [2].  Furthermore, in a 

metal carbide, the carbon atoms moderate the chemical reactivity through ensemble and ligand 

effects [1-3]. On one hand, the presence of the carbon atoms usually limits the number of metal 

atoms that can be exposed in a surface of a metal carbide (ensemble effect). On the other hand, 

the formation of metal-carbon bonds modifies the electronic properties of the metal (decrease in 

its density of states near the Fermi level; metal→carbon charge transfer) [1-3], making it less 

chemically active (ligand effect) and a better catalyst according to the Sabatier’s principle [2]. 

Thus, the carbides of early-transition metals are able to catalyze the transformation of 

hydrocarbons [1,4], the conversion of methane to synthesis gas [5,6], and desulfurization 

reactions [1,7-12]. In broad terms, these compounds display a unique combination of the physical 

properties characteristic of noble metals and ceramics [13,14]. Many early-transition metal 

carbides are good electrical and thermal conductors while possessing ultra-hardness and very high 

melting points [13,14]. All these chemical and physical properties make the early-transition metal 

carbides useful for technological applications in catalysis and materials science [1,13,14]. 

The inclusion of P into the lattice of an early-transition metal also leads to a substantial gain 

in stability [2]. In general, the metal-P bonds are less ionic than metal-C bonds and the ligand 

effects of P are not very strong [2,15]. This may be important for some catalytic reactions, like 
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hydrodesulfurization processes [15]. An important issue when dealing with metal-carbide and 

metal–phosphide catalysts is the role of the light elements (C and P) in catalytic processes. Are 

the light elements simple spectators, as it is frequently assumed [1,7,9], or participate directly in 

the reactions which are being catalyzed? In this chapter we review a series of recent studies that 

focus on the chemical and catalytic properties of metal carbides and phosphides. Many of these 

studies have been performed on well-defined single crystal surfaces. A few of them deal with 

nanoparticles such as the metcars Ti8C12 or Mo8C12 (see Figure 1). The chapter is organized as 

follows. The next section examines the effects of the carbon/metal ratio on the electronic 

properties and chemical reactivity of metal carbides. Then, we report systematic studies for the 

adsorption of oxygen on metal carbides. In the last part of the chapter, we end with studies of 

desulfurization on metal carbides and phosphides. In recent years new legislations require a very 

low content of sulfur in oil-derived products and new catalysts have been developed for deep 

hydrodesulfurization reactions which are based of metal carbide and phosphide compounds 

(1,9,15).  

II. Effects of carbon/metal ratio on the chemical properties of metal carbides.  

Since Boudart et al. found that early transition metal carbides behave like noble metals in 

surface catalysis [4], this class of materials has attracted considerable attention [1]. Computational 

 

 

 

 

 

               Fig 1  Calculated structure for metcar nanoparticles, M8C12 (M=Ti,V,Mo). Large grey spheres  
                         denote metal  atoms, small dark spheres represent C atoms (taken from ref [8]). 
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methods based on functional (DF) theory were employed to study the stabilities and chemical 

activities of transition metal carbides [3,8,12]. Different kinds of structures including bulk 

surfaces —M2C(001) and MC(001) (see Figure 2)— and metcars, M8C12 (Figure 1; M= Ti, V or 

Mo), were taken into consideration [16]. Systematic studies show that by raising the C 

coordination number of the metal atoms in the carbides, in general the stability of the carbides 

increases (metcars are an exception since they include both high-coordinated and low-

coordinated metal atoms.); at the same time, the chemical activities of the carbides decrease due 

to a downshift of the metal d-band center (ligand effect) [8].  

Figure 3 displays calculated bonding energies for CO, S, SO2 and thiophene on a series of 

carbide surfaces and metcars [16]. It is usually assumed that the chemical activity of the metal 

carbides decreases when raising the C concentration [1]. This hypothesis is not supported by the 

DF results in Figure 3: the activity of the carbides follows a volcano-like curve with the 

increasing carbon/metal (C/M) ratio. The metcar nanoparticles have a chemical reactivity much 

higher than expected for their large C/M ratio of 1.5.  

CO is a molecule frequently used to probe chemical reactivity.  With the C/M ratio 

increasing up to 1, the CO adsorption energy on the surfaces from M(001) to MC(001) decrease  

                                        

                   Fig 2  Left: Top view for the (001) face of MC carbides (M= Ti, V, Zr, or Mo). Right: Top  
                                  view of  the Mo2C(001) surface (taken from ref. [8]). Large spheres represent metals. 
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Figure 3 Calculated adsorption energies of carbon monoxide (a), atomic sulfur (b), sulfur dioxide (c) and thiophene 
(d) on the metal carbides (Ti carbides, V carbides and Mo carbides) as a function of the C/M ratio. The C/M values 
of 0.5, 1 and 1.5 correspond to bulk M2C, bulk MC, and metcar M8C12, respectively (taken from ref. 16). 
 
greatly by ~ 2 eV (Figure 3a). However, the CO-M bonds become stronger by ~0.5 eV when 

increasing the C/M ratio to 1.5 and forming M8C12 nanoparticles. In spite of the high C/M ratio 

and the C2 groups (Figure 1), M8C12 displays a much stronger interaction with CO than that of 

MC (Figure 3a). As shown in Figures 3b-d, the variation of the adsorption energy for S, SO2 and 

tiophene with the C/M ratio displays a similar volcano trend as that seen in Figure 3a. 

Considering the best catalysts those that combine high stability and moderate chemical activity, 

the DF results suggest that the catalytic potential of Mo carbide systems should decrease in the 

following sequence: Mo8C12 > Mo2C(001) or MoC(001) > pure Mo(110). In spite of having the 
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largest C/Mo ratio, the metcar appears as the most attractive system [8,12]. The theoretical 

studies also indicate that the “magic” behavior of metcars is not unique for Mo carbides. Similar 

behavior is also observed for Ti or V carbides [8,16]. As we will see in section IV, the metcars 

are more efficient catalysts for the hydrodesulfurization of thiophene than Mo2C(001) or 

MoC(001) [17]. 

 III. Reaction of oxygen with metal carbide surfaces  

    The interaction of oxygen with surfaces of metal carbides is a very important issue [1]. 

The catalytic properties of metal-carbides can be drastically modified by adsorption of oxygen 

from the air or by reaction with O centers of oxide supports [1,18]. In addition, oxygen also 

affects the performance of metal-carbide coatings used in the fabrication of mechanical and 

electronic devices [13,14,19].  The generation of an oxide film on top of  the carbide can lead to 

a degradation of the conductivity and hardness of the system [13,14], and oxocarbides can have 

interesting physical properties on their own [1,18]. Several experimental studies have 

investigated the interaction of oxygen with well-defined surfaces of metal carbides [19-24]. A 

key point is the relative importance of the oxygen↔metal and oxygen↔carbon interactions. 

Usually, it is assumed that the C sites of a metal carbide surface play a secondary or minor role 

in the chemical properties of the system [1,7,9]. However, recent experimental studies for 

O/TiC(001) and ZrC(001) point to the existence of strong oxygen↔carbon interactions 

[19,23,24].  

High-resolution photoemission and first-principles DF calculations were used to study the 

interaction of oxygen with TiC(001), ZrC(001) and VC(001) surfaces [23,24]. Atomic oxygen is 

present on the carbide substrates after small doses of O2 at room temperature. At 500 K, the 

oxidation of the surfaces is fast and clear features for TiOx,  ZrOx or  VOx  are  seen in core-level 
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                 Figure 4.  C 1s photoemission spectra recorded after doing oxygen to ZrC(001) and VC(001)  
                                 at 500 K (taken from ref. 24). 

 

photoemission. Figure 4 shows high-resolution C 1s photoemission spectra for O/ZrC(001) and 

O/VC(001) surfaces. The C 1s spectrum for O/ZrC(001) exhibits a distinctive line shape with 

two strong peaks at 283.4 and 281.9 eV. The peak at 281.9 eV is close in binding energy to the 

single peak found for clean ZrC(001) at 281.7 eV. From the relative intensities of the two peaks 

it appears that, in O/ZrC(001), a very large fraction (~ 40 %) of the C atoms near the surface has 

been perturbed by the presence of oxygen. In general, we found C 1s shifts of 1.3-1.6 eV with 

respect to the main peak for the substrate. Similar results have been found for O/TiC(001) [23]. 

They point either to a strong interaction between O and C atoms (oxygen could be adsorbed 

directly on top of C sites) or to a O↔C exchange which could take place in the surface (Zr-C or 
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TiC bonds being replaced by Zr-O or Ti-O and C-C bonds). These two possibilities were 

investigated using DF calculations [23,24]. The calculations show a CZrZr or CTiTi pseudo-

hollow as the most stable site for the adsorption of O on ZrC(001) or TiC(001), see Figure 5. 

Furthermore, the calculations also show that a C↔O exchange is exothermic on these metal 

carbide substrates, and the displaced C atoms bond to CZrZr sites or CTiTi sites. Thus, in the 

O/ZrC(001) and O/TiC(001) systems, the surface C atoms play a major role in determining the 

behavior of the system [23,24].  

           In Figure 4, the C 1s spectrum for O/VC(001) is characterized by essentially a single peak 

at 282.1 eV and a very small feature near 283.5 eV. For clean VC(001), the C(1s) peak shows up 

at 282.0 eV. Thus, it appears that the O↔C interactions are negligible in O/VC(001). The results 

of photoemission are consistent with data of HREELS for O/VC(001) [19]. The C(1s) spectra in 

Figure 4 suggest a big difference in the mechanisms for the oxidation of ZrC(001) and VC(001). 

First-principles DF calculations corroborate this  finding  [24,25].  For the interaction of oxygen 

                                      

                           Fig 5  Calculated adsorption site for O on TiC(001) and ZrC(001). Dark grey spheres represent   
                                       C atoms, while metal atoms are represented by soft grey spheres (taken from ref. 24).  
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with the VC(001) surface, the DF calculations show no big differences for the O adsorption 

energies on top of V and on a CVV hollow [24,25]. However, the calculated rate constant for the 

dissociation of O2 on V sites is much larger than that on CVV sites [25], and from this one may 

deduce that the O↔C interactions are not really essential for the binding of the adsorbate in 

O/VC(001). The VC(001) valence band has one more electron than that of TiC(001) or ZrC(001) 

[3], and it occupies states that favor V-O bonding and the dissociation of molecular oxygen 

[24,25]. 

 Density functional calculations were used to perform a systematic study of the adsorption 

of atomic O and O2 on the (001) surface of a series of transition metal carbides (TMC, TM=Ti, 

Zr, Hf, V, Nb, Ta, Mo) [26,27].  On group 4 TMCs, oxygen atoms highly preferred the hollow 

sites surrounded by one carbon atom and two metal atoms (CMM, see Figure 5). On the rest of 

TMCs for groups 5 and 6 a competition between this site and the O adsorption on top of a metal 

atom (M-top) was observed. A third possible competitive minimum was found for the δ-

MoC(001) system, where a kind of CO-like molecule was formed and adsorbed on the carbon 

vacancy site. The strong interaction of O with the C explains the availability of carbon removal 

and formation of metal oxycarbide compounds by oxidation, especially at high temperatures 

[26].  

A topological analysis of the electron localization function (ELF) provides an unbiased 

description of the chemical bond [28].  The ELF contours for O adsorption on the M-top site are 

reported on Figure 6 for a representative TMC of groups 4, 5 and 6 of the Periodic Table. These 

results do not exhibit any region with a large value of ELF between the adsorbate and the surface 

and hence there is no evidence of either covalent or metallic bonding, the electron pairs are all  
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                 Fig 6   Electron localization function (ELF) maps for the adsorption of O on  M-top sites 
                                of TiC(001), group 4 of the Periodic Table, VC(001), group 5, and δ-MoC(001),  
                                group 6 (taken from ref. [26]). 
 

well localized over the oxygen atoms as expected for a dominantly ionic bond. The plots show a 

weaker bonding interaction for oxygen on Ti than on V or Mo. For the interaction of atomic O 

above the CMM adsorption site (not shown), a well defined basin with a high ELF contour 

between the oxygen adatom and the surface carbon was clearly observed [26], indicating 

significant covalent bonding at this site. An analysis of the partial density-of-states near the 

Fermi level, Mulliken charges, and adsorbate-induced work function changes point to adsorption 

bonds which contain a strong mixture of ionic and covalent character [23,24,26].  

In a DF study for the adsorption and dissociation of O2 on the (001) surface of group 4-6 

TMCs [27], it is found that O2 may adsorb molecularly on two different substrate sites with 

similar adsorption energy. At these sites, O2 either bridges two surface M atoms or it is placed 

directly on top of a M surface atom. A case apart is δ-MoC(001), where O2 adsorption on-top of 

surface Mo atoms is far up in energy with respect to bridging two surface Mo atoms. The relative 
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stability of O2 on these TMCs is dominated by the electron back-donation between the surface 

and O2 and the stabilization of the resulting partially charged molecule by the surface metal sites. 

Three reaction paths leading to O2 dissociation were considered [27]. The first reaction pathway 

starts from M-M bridge molecular adsorption and lead to O atoms on-top of surface M atoms 

(TSM), the second one (TSC) starts from on-top molecular adsorption and leads to final states 

where O atoms are adsorbed on three-fold hollow sites neighboring two M and one C surface 

atoms, while the third pathway (TSBC) starts from O on the M-M bridge and leads to TSC 

products. For each reaction path, transition state structures have been located and the 

corresponding energy barriers obtained [27]. At low temperatures, O2 dissociation on group 4 

TMCs can only occur via the TSBC pathway whereas at high temperatures it may also take place 

starting through TSC. For the rest of the carbides, only TSC and TSM paths are possible. The 

calculated transition state theory rate constants reveal that TMCs of groups 4 and 5 are easy to 

oxidize whereas this is especially difficult for δ-MoC(001).  

The calculated ∆E’s for the formation of oxycarbides indicate that two reaction paths are  

possible for the C↔O exchange in O/TiC(001) or O/ZrC(001) [23,24]:   

       O/MC(001)   →    C/MC1-xOx(001)                   (1) 

          O/MC(001)   →    MC1-xOx(001)  + CO(gas)    (2) 

Reaction (1) essentially involves one oxygen atom per each carbon atom and does not change the 

C content of the system. The C atoms replaced by O remain on the surface bonded to CMM sites, 

see Figure 7 [23,24]. In the case of Reaction (2), the carbon content of the system decreases. It 

involves two O atoms per each C atom removed. One O atom takes the place of a C atom in the 

carbide lattice, and the second O atom reacts with the replaced C to form CO which evolves into 

gas phase. For O/VC(001), DF calculations predict that a simple C↔O exchange is endothermic,  
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                        Figure 7. O/MC(001)→C/MC1-xOx(001) exchange on a metal carbide surface. The 

                                            carbon atoms are represented by dark grey spheres, while the soft grey spheres 

                                            denote metal atoms (taken from ref. [24]). 

and only Reaction (2) is allowed thermodynamically [24].  

IV. Desulfurization reactions on metal carbides and phosphides 

Since the last century petroleum has been a very important source of fossil fuels and 

chemical feedstocks. Sulfur-containing compounds are common impurities in all crude oil [7,9]. 

In our industrial society, these impurities have a negative impact in the processing of oil-derived 

chemical feedstocks and degrade the quality of the air by forming sulfur oxides (SOx) during the 

burning of fuels and by poisoning the catalysts used in vehicle catalytic converters [29]. 

Hydrodesulfurization (HDS) is one of the largest processes in petroleum refineries where sulfur 

is removed from the crude oil [7,9,29]. Organosulfur compounds are converted to H2S and 

hydrocarbons by reaction with hydrogen over a catalyst. Most commercial HDS catalysts contain 

a mixture of MoS2 and Ni or Co [7,30]. The current HDS catalysts cannot provide fuels with the 

low content of sulfur required by new environmental regulations [9,30]. The search for better 

desulfurization catalysts is a major issue nowadays in industry and academic institutions 

[15,29,30]. Thus, it has been established that β-Mo2C and other metal carbides are very active for 

the cleavage of C-S bonds, but their HDS activity decreases quickly with time [31]. The 
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degradation of β-Mo2C has been ascribed to the formation of a chemisorbed layer of sulfur or 

MoSxCy compounds on the surface of the catalyst [31]. More recently, transition metal 

phosphides have shown a tremendous potential as highly active HDS catalysts [9,32,33]. Among 

all the phosphides, Ni2P/SiO2 demonstrated the highest HDS activity (HDS conversion of 99%) 

and has been reported to be more efficient than NiMoS/Al2O3 (HDS conversion of 76%) [9,32].  

Furthermore, Ni2P does not deactivate with time as β-Mo2C does [33]. 

X-ray photoelectron spectroscopy and first-principles DF calculations were used to 

investigate the desulfurization of thiophene (a typical test molecule in HDS studies) and the 

removal of S on surfaces of Ni2P, Mo2C and MoC [15]. The Ni2P(001) surface studied exposes 

both Ni and P sites, see Figure 8. This surface is of great relevance because is the predominant 

orientation observed in HDS catalysts containing Ni2P crystallites on a silica support [31]. It has 

well-defined ensembles of three metal atoms that are separated by ~ 3.8 Å [34].  Each cluster of 

nickel is surrounded by a group of six P atoms. In contrast, an α-Mo2C(001) surface exposes 

only metal atoms (Figure 2) [11,12]. This carbide surface is expected to have a chemical 

reactivity very similar to that of a metal surface [2]. 

                                    

        Figure  8    Structure of  the Ni2P(001) surface. The dark blue spheres denote Ni atoms, 
                            P atoms are represented by soft purple spheres (taken from ref. [15]). 
 



 13

Thiophene (C4H4S ) was dosed to Ni2P(001), α-Mo2C(001) and MoC surfaces at 100 or 300 

K [15]. Figure 9 shows S 2p XPS spectra acquired after dosing the molecule at room 

temperature. For chemisorbed thiophene, the S 2p features are expected at 167-164 eV. The 

position of the S 2p features seen for the C4H4S/Ni2P(001) and C4H4S/α-Mo2C(001) systems, 

164-160 eV, is typical of sulfur adatoms [15] indicating cleavage of the C-S bonds in thiophene. 

In contrast, the molecule does not dissociate or adsorb on MoC at 300 K. Photoemission data for 

C4H4S/α-Mo2C(001) show that C-S bond scission occurs by 170 K and possibly at temperatures 

as low as 105 K upon adsorption [11]. DF calculations also find a very strong interaction 

between C4H4S and α-Mo2C(001) [12]. The molecule adsorbs with its ring parallel to the carbide 

surface, and one of the C-S bonds spontaneously breaks. In contrast, theoretical studies shown 

weak bonding interactions for thiophene on a flat δ-MoC(001) surface [12]. A Mo→C charge 

transfer (ligand effect) and a dilution in the fraction of metal atoms in the surface (ensemble 

effect) make δ-MoC(001) inert towards thiophene. Experimental results for C4H4S/MoC confirm  

this   theoretical   prediction  [15].   Thiophene   adsorbs   on  polycrystalline  MoC at 100 K, and 

 

 

 

 

  

 

 

                            
                            Figure 9   S 2p XPS spectra recorded after the adsorption of thiophene on Mo2C(001), 
                                            Ni2P(001) and MoC at 300 K (taken from ref. [15]). 
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desorbs intact upon heating to 200 K. From TPD experiments, a thiophene adsorption energy of 

~ 11 kcal/mol (0.48 eV) is estimated, which is close to the value of 7 kcal/mol (0.3 eV) 

calculated for C4H4S on a flat δ-MoC(001) surface [12,15]. 

 In the case of Ni2P(001), the Ni→P charge transfer is not large (< 0.1 e) [15] and the 

surface has a substantial number of Ni atoms. Clusters of  three Ni atoms are present (Figure 8), 

and the separation between these clusters  is not large enough to prevent effective bonding 

interactions with a relatively big molecule like thiophene. At 100 K molecular adsorption of 

C4H4S on Ni2P(001) occurs, but at temperatures above 200 K the surface is able to crack the C-S 

bonds of the adsorbate [15]. Similar results have been found for the interaction of thiophene with 

Ni2P/SiO2 catalysts [32]. 

 Thus, it is clear that both α-Mo2C(001) and Ni2P(001) can dissociate thiophene easily. 

The key to establish a catalytic cycle for desulfurization is in the removal of the decomposition 

products of thiophene (CxHy fragments and S) from these surfaces. At a temperature of 450 K, it 

is possible to hydrogenate and remove the CxHy fragments present on the Ni2P(001) surface [15]. 

On the other hand, the removal of the S adatoms (Sads + H2,gas →  H2Sgas) is significant only at 

temperatures above 600 K [15].  Arrhenius plots obtained after measuring the hydrogenation 

rates at different temperatures (450, 500, 600 and 650 K) give apparent activation energies of 

19-21 kcal/mol (0.8-0.9 eV) for the removal of S and 7-9 kcal/mol (0.3-0.4 eV) for the removal 

of the CxHy fragments. When similar experiments were done for the α-Mo2C(001) surface, again 

it was found that the most difficult step in a HDS process should be the transformation of 

adsorbed sulfur into gaseous H2S [15].  In fact, at a temperature of 650 K, it was impossible to 

remove most of the S adsorbed on α-Mo2C(001).   
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In the rest of this section, we will focus our attention on the interaction S with the carbide 

and phosphide surfaces. The DF results displayed in Figure 3b indicate that MC(001) surfaces 

bind sulfur much weaker than M2C(001) surfaces (M= Ti, V or Mo) [16]. Experimental and 

theoretical results indicate that the S adsorbed on the MC(001) substrates interacts with the C 

sites in structural configurations similar to those seen for adsorbed oxygen (see Figure 5) [15,35]. 

A M→C charge transfer reduces the reactivity of the metal sites in MC compounds [2,3], and the 

S is forced to interact with the C sites which are not simple spectators. On the other hand, the 

M2C(001) surfaces bond strongly small and large coverages of sulfur [11,15,16]. These carbide 

systems have a reactivity towards S similar to that of pure metal surfaces [16]. For S/α-

Mo2C(001), one doublet at 164-160 eV is detected in S 2p XPS spectra and does not change 

when the sample is heated at temperatures above 700 K [15].  

In the case of S/Ni2P(001), two types of S species were seen in the S 2p XPS region: A set 

of two doublets appearing at 165-162 eV and 164-160 eV [15]. At small coverages of S only the 

doublet at 164-160 eV was found, and the sulfur was strongly bound remaining on the phosphide 

surface upon annealing to temperatures as high as 700 K. The results of DF calculations indicate 

that the S adtoms were probably sitting on the Ni hollow sites of Ni2P(001), see left-side panel in 

Figure 10 [15]. When the sulfur coverage was raised, there was a clear change in the line-shape 

of the S 2p features and the doublet at 165-162 eV appeared. The sulfur species that produced 

this doublet desorbed upon heating to 400-450 K. This “weakly” bound sulfur could be attached 

to Ni and/or P sites, since it induced a significant change in the line shape of the P 2p XPS 

spectrum for the phosphide substrate [15]. DF calculations show that Ni-P bridge sites are 

probably populated at medium or large sulfur coverages, see right side panel in Figure 10, and do 
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                 Figure 10   Bonding configurations calculated for 0.33 and 0.67 ML of atomic S on Ni2P(001). 
                                    The dark blue spheres denote Ni atoms, while the soft purple spheres denote P 
                                    atoms (taken from ref. [15]).  

not interact strongly with the adsorbate. This Ni-P adsorption sites are interesting since they 

allow the participation of P atoms in hydrodesulfurization reactions.  

Figure 11 compares the rates for removal of moderate to small coverages of sulfur from 

Ni2P(001) and α-Mo2C(001). Initially, approximately the same amount of sulfur was deposited 

on both surfaces, and then they were exposed to H2 (500 Torr) at high temperature (650 K) [15]. 

The H2,gas + Sads → H2Sgas reaction proceeds faster on Ni2P(001). In fact, only a very small 

amount of sulfur is removed from α-Mo2C(001). DF calculations give a barrier of ~ 4 eV for the 

hydrogenation of S on α-Mo2C(001) due to the extremely strong sulfur-surface bonds [15]. The 

 

 

 

 

 

 

 

 

Figure 11 Hydrogenation of  S adatoms on Ni2P(001) and α-Mo2C(001).  Initially, approximately the same amount 
of sulfur was deposited on both surfaces. Then, the samples were exposed to H2 (500 Torr) at 650 K. The removal of 
S was followed by measuring the changes in the S 2p XPS signal as a function of reaction time (taken from ref. 
[15]). 
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degradation of β-Mo2C catalysts in desulfurization processes has been attributed to the formation 

of a chemisorbed layer of sulfur or MoSxCy compounds on the surface of these systems [31,32]. 

This is not the case for Ni2P catalysts, which exhibit high stability with time [9,32,33]. 

The very good catalytic performance reported for Ni2P  [9,32,33] can be ascribed to the 

moderate effects of Ni↔P interactions and the intrinsic reactivity of the P sites [15]. First of all, 

the “ligand effect” of P atoms on the Ni sites is relatively weak. The formation of Ni-P bonds 

produces a minor stabilization of the Ni 3d levels and the Ni→P charge transfer is very small. 

This leads to a reasonably high activity of Ni2P to dissociate thiophene and hydrogen. Secondly, 

the active Ni sites of the surface decrease due to an “ensemble effect” of  P, which prevents the 

system from the deactivation induced by high coverages of strongly bound S. In addition, P sites 

play an important role in the bonding of intermediates. When the Ni hollow sites are occupied by 

an adsorbate, the P sites can provide moderate bonding to the products of the decomposition of 

thiophene and the H adatoms necessary for hydrogenation [15].  

Ni2P is a highly active HDS catalyst by obeying Sabatier’s principle: good bonding with the 

reactants, and moderate bonding with the products. Bulk metal carbides like Mo2C and MoC are 

not as good HDS catalysts because one interacts too strongly with the products (Mo2C) and the 

other has problems dissociating the reactants (MoC) [15]. The DF results in Figure 3 indicate 

that the M8C12 carbides have an intermediate reactivity between those of bulk Mo2C and bulk 

MoC. Theoretical studies predict that Mo8C12 and Ti8C12 will be good HDS catalysts [17]. Figure 

12 shows optimized structures for the reaction: thiophene + 3H2  C4H8 + H2S, on a Ti8C12 

metcar. Steps 1 to 8 are all exothermic and release the energy necessary for steps 9, 11 and 12 

[17].  The rate determining step for the whole HDS process is the hydrogenation of adsorbed SH 
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Figure 12  Optimized structures for the reaction: thiophene + 3H2  C4H8 + H2S, on a Ti8C12 metcar. Blue  
                  spheres: Ti,  grey spheres:  C, white spheres: H, and yellow spheres: S (taken from ref. [17]). 
 
(step 12) and subsequent evolution into gas phase of H2S. On Ti8C12 and Mo8C12, this step has an 

activation barrier smaller than on commercial Ni/MoS2 catalysts [17]. In Figure 12, the 

dissociation of the first H2 molecule takes place on the C2 units of the metcar. The H adatoms are 

essential for the hydrogenolysis of the C-S bond in thiophene. In the absence of the H adtoms, 

the thiophene molecule just bonds to Ti8C12 without any C-S bond breaking [16,36]. 

 V.  Conclusions 

 Transition metal carbides and phosphides have shown tremendous potential as highly 

active catalysts. Their high catalytic activity is usually attributed to ligand or ensemble effects.  

Recent studies reveal that the C and P sites in these compounds cannot be considered as simple 

spectators. They moderate the reactivity of the metal centers and provide bonding sites for 

adsorbates. The reactivity of the C centers in MC(001) surfaces varies in a complex way with the 

position of the metal in the Periodic Table and the filling of the carbide valence band. M8C12 

metcars should display a catalytic performance even better than that of the well-known Mo2C or 
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MC catalysts. By introducing six pairs of C2 groups in the structure, the M8C12 system is 

stabilized, while the presence of four low-coordinated M sites allows a reasonable high chemical 

reactivity. 
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