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Synergistic Effects in the Activity of Nano-Transition-Metal Clusters Pt 12 M (M = Ir, Ru or Rh) for NO Dissociation

The dissociation of environmentally hazardous NO through dissociative adsorption on metallic clusters supported by oxides, is receiving growing attention. Building on previous research on monometallic M 13 clusters [The Journal of Physical Chemistry C 2019, 123 (33), 20314-20318], this work considers bimetallic Pt 12 M (M = Rh, Ru or Ir) clusters. The adsorption energy and activation energy of NO dissociation on the clusters have been calculated in vacuum using Kohn-Sham DFT, while their trends were rationalized using reactivity indices such as molecular electrostatic potential and global Fermi softness. The results show that doping of the Pt clusters lowered the adsorption energy as well as the activation energy for NO dissociation. Furthermore, reactivity indices were calculated as a first estimate of the performance of the clusters in realistic amorphous silica pores (MCM-41) through ab initio molecular dynamics simulations.

Introduction

Platinum-, palladium-and rhodium-based catalysts are widely used to remove environmentally toxic nitrogen oxides, carbon monoxide and uncombusted hydrocarbons from automobile exhaust gases on one hand and as electrode catalysts for fuel cells on the other. [1,2] Aside from these well-established catalysts, it was suggested that the catalytic potential of Ir in this context may not have been fully exploited due to nonchemical factors such as limited availability of the metal and problems with Ir loss. [3] Specifically nitrogen monoxide (NO), the focus of this work, was termed a key airpollutant by the World Health Organization (WHO) as it affects multiple aspects (water, air and soil) of the environment, while also being hazardous for all forms of life. [4] Although the above named platinum group metals have proven successful for converting NO to N 2 , the exact mechanisms underlying the process are not yet fully understood. [5] Therefore, rational design and optimization of existing catalysts -to cut costs and use of scarcely available metals -remains a challenge.

Generally, a metallic catalyst is deposited on oxide supports (such as amorphous silica, alumina or ceria), [6] which further promote the desired reaction. This deposition is operated following three different ways, which each have been given their share of attention. In the first option a metallic alloy is deposited directly onto the oxide leading to issues with adhesion strength, mechanical stability and fracturing of the interfaces. [7] Secondly, single atom catalysis has been investigated, whereby single transition-metal atoms are positioned onto the supporting oxide. [8] However, many challenges remain related to the lifespan activity of these materials due to undesired mobility of the metal atoms over the oxide surface as well as their segregation into the bulk. [9,10] Finally, the aggregation of nanoclusters on oxides after thermal activation has been shown to provide important catalytic performance. [6] It is the latter form that is the focus of this work as the appliance of nanometer-scale metallic particles for the adsorption of CO and NO has been reported successfully in the past. [11] Most industrial catalysts consist of nanosized particles (clusters) made up of transitionmetals, whereby the small size ensures a large active surface area. [12] Furthermore, it has been suggested that smaller clusters lead to enhanced catalytic activity due to the increasing ratio of atomic sites that are undercoordinated. [13] Obviously, the composition of a given nanocluster is detrimental for the catalytic activity and can lead to three different responses in presence of reactive adsorbates. For the case of NO gas, it was shown that the cluster can remain stable, sinter or dissociate. [14,15] Furthermore, NO itself can react in different ways as it can dissociate (over Rh, Pt and Pd), dimerize (over Cu) upon adsorption or it can simply exhibit molecular adsorption. [16] For effective removal of NO via a DeNOx process, it is the dissociation of NO that is desired, whereby it should be noted that the behavior of the NO adsorbate and the clusters are obviously mutually related. [17] As numerous temperature-dependent desorption studies have shown that the precise stoichiometry and reaction pathway may depend on the specific local environment of the transition metal, the study of model systems (such as nanoclusters) in a realistic environment are of major importance. [18] The behavior of such nanosized metal clusters on oxide structures has been studied extensively using X-ray absorption spectroscopy (XAS) and Anomalous Wide Angle X-ray Scattering (AWAXS) as they offer information of the atomic arrangement at nanometer scale. [13,19] Indeed, the adsorption of NO to form N 2 and NO 2 on Cu clusters was studied experimentally by Haq et al, [20] while the performance by Ir clusters on alumina has been assessed as well. [21] Furthermore, Pt clusters supported on silica oxides have been reported to be very active for the DeNOx reaction (more active than Ru and Rh) and to be resistant to sintering. [22] However, they have also been shown to deactivate rapidly at low temperatures due to oxygen poisoning. [18] In general, because of the difficult characterization of heterogeneous catalysts both theoretically and experimentally, many unanswered questions remain surrounding the development of more efficient tailored catalysts. [23,24] From a theoretical point of view, while molecular adsorption of NO has been studied extensively, the focus on dissociative adsorption is rather limited. Using density functional theory, Takagi et al. [25,26] surface and predicted that NO dissociation was most favored on small Rh clusters. [27,28] Furthermore, using first principle calculation methods, some of the current authors have investigated the catalytic behavior of seven M 13 clusters (with M = Pt, Ir, Ru, Rh, Cu, Pd and Ni). [29] Thereby, the adsorption energy for NO and the activation energy for NO dissociation as well as the electronic structure were thoroughly investigated through PBE-D3 functional DFT calculations and compared to previous experimental results.

The authors managed to predict the dissociation of NO on the clusters, based on the activation energy and the adsorption energy. The fact that some clusters showed beneficial adsorption energies, but disadvantageous activation energies and vice versa, led them to suggest that 'it is possible to select some bimetallic catalysts with synergistic properties [whereby] a guideline for the choice of the bimetallic system for interesting DeNOx activity would be to add to platinum a second metal such as Rh, Ir of Ru.' [29] Indeed, based on experimental EXAFS analyses, Bazin [19] already stated, back in 2002, that the presence of Rh or other transition metals in small Pt-clusters, may drastically change the behavior of its NO adsorbing capabilities. Similar conclusions were very recently reported by Rodríguez-Kessler et al. [30] in a study on Pt n Cu n (n = 1,7) clusters, although NO adsorption was not studied specifically. Similarly, bimetallic Au-Pd and Ag-Pd clusters were investigated on their enhanced reactivity and CO adsorption capacities compared to monometallic clusters. [31][32][33] As mentioned previously, the behavior of a metal catalyst may be very different as a function of the support material, also depending on their crystalline or amorphous shape, due to the different local environments from one atomic site to another. [34] Much insight has been gained on well-defined crystalline supporting materials as they are easier to study, but amorphous materials are usually cheaper, highly tunable (e.g. porosity) and sometimes their activities may be significantly higher. [35] Indeed, amorphous silica has been shown to be a very efficient support material for metal clusters due to the limited occurrence of strong metal-support interactions, its thermal stability and interesting mechanical properties. [7] Aside from the amorphous character, also porosity may give strong added benefit to the catalytic activity of nanoclusters as was demonstrated for MOFs. [36,37] However, modelling such amorphous system is hard because their heterogeneity makes identification of active sites very hard. Gierada et al. have recently built an accurate molecular model of a porous silica that allow theoretical predictions in good agreement with experiments, which will be used in this work. [23,38] In addition, a surface variation of the same amorphous silica model has successfully been used to study the Philips catalyst, containing monomeric, dimeric and polymeric chromium on top of amorphous silica. [39,40] In this work, a Pt 13 cluster served as reference to assess the influence of doping on the activity for NO dissociation by substituting a Pt atom with either Rh, Ir or Ru. The resulting Pt 12 M (M = Rh, Ir, Ru) clusters were then used for investigating, at the density functional theory (DFT) level, the adsorption and dissociation behavior of NO. This was done through calculation of the activation energies, adsorption energies, global and local Fermi softness and molecular electrostatic potential of the systems. Furthermore, the clusters were confined into a silica pore to investigate its activity in a more realistic environment, instead of vacuum. Ab initio molecular simulations were performed on this larger system to study its qualitative behavior as a first estimate of the activity of these systems for NO dissociation. [29] and Sun et al. [41] (b) The two adsorption positions considered based on the work of Oğuz et al. [29] 

Results and Discussion

Based on the previously mentioned suggestion in the article by Oğuz et al., [29] three clusters were considered in this work, namely P12Rh, P12Ru and P12Ir, while Pt13 was used as a reference. The stability of such M13 isomers has been investigated in several works and different results have been reported. Sun et al. [41] calculated the minimum energy potential of twelve different structures and reported that a structure with C1 symmetry was the most stable for Pt13. In contrast Oğuz et al. reported the C2v structure to be the most stable one as shown in Figure 1. Therefore, all the considered clusters, Pt13, Pt12Rh, Pt12Ru and Pt12Ir were re-optimized in both configurations to compare their stability. For all clusters, the C2v configuration was found to be the most stable by about 0.35 eV, as shown in Table 1. Furthermore, the substitution of a Pt atom by either Rh, Ru or Ir does not influence the most stable geometry, but it changes the stability of the complex. Indeed, substitution of Pt by Rh, Ru and Ir stabilizes the complex by 1.22 eV, 2.94 eV and 2.15 eV, respectively.

Previous work of Estejab et al. [42] reported DFT calculations on bimetallic PtIr clusters and showed that small molecules prefer to adsorb on the doping atoms, rather than on Pt. On the other hand, Oğuz et al. [29] considered several adsorption geometries for NO on M13 clusters and found the fcc-terrace and top-to-edge sites to be dominant (see Figure 1). Therefore, in this work, one of the top-to-edge positioned Pt atoms was replaced by the chosen substituting atoms so that it would allow adsorption of NO directly on this atom in either the fcc-terrace and top-to-edge sites. Both the fcc-terrace and top-to-edge adsorption sites were then optimized for the Pt12Rh, Pt12Ir and Pt12Ru clusters as can be seen in Figure 2. In all cases, the top-to-edge site was found to be the most favorable by about 0.75 eV and 1.5 eV over the fcc-terrace site, while for P12Ir no stable adsorption was found on the fcc-terrace position. This is not surprising as previous work reported the top-to-edge site to be the most favorable for the Pt13, Rh13, Ru13 and Ir13 clusters. [29] An alternative way to establish the most suitable adsorption site for the NO molecule would consist of determining the local conceptual DFT reactivity descriptors (i.e. Fukui functions or local Fermi softness) for the investigated clusters.

These indices, which describe the response of the system when applying a single perturbation in the external potential and number of electrons, have already been used

to differentiate between intramolecular regions that are prone to either nucleophilic or electrophilic attack. [43-46] Due to the hard nature of the NO molecule, it is to be expected that those intramolecular sites of the bimetallic clusters that are defined by low local reactivity indices will be the most suitable for NO adsorption. However, since the fcc-terrace and top-to-edge sites were already shown to be most suitable for adsorption as well as the doped atom, the local reactivity indices were not determined in this work.

Overall, the stability order of the different clusters is confirmed upon adsorption of NO on the top-to-edge position with Pt12Ru-NO more stable than Pt12Ir-NO, Pt12Rh-NO and Pt13-NO, in that order. Again, it is seen that the substitution of a Pt atom stabilizes the considered systems.

Next, the transition states for the dissociation of NO on these 4 clusters (Pt13, Pt12Rh, Pt12Ir and Pt12Ru) were determined, whereby it was found that these are similar for all considered clusters. In this state, the O atom of NO tilts towards the top atom and binds to it (see transition states in figure 2). Next, the NO molecule dissociates, whereby the nitrogen atom remains bound to the atom it attacked in the first place and the oxygen atom remains bound to the top atom from the transition state. As such, it seems that the substitution of the top-to-edge Pt atom does not influence the reaction pathway.

Although the process does not change qualitatively, the substitutions incur important quantitative differences. Indeed, Table 3 contains the adsorption energies for the four considered clusters where it can be seen that the substitution of a single Pt atom by either one of the three considered metals, stabilizes the adsorption energy substantially.

More specifically, the introduction of a Rh atom stabilizes the adsorption energy by 0.34 eV, while the introduction of Ir and Ru stabilizes the adsorption energies by 0.86 eV and 0.87 eV, respectively. In the latter cases, this means a stabilization of about 20 %, which is obviously significant. Furthermore, Oğuz et al. [29] reported adsorption energies of -2.42 eV, -2.41 eV and -2.21 eV for NO on Ir13, Rh13 and Ru13, respectively. As such, the doped cluster in this work display more stable adsorption energies than their monometallic counterparts. Furthermore, similar results were reported by Ishikawa et al. [50] and Deushi et al. [51] for NO adsorption on Rh(111). As expected, small clusters show a stronger adsorption energy than their surfaces, while appropriately doping can further enhance the adsorption ability. Importantly, it was shown that adsorption energies can be further influenced by cluster size, [51,52] which is considered outside the scope of this work. Ir13, Rh13 and Ru13, respectively. Further in line with their results, the current predictions also follow the maximal hardness principle from which it can be invoked that the harder the transition state is (the more d-electrons that are present, whereby Ru < Rh < Ir), the lower the activation energy will be. and Rh7 clusters) depending on cluster geometry and size. [52-55] This is beyond the scope of this work, which focuses on the effect of doping within a given geometry.

Based on the Pearson's hard-soft acid-base (HSAB) principle, it can be assumed that, given the hard chemical character of the considered NO molecule, the largest adsorption energies will be obtained for the hardest metal clusters. As such, the softness (as the inverse of the hardness) of the clusters may be expected to be a good prediction of the adsorption energy (and the activation energy, see above). A first approach to determine the softness of the systems relies on the analysis of Molecular Electrostatics Potentials (MEP). These are generated with respect to a positive charge, which is a typical example of a hard system and indicate electron rich (red) or electron poor (blue) regions.

Accordingly, a red region on the MEP, characterized by a negative electrostatic potential, will be very prone to an electrophilic interaction with hard systems as it is an electron-rich environment. Consequently, the more negative the computed electrostatic potential is, the (locally) harder the investigated system.

The MEPs for the different clusters at an isovalue of 0.005 au together with their negative lower limit of the electrostatic potential (Vmin) are schematically represented in Figure 3, while their molecular electrostatic potentials can be found in Table 3. It can be noted that the pure Pt13 cluster is characterized by the least negative electrostatic potential (Vmin = -1.65 eV) and consequently the least pronounced hardness. This is in line with the weaker adsorption of the NO molecule on this cluster as well as the higher activation energy. The substitution of a single Pt atom by an Ir, Rh or Ru seems to positively influence the hardness of the metallic cluster, though the relative differences between the Vmin values of the Pt12M clusters are fairly limited. Indeed, Pt12Ru shows the largest value with an electrostatic potential of -1.77 eV. Nevertheless, it should be remarked that the increasing trend in hardness (Rh < Ir < Ru) perfectly matches with the computed adsorption energies. Therefore, it can be assumed that the hardness of the used metallic cluster plays indeed a crucial role in the adsorption of an NO molecule.

Additionally, global softness of the metallic clusters was calculated, which is a measure of the propensity of the system towards charge transfer and hence inversely related to the hardness. The reactivity index was calculated using a Fermi weighted density of states approximation as this method has already been shown to give very satisfactory results for catalytic systems. [8] The introduction of a weight function, defined as the derivative of the Fermi-Dirac distribution function for a given nominal electron temperature (kBT) allows to scale the contributions of successive energy levels to the overall reactivity. 3.

It can be noted that the Pt13 complex is described by the largest relative Fermi softness, while the introduction of a single Ru instead of a Pt atom results in the strongest decrease in SF value (0.42 eV). This observation perfectly matches with the trend in minimal electrostatic potentials. It is also worth noting that the ordering of complexes according to decreasing Fermi softness is identical to that of increasing minimal electrostatic potentials (i.e. increasing hardness). However, unlike the previous discussion of the MEPs, a clear difference in softness between the Pt12Rh and the remaining singly substituted complexes is observed. Indeed, the former complex appears to be much softer as compared to Pt12Ir or Pt12Ru, while hardly any difference is noticeable between the latter two. This finding is in line with the observations in adsorption energy, which indicate that the NO molecule interacts almost as intensively with Pt12Ir or Pt12Ru, but 0.50 eV less strongly with Pt12Rh. Given the strong agreement between the calculated adsorption energies and the molecular electrostatic potentials as well as the relative Fermi softness, it can be concluded with confidence that tuning the hardness of the metallic complex plays a crucial role in the early steps of the NO dissociation. As mentioned in the introduction, the clusters were then positioned in a pore made up of amorphous silica in order to estimate their behavior in a more realistic environment. The input structure for Pt13 is shown in Figure 4, whereby it can be seen that the optimized Pt13 cluster was positioned in close proximity to the pore surface.

Cluster Only Cluster + NO molecule

Subsequently a series of simulations was performed using ab initio molecular dynamics whereby a Pt atom was replaced by either Ir, Ru or Rh or not replaced at all for reference, similarly to the vacuum calculations. Furthermore, all these simulations were run with and without the presence of an NO molecule located near the (substituted)

atom. It should be noted that due to computational constraints, the time scale is limited to 10 ps for computational reasons and only meant as a first estimate of adsorption behavior through calculations of reactivity indices.

In Figure 5, the final snapshots of the different simulations are shown, without NO adsorption on the left and with NO adsorption on the right. It can be seen that in all cases, the formed clusters lose their original structure and deform somewhat in order to increase contacts with the surface. More specifically, it is seen that the metal atoms position themselves above oxygen atoms preferentially, which is in agreement with previous reported results on Pt deposited on flat Al2O3 surfaces. [56] Apart from this, the clusters seem to be stable within the cavities and show no signs of fragmentation in all run simulations. On the right side of Figure 5, the final geometries are shown for the metallic clusters with an adsorbed NO molecule. In the case of the Pt12Rh, the adsorbed NO molecule is shared by 2 Pt atom and the Rh atom, while in the other doped clusters as well as the undoped cluster, the NO molecule is always positioned on a single atom. In the case of Rh and Ir, the NO molecule remains located on that atom.

Based on the optimal nominal electron temperature of 0.15 eV for the naked clusters in vacuum, we ultimately computed the local Fermi softness (s_F^-) -describing a potential charge transfer process from the catalytic cluster towards the reagent of interest (NO)as a tool to predict the strength of the adsorption of a nitrogen oxide molecule. [8] The Pt 12 Ru 0.86 0.81 choice for this local index -obtained as an integrated product between the Fermi-Dirac weight function and contributions only occurring from the metallic cluster (local density of states) -over an energy range whose upper limit is the Fermi level, is justified by the assumption that nitrogen oxide will mainly interact with the transition metal complex rather than with the amorphous silica zeolite. Overall, an increase in softness relative to the vacuum situation is observed in Table 4, which may suggest that the chosen silica pore is a less suitable choice for clusters aiming at strong interaction with a hard molecule such as NO. However, the increased softness will undeniably lead to more favorable properties for the adsorption of other environmentally toxic, but softer compounds such as for instance carbon monoxide or methane. Nevertheless, the mutual trends between the clusters, with the exception of Pt12Ir, remain fairly well preserved even in the silica pore. As such, the strongest interaction with the NO molecule and thus most favorable adsorption is still to be expected for a cluster consisting of Pt and Ru, as this one is characterized by the lowest relative local Fermi softness index of 0.81 eV. Furthermore, similar to vacuum, the difference in relative softness between the pure Pt13 (0.92 eV) and Pt12Rh (1.00 eV) complexes is rather small (0.08 vs 0.05 eV), although it should be noted that in the silica pore the latter complex is now found to be the softest. The most remarkable difference in softness is however observed for the Pt12Ir complex, where a value identical to that of pure Pt13 is obtained. A potential explanation for this outcome could stem from the fact that Ir and Pt are each others closest neighbors in the periodic system and consequently exhibit rather similar properties. In this context, it might be supposed that in a real chemical environment the response towards a perturbation of a system in which a single platinum atom is replaced by a chemically rather similar Ir atom will not differ too much from the neat Pt13 cluster. According to both our calculations of reactivity indices in vacuum and silica pore, it is suggested that substitution of platinum atoms by ruthenium will positively affect the adsorption of NO molecules.

Conclusions

In this work the potential of bimetallic Pt12M (M = Ru, Rh or Ir) to catalyze NO dissociation, was investigated as compared to a pure Pt13 cluster. In vacuum it was found that the activation energy for NO dissociation and the adsorption energy of NO on the Pt12M (M = Ru, Rh or Ir) clusters, was lowered by substituting a single Pt atom in the Pt13 suggesting enhanced catalytic capacity of the clusters. Indeed, Pt12Ru, the most favorable cluster, showed an adsorption energy of -3.03 eV and an activation energy of 1.84 eV as compared to -2.17 eV and 2.22 eV, respectively, for Pt13.

Following the hard-soft acid-base principle, the calculated adsorption and activation energies correlated well with the softness and the molecular electrostatic potential.

Indeed, the harder the cluster, the more favorable it becomes for NO adsorption and subsequent dissociation. Given this good correlation, the global and local softness of the clusters inside a silica pore were calculated to assess the performance of the clusters in a more realistic environment. It was found that the adsorption of the metal clusters in a silica pore softens the system, making them slightly less favorable for NO adsorption, but most likely more efficient for methane and carbon monoxide. On the other hand, the Pt12Ru remained the most suitable cluster for NO dissociation in the silica pore,

showing enhanced efficiency compared to Pt13.

Methodology

The naked, spin-polarized clusters were calculated via periodic DFT calculations in the Vienna Ab Initio Simulation Package (VASP) using a plane wave pseudopotential approach. [57] Specifically, the PBE-D3 functional [58] was chosen, as justified by previous work on transition metals, [29,59-61] with a Gaussian smearing of 0.2 eV and a convergence of the electronic self-consistent cycle fixed at 10-6 eV per supercell.

Geometries were optimized using the conjugated gradient algorithm until all forces were below 0.01 Å-1. The Projector Augmented-Wavefunction method (PAW) was used to describe the interactions between explicit valence electrons and the ionic cores, allowing an energy-cutoff of 400 eV for the plane-wave basis. To avoid unwanted interactions, the clusters were positioned in a 20 Å x 20 Å x 20 Å unit cell, while the calculations were performed at the Γ-point. frequencies for all minima), while the Hessian was computed by finite differences on nuclei forces, followed by a diagonalization procedure to confirm that the resulting eigenvalues correspond the harmonic frequencies.

In order to probe the hard regions of the investigated naked clusters, both the electrostatic potential and charge density were generated by performing a static calculation on the optimized geometry. The molecular electrostatic potential (MEP) was subsequently obtained through plotting of the potential on the charge density, as a three-dimensional isosurface (isovalue = 0.005 au) created with the VESTA software. [62] Starting from the charge density obtained at the -point only, the density of states (DOS) of both the naked cluster in vacuum and in the silica pore was subsequently computed.

This DOS was generated over 3000 energy grid points and a (4 x 4 x 4) -centered

Monkhorst-Pack k-point grid. These were ultimately used to calculate the global ( ) and local ( ) Fermi Softness of these systems as an integrated product, running over an energy range, of a weight function and the total ( ) or local ( ) density of states.

The spread of this weight function, which corresponds to the derivative of the Fermi-Dirac distribution function, is subject to a, to be established, nominal electron temperature (k B T) and reaches a maximum at the Fermi level. As such, it allows to quantify the variable contribution of an energy state to the final reactivity depending on its location with respect to the Fermi level.

(1)

In addition, ab initio molecular dynamics simulations were performed at the DFT-level using the PBE exchange-correlation functional [58] in combination with the D3 Grimme correction [63] (with a cutoff of 16 Å) as implemented in the CP2K/QUICKSTEP package. [64] The DZVP-MOLOPT-GTH basis set was employed and a density cutoff of 350 Ry was used. Periodic boundary conditions were applied in 3 dimensions on a simulation box with dimensions of 36.29 Å x 36.29 Å x 11.60 Å with angles of α = 90°, β = 90 ° and γ = 60°. All simulations were performed in the NVT ensemble using a time step of 0.5 fs for a total simulation time of 10 ps, whereby it should be noted that preequilibrated coordinates were used for the pore structure. Convergence was checked via monitoring of scalars such as potential energy and pressure.

  have calculated the activation energies of NO dissociation reactions on several M 55 clusters (M = Cu, Fe, Co or Ni). These authors reported that Fe 55 , Co 55 and Ni 55 are reactive toward NO dissociation in agreement with experimental findings, whereby the reactivity followed following order Fe 55 > Co 55 > Ni 55 . Deushi et al. calculated the DeNOx reaction pathways on Rh clusters and the Rh (111)

Figure 1 .

 1 Figure 1. (a) The two cluster structures considered, based on the work of Oğuz et al.[29] 

Figure 2 .

 2 Figure 2. Initial states, transition states and final states for dissociative NO adsorption on all considered clusters.

Figure 3 .

 3 Figure 3. Molecular electrostatic potentials for the plain Pt 13 , Pt 12 Rh, Pt 12 Ir and Pt 12 Ru clusters at an isovalue of 0.005 au.

Figure 4 :

 4 Figure 4: The input structure for the Pt 13 cluster within the silica pore with the 2 x 2 x 1 supercell. Identical structures were obtained for the remaining clusters. Blue is Si, red is O, white is H and grey is Pt.

Figure 5 .

 5 Figure 5. Snapshots of Zthe ab initio simulations after 10 ps for the four considered metal clusters with and without NO molecule adsorbed. Blue is Si, light blue is N, red is O, white is H, grey is Pt, Rh Ru or Ir (the doping atom is circled).

  Adsorption energies were calculated by taking the difference in energy between the cluster-NO complex on one hand and the cluster and NO molecule separately, on the other. The transition states corresponding to the bond breaking of adsorbed NO were determined using the nudge-elastic-band method. Reaction pathways were optimized with a set of eight intermediate geometries. The obtained approximate transition states were refined by minimizing the residual forces below 0.02 eV Å-1 with the quasi-Newton algorithm implemented in VASP. Activation energies were calculated by determining transition states for NO dissociation, whereby 8 (16 in the case of complexes) intermediate geometries were used to optimize the reaction pathways. Vibrational frequencies were calculated within the harmonic approximation to verify all potential energy surface extrema (single imaginary frequency for transition states and positive

Table 1 :

 1 Comparison of total energies calculated with DFT between structure C 1 and C 2v for all considered clusters.Comparing these results to their respective surfaces, Zeng et al.[47-49] reported adsorption energies for a single NO molecule between -1.86 eV and -2.43 eV on Rh(111), -1.70 eV and -1.82 eV on Ir(111) and -0.86 eV and -1.77 eV on Pt(111) depending on coverage and adsorption geometry. Ru was not considered, while an adsorption energy of -1.18 eV and -2.34 eV was reported for NO adsorption on Pd(111).

	Cluster	E tot structure C 1 (eV)	E tot structure C 2v (eV)
	Pt 13	-57.11	-57.46
	Pt 12 Rh	-58.29	-58.68
	Pt 12 Ru	-59.96	-60.40
	Pt 12 Ir	-59.32	-59.61

Table 2 :

 2 

	Pt 13 -NO	-71.15	-71.93
	Pt 12 Rh-NO	-72.59	-73.49
	Pt 12 Ru-NO	-74.30	-75.73
	Pt 12 Ir-NO	no convergence	-74.92
	Initial State	Transition State	Final State
	Pt 13		

Comparison of total energies for structure C calculated with DFT between the fcc-terrace and top-to-edge adsorption sites for all considered clusters E tot fcc-terrace (eV) E tot top-to-edge (eV)

Table 3 :

 3 Adsorption energies, activation energies, molecular electrostatic potentials and global softnesses of the considered clusters.

		E ads (eV)	E act (eV)	V min (eV)	S F,rel (eV)
	Pt 13	-2.17	2.22	-1.65	1.00
	Pt 12 Rh	-2.51	1.89	-1.72	0.95
	Pt 12 Ir	-3.02	1.70	-1.73	0.45
	Pt 12 Ru	-3.03	1.84	-1.77	0.42
	Ishikiwa et al. reported an activation energy for NO dissociation between 0.79 eV and
	1.76 eV on Rh(111), whereby it should be noted that the lower activation energies
	required adsorption to a hcp site which is not available in M13 clusters. Deushi et al.[51]
	reported activation energies between 1.25 eV and 1.38 eV on Rh(111), 0.63 eV and
	0.84 eV on Rh55 and 0.68 eV and 0.96 eV on Rh147. Again, the lowest activation
	energies correspond to hcp sites, which are not available on the small clusters
	considered here. It should be noted that in general activation energies on small clusters

can vary widely (values between 0.23 eV and 2.45 eV have been reported for small Rh6

Table 4 :

 4 Molecular electrostatic potentials and global softnesses of the considered

	clusters.		
		S F,rel	S -F,rel
	Pt 13	0.81	0.92
	Pt 12 Rh	1.00	1.00
	Pt 12 Ir	0.96	0.92
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