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Computational first principles models based on density functional theory (DFT) have emerged as an important tool to address reaction mechanisms and active sites in metal nanoparticle catalysis. However, the common evaluation of potential energy surfaces for selected reaction steps contrasts with the complexity of reaction networks under operating conditions, where the interplay of adsorbate populations and competing routes at reaction conditions determine the most relevant states for catalyst activity and selectivity. Here, we discuss how the use of a multi-scale first principles approach combining DFT calculations at the atomistic level with kinetic models may be used to understand reactions catalyzed by metal nanoparticles. The potential of such an approach is illustrated for the case of Al 2 O 3 -supported Ni nanoparticle catalysts in the water-gas shift and dry reforming reactions. In these systems, both Ni nanoparticle (metal) as well as metal/oxide interface sites are available and may play a role in catalysis, which depends not only on the energy for critical reaction steps, as captured by DFT, but also on the reaction temperature and adsorbate populations, as shown by microkinetic modelling and experiments.
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First Principles Modelling of Nanoparticle Catalysis

Major industrial processes in chemistry are carried out in many instances with supported transition-metal nanoparticle (NP) catalysts. [1] Some examples are water-gas shift (WGS) and methane reforming used for hydrogen and syngas (CO/H 2 ) production, respectively, the Fischer-Tropsch synthesis of hydrocarbons and the Haber-Bosch process for ammonia production. Elucidating the detailed reaction mechanisms and associated surface active sites in NP catalysis, at the molecular level, is therefore crucial in order to rationalize macroscopic observations and to enable the rational design of catalysts with tunable activity and selectivity towards the desired products. In addition to experimental approaches to investigate reaction mechanisms and active sites on NP catalysts, the recent development of high performance computing and peri-odic density functional theory (DFT) methods to efficiently solve the electronic structure problem in solids and surfaces boosted the use of computational methods to address these questions, with the advantage of giving direct access to the underlying electronic structure at the atomistic level. [2] The first principles computational approach to investigate reaction mechanisms on NP catalysis typically concentrates on the evaluation of potential energy surfaces (PESs) for key selected elementary steps of the reaction of interest (Fig. 1a.1), which are known, or more often assumed, to be rate and/or selectivity-determining. More specifically, DFT is used to determine the energy of reactants, intermediates and transition states (TSs) adsorbed on (slab) surface or NP models for the catalyst surface sites. The relevance of mechanisms is then discussed based on the energetics of the selected reaction steps. The most likely pathways are those involving not too weak nor too strong binding of key reaction intermediates (thermodynamic factor) and/or those associated to low-energy TSs with hence affordable energy barriers (kinetic factor). When the full catalytic cycle can be evaluated by DFT, the energy span model, well established for homogeneous catalysis, is also often applied. [3] The energy span, which is generally the difference between the highest and lowest energy points of the PES, integrates both the thermodynamic and kinetic criteria (Fig. 1a.2) and could, in principle, be used as an indicator of the turnover frequency (TOF) and thus of the relevance associated to a given reaction route: the lower the reaction span is, the higher the TOF should be. energy of surface species obtained from DFT combined with statistical mechanics for the estimation of Gibbs free-energies (via partition functions) is used to compute the reaction rates of all the elementary steps of the reaction network at reaction conditions (temperature and pressure). The gas-phase concentrations and coverages of adsorbed species are then explicitly determined by solving a system of differential equations describing the evolution of reaction rates in a model reactor, whose boundary conditions are the feed compositions (Fig. 2). [START_REF] Fogler | Elements of chemical reaction engineering[END_REF] The interplay of all the elementary steps included in the microkinetic model with the reaction conditions determines the composition of adsorbed species and major reaction pathways, which in turn affect the catalyst activity (conversion) and selectivity.

Contrary to the analysis of the PESs for selected reaction steps, no assumption needs to be made regarding the intermediate(s) or TS(s) that control activity and selectivity when a microkinetic model is available. Instead, sensitivity analyses [6] can be performed to identify surface species whose stability affect the overall reaction rate or selectivity. The degree of rate control (DRC) analysis proposed by Campbell, for instance, identifies rate-determining steps (RDS) based on the evaluation of the degree of rate control quantity (X RC,i ) [6b] for each elementary step of the reaction network. X RC,i is the relative increase in the overall reaction rate that is obtained if the reaction rate constant for the elementary step i is increased infinitesimally, while keeping the reaction rate constants and the thermodynamic equilibrium constants for all the other elementary steps fixed. A positive (resp. negative) X RC,i value indicates that increasing the rate of the step i results in global reaction rate enhancement (resp. suppression). The elementary step i is said to be rate-determining (RDS) if X RC,i > 0 or inhibitive if X RC,i < 0, while zero DRC values indicate non-RDSs, i.e. steps whose Nevertheless, it is not straightforward to know how selected parts of the PES or even how the PES of the full catalytic cycle relates to the overall activity or selectivity of the catalyst, since the actual rates of elementary steps during the reaction depend not only on the energetics of the process, but also on the concentration of reaction intermediates, which in the case of surface reactions corresponds to adsorbates populations or coverages (Fig. 1b.1). As a consequence, reaction intermediates and TSs whose energy actually affect the overall (observed) reaction rate and selectivity depend on the relative population of surface species and on the preferred reaction routes, which may be hard to infer based solely on examining PESs since they are sensitive to reaction conditions, for instance temperature, pressure and chemical potential of the gasphase. In particular, surface sites may be poisoned or inhibited by the strong adsorption of reaction intermediates during the reaction, suppressing the rate for important reaction steps. Furthermore, even if PESs are drawn as a linear succession of elementary steps occurring in a determined sequence, in most cases several intermediates are part of multiple competing routes within very complex reaction networks (Fig. 1b.2) whose interplay is difficult to assess from reaction energy diagrams. This may be especially the case when multiple reaction sites are available (e.g. NP terraces, defects as well as support and NP/support interface sites) and reaction intermediates may migrate from one type of site to another.

The use of kinetic models derived from DFT calculations (also known as microkinetic models) applied to NP catalysis is an alternative to tackle the complexity of reaction networks under reaction conditions, since the contribution of adsorbate population is introduced into the calculated rate in addition to the energetic term provided by DFT and all reactions in the network are considered simultaneously. [4] Within microkinetic models, the electronic 

Ni/Al 2 O 3 Interfaces in Water-Gas Shift and Dry Reforming of Methane

The combination of DFT calculations with microkinetic models provided a deeper understanding of the WGS (Eqn.

(1)) and the dry reforming of methane (DRM, Eqn. ( 2)) reactions catalyzed by Ni NPs supported on alumina. The WGS is an important industrial technology for hydrogen production [7] and the DRM allows the transformation of natural gas into syngas (CO/H 2 mixture) in the industrially-relevant gas-to-liquid chain for the production of synthetic fuels, [8] being an interesting alternative to the commonly used steam reforming of methane which enables the conversion of CO 2 into value-added products.

CO (g) + H 2 O (g) = CO 2(g) + H 2(g) ∆ r H°= -41.1kJ.mol -1 (1) CH 4(g) + CO 2(g) = 2 H 2(g) + 2 CO (g) ∆ r H°= 247.4 kJ.mol -1 (2)
The two reactions are both catalyzed by Ni NPs supported on Al 2 O 3 and present several common intermediates and elementary steps (Fig. 4a), namely the CO 2 -to-CO (or the reverse, for WGS) transformation. [9] However, because of very diverse thermodynamics, they are performed at significantly different temperatures, 300 and 650 °C for WGS and DRM, respectively, which could affect the preferred reaction mechanisms. In Al 2 O 3 -supported Ni NP catalysts, like in the majority of industrial NP catalysts, an oxide material is used to ensure the stability on stream, which provides additional interface sites on the metal/oxide boundary whose role in catalysis is often invoked and consequently highly debated (Fig. 4b). [10] Therefore, a detailed understanding of WGS and DRM mechanisms and especially the active sites (e.g. sites on the bare Ni NP vs. the Ni/Al 2 O 3 interface) is desirable, but also challenging due to the complexity of the WGS and DRM reactions, displaying several elementary steps which may all take place on each of the available surface sites and are all potentially rate-determining. infinitesimal rate increase do not impact the global reaction rate. Similarly, a degree of thermodynamic rate control X TRC,i can be evaluated to identify reaction intermediates whose stability affect the overall rate. [6d] The DRC analysis is thus equivalent to the introduction of infinitesimal perturbations to the energy of each TS or intermediate of a given reaction network while monitoring changes on the outcome of the reaction, i.e. the conversion, as illustrated in Fig. 3. The information obtained from a DRC analysis is valuable for catalyst design, since it directly shows which intermediate(s) and TS(s) need to be stabilized (or de-stabilized) for the desired effect on the overall rate and selectivity. Indeed, the use of microkinetic models associated to DRC analysis has become standard in catalysts screening studies and also provided a broader mechanistic understanding for numerous reactions catalyzed by metal NPs as compared to the analysis of PESs alone. [4] Fig. 2. Microkinetic models as a part of a multi-scale approach to link the atomistic (first principles calculations) with the macroscopic (experiments) scales. In the figure, ∆S act and ∆H act correspond to activation entropy and enthalpy for a given reaction elementary step, respectively, T to the temperature, P to the pressure, feed to the initial composition of reactants, r i to the rate of the elementary surface reaction i, A i * to the coverage of adsorbates taking part in reaction i and R to the universal constant of the gases. Fig. 3. DRC analysis pictured as infinitesimal perturbations to the Gibbs free-energy of each i-th TS and intermediate (int.) of the reaction network to evaluate the degree of rate control (X RC ,i) and degree of thermodynamic rate control (X TRC , i ) quantities, respectively, associated to each reaction step. In the figure, G corresponds to Gibbs free-energy and r.c. to an arbitrary reaction coordinate.

Evaluation of PES by DFT to Determine the Active Sites

The interaction of several molecules involved in the WGS and DRM reaction networks with Ni vs. Ni/Al 2 O 3 interface sites has been evaluated by DFT using Ni cluster models supported on Al 2 O 3 surfaces. Interface sites were shown to strongly adsorb CO [11] or activate H 2 , CH 4 , [12] H 2 O and CO 2 [13] molecules with lower energy barriers compared to bare Ni sites located on the metal NP surface, presumably making the overall WGS and DRM easier at the interface. In particular, CO 2 direct activation, forming CO and O fragments in one elementary step, was shown to be much less energy-demanding on Ni/Al 2 O 3 interface sites containing Lewis acidic Al atoms of the (110) γ-Al 2 O 3 surface in the vicinity of the NP compared to bare metal sites on the Ni 55 cluster model with ca. 1 nm diameter (PESs shown in Fig. 5a). [13a] Based on these results, both the WGS and DRM reactions could be proposed to occur preferentially via mechanisms operating on the metal/oxide interface. The PESs for the full catalytic cycles for the WGS and DRM reactions including the main proposed mechanisms were also evaluated on Ni and Ni/Al 2 O 3 sites by DFT (Fig. 5b), from which the reaction freeenergy span could be evaluated. [13b] Whereas the WGS reaction on Ni NP sites involves a free-energy span of 166 kJ.mol -1 , the reaction on the Ni/Al 2 O 3 site is associated with 222 kJ.mol -1 . In the case of DRM, the free-energy spans correspond to 225 and 246 kJ.mol -1 for Ni NP and Ni/Al 2 O 3 sites respectively. Therefore, based on the span model, the interface should be less active than the Ni sites. This is in contrast to the proposed role of the interface in favoring the WGS and DRM reactions based on the easier activation of CO 2 and H 2 O on the interface compared to Ni as shown by the DFT-evaluated PESs, so one may wonder which of these contradictory interpretations is the correct one. 

From PES to Formation Rates Using Microkinetic Modeling

In order to have a better description of the catalytic process, including the effect of the different temperatures of WGS and DRM on reaction mechanisms and preference for metal vs. metal/ oxide interface active sites as well as the complex reaction networks, the DFT data was used to construct a mean-field microkinetic model. [13b] Periodic DFT calculations were carried out with the VA SP code, [14] using the PAW method (plane-wave basis set with pseudopotentials) and the PW91 exchange-correlation functional. [15] Kinetic modeling simulations were performed using the Chemkin ® software [START_REF]Chemkin-Pro 15131[END_REF] and a plug-flow reactor model. Within the mean-field approximation, the system is considered well-mixed, i.e. the reaction rates are calculated from the average coverage of surface species considering that they occupy adjacent sites on the surface of the catalyst allowing their reaction. The effect of the formation of separated domains of adsorbed species, which could decrease the probability of finding adsorbates in adjacent sites thus decreasing the reaction rate, is not modeled within this approximation. The kinetic model is dual-site and includes two different surface sites simultaneously, corresponding to the Ni NP surface to the Ni/Al 2 O 3 interface. It contains six adsorption elementary steps describing the adsorption and desorption of reactants and product molecules on each of the sites as well as 27 surface reactions describing transformations on the Ni NP as well as on the Ni/Al 2 O 3 interface. The set of surface reactions contains the most favorable WGS and DRM mechanisms on Ni identified by previous DFT studies. [9,[START_REF] Fan | [END_REF] The same model was used for the evaluation of both WGS and DRM reactions. Further computational details are available elsewhere. [13b] From the steady-state rates of each individual reaction step of WGS and DRM reaction networks obtained from the microkinetic model (Fig. 6a 

Experimental Verification of Active Site Requirements

If the active sites for WGS and DRM are different, as proposed by the microkinetic model, the reaction rates must depend on the proportion of interface sites present in Al 2 O 3 -supported Ni NP catalysts and thus on the NP size in a different manner for each of the reactions. This is because the evolution of the proportion of perimeter sites at the metal/support interface and surface sites with the NP diameter is different and decays as ~dp -1.9 and ~dp -0.9

, for perimeter and surface sites, respectively. [10b,18] In fact, γ-Al 2 O 3 -supported Ni catalysts with different NP sizes behave differently in WGS and DRM reactions when the reaction rates are plotted against the average diameter of the catalyst particle (Fig. 6b.1). [19] The obtained dependence of WGS and DRM reaction rates on the NP diameter indicates that WGS is more efficiently promoted by sites residing in the Ni/Al 2 O 3 perimeter whereas DRM is rather related to the total number of exposed metal atoms, since the evolution of the reaction rates with the diameter of the catalysts (~d p -0.5 and ~dp -1.4 for WGS and DRM respectively) is similar to the evolution of the proportion of perimeter sites and surface sites with the NP diameter (Fig. 6b.2). Therefore, both experiments and microkinetic modelling confirm the different active site requirement in these reactions.

Perspectives and Conclusion

The multi-scale approach based in microkinetic models to understand catalytic processes catalyzed by metal NPs via the ab initio route presents several approximations that may be severe in some cases and which therefore should be further addressed. Firstly, since reaction rates depend exponentially on the enthalpy and entropy of surface reactions (Fig. 1b.1), small energy or entropy differences will produce large differences in rates. In this respect, the evaluation of energy with DFT may need to be done beyond the typically used generalized gradient approximation (GGA) for the exchangecorrelation energy for improved accuracy (e.g. meta-GGA or hybrid functionals). [10a,20] Furthermore, when anharmonic effects or degrees of freedom other than the vibrational ones (translations, rotations) are relevant for adsorbate entropy, the commonly used harmonic approximation may introduce considerable errors. [21] Both these options represent, however, a sensible increase in the computational cost, which may be prohibitive depending on the size of the model system and complexity of the reaction network.

Another challenge is the representation of adsorbate-adsorbate interactions on highly-covered surfaces [22] and adsorbate gradients, [23] which can be tackled with the use of models beyond the mean-field approximation (e.g. kinetic Monte-Carlo). In particular, the energetics of a process occurring at high coverages may not be simply extrapolated from low-coverage calculations and may need to be more carefully evaluated in some cases (e.g. by using ab initio molecular dynamics methods). [24] Finally, the choice of model system is also a difficult task when numerous facets on metal NPs [25] or metal/ oxide interfaces [26] are possible, not to mention NP size effects. [27] In spite of such limitations, the use of first principles multiscale models including kinetic analyses, which take into account the reaction conditions and the complexity of intricate reaction networks, has become a powerful tool to distinguish mechanisms and active sites operating in transition metal NPs, as illustrated here for the case of metal/oxide interfaces in the WGS and DRM reactions catalyzed by Ni NPs supported on Al 2 O 3 . Further developments of computational methods and realistic model systems ought to lead to a more comprehensive understanding of catalytic processes catalyzed by metal NPs via first principles.

Fig. 1 .

 1 Fig. 1. (a) Common approaches to address reaction mechanisms and active sites on NP catalysts using DFT calculations: (a.1) evaluation of PESs for selected reaction steps, focusing on the adsorption (Gibbs) free-energy (G ads ) of intermediates (adsorbed species denoted by A*) and activation free-energies (G act ) to achieve TSs and (a.2) Evaluation of free-energy span (G span ) of full catalytic cycles. (b) Limitations of PES analysis and span model: (b.1) the rate of surface reactions depends on adsorbate population (coverage of the reacting species) and (b.2) reaction networks typically display interconnected pathways, with common intermediates. In the figure, G corresponds to Gibbs free-energy, r.c. (reaction coordinate) to an arbitrary reaction coordinate, ∆S act and ∆H act to activation entropy and enthalpy, respectively, R to the universal constant of the gases and T to the temperature.

Fig. 4 .

 4 Fig. 4. (a) Representation of the main WGS (in red) and DRM (in blue) reaction mechanisms with common intermediates (CO 2 *, CO* and O*) highlighted. (b) Schematic representation of nanoparticle (Ni) and interface (Ni/Al 2 O 3 ) sites present in Al 2 O 3 -supported Ni NP catalysts. Ni, Al and O atoms are shown in blue, magenta and red, respectively, in (b). Adapted from ref. [13b].

Fig. 5 .

 5 Fig. 5. Atomistic modeling: reaction energy profiles evaluated by DFT on nanoparticle (NP, in blue) and interface (IN, in red) sites present on Al 2 O 3supported Ni NP models. CO 2 adsorption and activation: (a.1) free energy profiles (at 300 °C) and (a.2) structure of the identified TSs. Ni, Al, O and C atoms are shown in blue, magenta, red and gray, respectively. (b) Free energy profiles evaluated at 300 and 650 °C for the full catalytic cycles of WGS and DRM, respectively, with indicated free energy spans. Adapted from refs [13b] and [13a].

  ), the main reaction pathway is associated with the Ni/Al 2 O 3 interface for the WGS, whereas both Ni NP and Ni/Al 2 O 3 sites are active for the DRM. The DRC analysis shows that the most RDSs of WGS and DRM are not the activation of reactants, but the dissociation of adsorbed hydroxyl groups (denoted OH*) and the CH* oxidation reaction with O*, respectively. The surface hydroxyl (OH*) and oxygen (O*) participating in these RDSs are much more available at the Ni/Al 2 O 3 interface due to their favorable binding to Al 2 O 3 Lewis acidic Al atoms on the perimeter of the Ni NP. During WGS at 300 °C, the NP is highly poisoned with adsorbed CO* and lacks OH* groups, so that the presence of interfacial OH* boosts the overall reaction rate at the interface. Conversely, during DRM at 650 °C, the coverage of adsorbed CO* on the Ni NP is rather low and O* is readily available within the metal, making the presence of interfacial O* not significant to the overall catalytic activity.

Fig. 6 .

 6 Fig. 6. (a) Kinetic modeling: net reaction rates for the main individual elementary steps of WGS and DRM reaction networks calculated with a DFTderived dual-site (nanoparticle and interface) microkinetic model for Al 2 O 3 -supported Ni NP catalysts. Thick arrows indicate the preferred reaction channel. WGS reaction conditions: 300 °C, 1 bar, feed composition (molar fraction) 0.10 H 2 O, 0.10 CO, 0.80 N 2 . CO conversion: 10%. DRM reaction conditions: 650 °C, 1 bar, feed composition (molar fraction) 0.45 CH 4 , 0.45 CO 2 , 0.1 N 2 ; CH 4 conversion: 25%. (b) Experiments: (b.1) Measured reaction rates as a function of NP diameter (d p ) for Al 2 O 3 -supported Ni catalysts (logarithm scale) for WGS reaction at 300 °C (CO conversions between 12 and 15%) and DRM reaction at 650 °C (CH 4 conversions between 27 and 29 %). The experimental feed compositions are the same as those used in the kinetic model. (b.2) Evolution of rates and fraction of types of exposed metallic sites. Adapted from ref. [13b].
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