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Structure and activity of supported bimetallic NiPd nanoparticles: influence of preparation method on CO2 reduction

Keywords: bimetallic, CO2, segregation, alloy, activity

Bimetallic Ni-Pd and Ni, Pd reference catalysts were prepared by decomposing organometallic precursors, Ni(cod)2 and Pd2(dba)3, leading to nanoparticles with sizes ranging from 3 to 6 nm. Two different synthesis procedures were followed: i) solution synthesis using capping ligand (hexadecylamine) followed by impregnation of pre-formed nanoparticles on SiO2, called Sol-immobilization (SI); and 2) direct precursor decomposition onto SiO2, without stabilizer, called Direct Decomposition (DD). Samples prepared by SI procedure are alloyed bimetallic nanoparticles, whereas samples obtained by DD one show phase segregation. Interestingly, DD samples show better activity for CO2 hydrogenation into CO (reverse water-gas shift reaction -RWGS), than SI ones. The 1Ni:1Pd DD sample, that has the lowest activation energy for RWGS, shows high concentration of surface undercoordinated sites. These sites chemisorb CO weakly, thus improving activity in RWGS, in opposition to other samples that chemisorb CO strongly, in multibond configuration, having lower activity and selectivity. The results indicate that different decomposition rates drive the formation of smaller and more active Ni clusters, when in presence of Pd. However, the knowledge acquired here on the influence of synthesis conditions on the catalytic properties of Ni-Pd catalysts should help in finding better catalysts for CO2 transformation.

Introduction

Carbon dioxide, generated in several industrial chemical processes is a greenhouse gas which made the scientific community to boost efforts in its recycling using catalytic chemical processes, in order to produce value-added chemicals. The reverse water-gas shift (RWGS) reaction converts CO2 into CO (∆H 0 =41 kJ mol -1 ) and is among the possible ways to reuse CO2 by means of an integrated RWGS/Fischer-Tropsch synthesis. One main drawback of RWGS is the selectivity towards CO at low temperature, since the hydrogenation of CO2 to CH4 is a thermodynamically favorable side-reaction (∆H 0 =-164 kJ mol -1 ). In principle, RWGS reaction can be seen as intermediary step to the methanation process, since the CO formed can be hydrogenated to methane, [1] and also for other hydrocarbon processing like oxidative dehydrogenation of alkanes [2] and reforming reactions. [3,4] RWGS is also an important model reaction to study structure and activity correlations. The H2/CO2 molar ratio and the metal particle size in the catalysts are mostly reported as factors that influence the catalytic selectivity in RWGS. [5,6] A high H2 concentration is known to enhance the hydrogenation to methane. [7] Small nanoclusters generally improve the selectivity to CO, [6] which might be due to the higher density of low-coordinated atoms on top of small nanoclusters, [8] while larger particles size and high metal loadings have been associated to CH4 production, [9,10] although there is still discussion about the particle size effects on pathways of CO2 reduction reactions. [11] Nickel is a classical hydrogenation catalyst that is typically used for the hydrogenation of CO2 to methane. [12,13] This metal is of interest due to its relatively low-price, high abundance and elevated activity. [14,15] It is believed that a support-metal interaction can influence CO2 activation. [16,17] H2 dissociation occurs on Ni surface, which provides H atoms able to reduce CO2 to CO or directly to CH4, or also the hydrogenation of the formed CO to CH4. The reaction pathways depend strongly on the structure of Ni sites. But Ni usually suffers deactivation with time on stream due to sintering, coke formation, and sometimes oxidation. Bimetallic compounds are a frequently used strategy to improve stability and selectivity. [18] Pd, like Ni, is a metal that can easily dissociate H2, and is also known as a catalyst for hydrocarbon transformation and oxidation reactions. [8,19,20] However, the high cost of Pd prohibits its large-scale use as a promoter, in favor to more abundant and low-cost metals. Theoretical calculations on different metal surfaces demonstrated that Ni has a d-band center energy closer to the Fermi level than Pd; [21][22][23] also the O binding energy on Ni is higher than on Pd, and the activation barrier for O bonding to the metal surface is lower on Ni compared to Pd. [8] In terms of CO chemisorption energy, Ni values (BECO= 2.17 eV) are slightly higher than Pd (BECO= 2.36 eV). [8,22] Hence, Ni appears to be more reactive towards *CO, *O and *H, and more oxophilic than Pd. The alloying of Pd with Ni has a lower effect on disturbing Pd electronic properties, but the addition of Pd to Ni surfaces could slightly decrease the reactivity of Ni, thus decreasing the CO bonding energy to the catalyst surface. This, in turn, can help CO desorption to gas phase. Additionally, except for tetrahedron and cubic shaped nanoparticles, NiPd nanoalloys are found to be relatively stable in a broad range of compositions. [24] The organometallic complex Ni(cod)2 has been described as a good precursor to Ni clusters, [25,26] being easily decomposed under H2 atmosphere at low temperature that leads to well-defined particle size distribution and existence of Ni(0) species if caution is taken. [27] The direct preparation of Ni 0 avoids an additional thermal procedure usually necessary to reduce Ni 2+ species to metallic state. [28] We previously reported the direct deposition of Ni 0 nanoparticles (Ni NPs) by the in-situ decomposition of the organometallic precursor Ni(cod)2 over silica-coated magnetite nanoparticles, [25] which resulted in a very active nickel catalyst for hydrogenation of cyclohexene under mild conditions. On the contrary, sol-immobilization of pre-formed Ni NPs prepared by decomposition of Ni(cod)2 in hexadecylamine media produced poorly active Ni catalyst. The organometallic complex Pd2(dba)3 is also known as a good precursor for Pd NPs, being also easily decomposed in mild reaction conditions. [26] Interestingly, we have also reported the controlled synthesis of well-defined Pd and NixPdy NPs using hexadecylamine (HDA) as a stabilizer, which were successfully deposited onto silica-coated Fe3O4 nanoparticles [26] by the sol-immobilization method for application in hydrogenation catalysis. In this previous work, excess HDA was removed during a postimpregnation washing step with pentane, but HDA was still present at the metal surface. To avoid the interference of HDA, in the present work we are investigating the synthesis of NiPd NPs by direct co-decomposition of parent organometallic precursors over the support without adding a stabilizer.

Herein, the advantages of using Ni(cod)2 and Pd2(dba)3 organometallic complexes were explored for the synthesis of well-defined Ni and NiPd NPs. Different Ni:Pd molar ratios have been applied in order to modify the electronic structure of Ni in a controlled way and to investigate the composition/structure effect on RWGS. Colloidal NiPd NPs were synthesized using HDA as a stabilizer and then deposited onto a support by taking advantage of our previous knowledge to achieve well-defined alloyed bimetallic systems, in order to rationalize the effect of Ni/Pd composition on RWGS. Also, in order to obtain more realistic catalysts, a direct co-decomposition of the two organometallic precursors over the support was performed without capping ligand. To accurately study the compositional and size effects, SiO2 nanospheres were used as a support. These catalysts were evaluated in RWGS reaction at low H2 partial pressure in order to limit the CH4 formation, by decreasing the equilibrium constant for the hydrogenation reaction pathway.

Results and Discussion

Metal composition, particle size distribution and NiPd configuration in bimetallic catalysts

The metal content and the bulk Pd concentration, determined by ICP-OES, and the surface Pd concentration, determined by XPS, for the two series of catalysts are summarized in Table 1.

The catalysts prepared by the direct decomposition of organometallic precursors on functionalized silica support (DD) present a concentration of NiPd metal at least 4 times larger compared with preformed colloidal nanoparticles on the same support. The presence of capping ligand (hexadecylamine, HDA) with long carbonic chain may explain this difference, as the result of a steric hindrance around the NPs that limits their incorporation onto the amino-functionalized silica support. [26] The bulk and surface Pd molar fractions calculated from experimental results (ICP-OES and XPS) were found to be close to the nominal values.

These results suggest that the Ni and Pd elements are well-distributed in the catalysts; however, the characterization of bimetallic nanoparticles is a difficult task owing to different possible structures, such as core-shell, ordered or disordered alloys, or even segregated phases. More information was obtained by morphological analysis (vide infra).

In order to compare the two preparation methods, a structural analysis of the Ni, Pd and NiPd catalysts was done. The characterization of the catalysts prepared by solimmobilized method (SI) was reported in a previous work. [26] The TEM images of the catalysts prepared by the direct decomposition method (DD) are shown in Supplementary Information (Figure S1) and the histograms of particle size distributions are given in the (Figure S2). With mean sizes in the range of 3.2 to 4.2 nm, the nanoparticle sizes of DD samples are quite lower than those for SI samples where mean sizes in the range of 4.2 to 6.3 nm were observed. However, size distributions are comparable for both methodologies.

A comparison of elemental content, morphology and structure in supported catalysts prepared by DD and SI methodologies was investigated by high-resolution STEM with EDS elemental mapping for the representative NiPd (1:1 molar ratio) (Figure 1). The results for Ni5Pd5 DD catalyst (Figure 1a-d) show segregation of small Ni clusters and larger Pd NPs.

Metal segregation usually derive from the different decomposition kinetics of Ni(cod)2 and Pd2(dba)3 precursors, which may induce a successive metal deposition on the support instead of allowing the kinetic control necessary for alloy formation. In contrast, for the SI samples, the mapping results (Figure 1e-h) revealed homogeneous metal distribution attesting of the formation of alloyed nanoparticles. This can be explained by the better conditions offered by the solution synthesis method applied for elaborating the SI catalysts.

X-ray diffraction patterns were recorded for NiPd DD samples (Figure S3). Due to their low metal content, no XRD peaks were detected for SI samples. The obtained XRD patterns for NiPd DD catalysts show an amorphous halo from SiO2 and diffraction peaks assigned to the Fe3O4 core, at ca. 30.5, 35.5, 43.4, 54.0, 57.4 and 63.0 o mainly. Additional peaks can be attributed to metallic Ni (ca. 44.5° at Ni DD) and metallic Pd (ca. 40.2° and 47.1° at Pd DD). The Ni5Pd5 DD sample did not show reflections that could be attributed to pure Ni, but this can be expected if very small clusters have been obtained. Also, the Pd XRD peaks did not show any shift to higher 2θ values as can be expected when alloying with Ni. [29] These results are in agreement with the STEM/EDS analysis showing very small Ni clusters segregated from Pd nanoparticles (Figure 2b-d).

CO2 activation and conversion through RWGS

After reduction treatment at 400 °C for 30 min, the catalysts were tested in the hydrogenation of CO2 reaction using 1:1 (CO2:H2) gas composition in a temperature range from 150 to 700 o C. The curves of conversion obtained as function of temperature for all NixPdy catalysts are shown in Figure 2. CO2 conversion starts at about 250 °C for the sample of pure Ni whatever the preparation method. Pure Pd catalysts (Pd DD) sample showed an onset temperature for CO2 conversion at around 450 °C and at temperatures higher than 600 °C for the Pd SI sample.

The addition of Pd to Ni shifts the CO2 conversion to higher temperatures for the SI samples (Figure 3b). Among the DD samples, the Ni5Pd5 DD starts the reaction at the same temperature as pure Ni1 DD while the Ni1Pd9 DD sample becomes active at ca. 350 °C (Figure 3a). Regarding the selectivity, the CO and CH4 formation rates as function of temperature are shown in Figure 3. All the samples displayed low formation of methane (quantities in the range of 2% in molar fraction at the reactor outlet) but that of CO as the main product, thus showing a high selectivity towards RWGS. The overall rate of methane formation is given in Table 2 for all catalysts.

Pure Ni and Ni-rich samples presented higher methane formation rates, with Ni SI sample showing the highest rate of CH4 formation at 400 o C (Figure 3d). Interestingly, for DD samples, the methane formation was almost the same for Ni DD and Ni5Pd5 DD (Figure 3c).

The temperature of maximum methane formation follows well the conversion curves, i.e. the methane starting to be formed when CO2 starts to be converted. Ni1 DD and Ni5Pd5 DD catalysts showed a maximum methane formation temperature of 450°C, whereas for Ni1Pd9 DD and Pd DD it was 550°C. For the SI samples, the rate of methane formation decreased at higher Pd loading, being Pd SI the sample that yielded the lowest amount of CH4 (Figure 3d).

Regarding the temperatures for maximum CH4 formation, it was at 400 °C for Ni SI, and 550 °C for the Ni5Pd5, Ni9Pd1 and Pd1 SI samples.

The apparent activation energy (Ea app ; Table 2) was estimated at conversion rates lower than 25% from Arrhenius plots (Figure S4). For the SI catalysts the Ni1 SI sample provided the lowest value, namely 79 kJ mol -1 ; the addition of Pd led to an almost monotonically increase of the Ea app , achieving 122 kJ mol -1 for Pd1 SI sample. For the DD samples, surprisingly, the lowest value was observed for Ni5Pd5 DD sample, namely 51 kJ mol -1 . Pd1 DD showed the highest value 86 kJ mol -1 and the other catalysts presented activation energies in the range of 50-70 kJ mol -1 . These results show that the apparent activation energy is higher for pure Pd than with pure Ni. This can be explained by the electronic configuration of Pd, which has a lower d-band energy than Ni and, consequently, a lower reactivity. [21] Concerning the bimetallic NiPd DD samples, there is no clear correlation between metallic composition and Ea app . But, increasing the Pd content up to 1Ni:1Pd led to a decrease in the energy barrier values; nevertheless, on Pd rich samples the values start to increase again, agreeing with the expected trend based on reactivity of both metals. Regarding CH4 formation rate (rCH4, Table 2) in general, higher Pd content led to a decrease of the rCH4 for the DD and SI samples, except for pure Pd. A good compromise between activity for CO2 activation and selectivity towards RWGS was achieved with catalyst Ni5Pd5 DD, with Ea app remarkably lower and a rCH4 lower than those of pure Ni catalyst.

Ni-Pd surface interaction and its influence on CO chemisorption

XPS results are summarized in Table 3 and spectra presented on Figure S4. For the Ni1 DD sample, there is a main Ni 2p3/2 peak centered at 853.4 eV, which is characteristic of NiO species. The small XPS peak at 852.5 eV is assigned to metallic Ni. For the Ni5Pd5 DD catalyst, a major peak is observed at ca. 855.0 eV, with a well-defined satellite at ca. 860 eV that can be assigned to Ni(OH)2 species. The very low intense spectra of Ni1Pd9 DD sample show a main peak at 856.3 eV with a satellite at ca. 861.6 eV, again assigned to Ni(OH)2 species, shifted to higher BEs, probably due to interaction with Pd. The Ni1 and Ni5Pd5 SI samples both show a main peak at ca. 853 eV, characteristic of NiO species. Ni1Pd9 SI sample also show a main peak shifted to higher BE values at 854.6 eV that can be assigned to NiO species, interacting with Pd.

At Pd 3d level, the DD samples showed contribution of two well-defined peaks typical of metallic Pd and PdO species: namely at ca. 335 and 336.6 eV for Pd1 DD, 335 and 337 eV for Ni1Pd9 DD, and 334 and 335.8 eV for Ni5Pd5 DD, which might be shifted to lower BE values due to some interaction with Ni. For all SI samples, a higher concentration of metallic Pd was observed indicating that the HDA capping ligand limits surface oxidation of the NPs in some extent. For the Pd1 SI and Ni1Pd9 SI samples, main peaks that are typical of metallic Pd and PdO species were found at ca. 335 and 337 eV, respectively. For the Ni5Pd5 SI two main peaks were observed at 335.6 and 337.8 eV, with a higher intensity for the last contribution, assigned to PdO.

The XPS data collected for the two sets of catalysts showed that in general the nanoparticles are in metallic state, with surface oxidation, in a core-shell like structure. The spectra of the parent metal catalysts (Ni1 DD, Pd1 DD, Ni1 SI and Pd1 SI) resemble to what can be expected for small nanoparticles of the respective elements. Importantly, for SI samples, the total metal content is lower than on DD ones, in good agreement with the metal content determined by ICP OES analysis. The bimetallic samples presented more complex spectra, which can be attributed to interaction between the Ni and Pd. At Ni 2p level, the presence of Ni(OH)2 species detected for Ni5Pd5 and Ni1Pd9 DD samples indicates that segregation of Ni probably occurs, and that this Ni might be in close interaction with SiO2 support that naturally has surface silicon hydroxyl species. For the bimetallic samples with higher Pd thus evidencing a contribution of the less oxophilic Pd metal that withdraws electron density from Ni. Likewise, at Pd 3d level, the spectrum of Ni5Pd5 DD sample is shifted to lower from charge transfer from Ni to Pd. [30] If during the preparation of DD samples, there is formation of segregated Ni particles, however, the bimetallic NiPd structure might still be present. Due to the absence of capping ligands detrimental interdiffusion process can occur and lead to element reconfiguration in the bimetallic nanoparticles [31] . Strong chemical bonds between Ni and hydrogen-containing adsorbates (such as surface hydroxyls) can also drive alloy segregation. [32] On the contrary, for the SI samples, the Pd showed lower PdO contribution, and the BE values agree better with that expected for Pd, except for Ni5Pd5 SI sample, that shows a higher contribution of PdO. The Ni 2p spectra showed mainly NiO species, with some charge transfer occurring on the Ni1Pd9 that can result from interaction with Pd, and lead to shifting of the spectrum to higher BE values.

The DRIFTS spectra recorded after CO chemisorption on the surface of reduced catalysts are shown in Figure 4. The high frequency (HF) bands in the region of 2080-2020 cm -1 are assigned to linear carbonyls bonded to metallic Ni, Pd sites. The low frequency (LF) bands at 2000-1850 cm -1 range are assigned to CO in multibond (bidentate, bridge and 3-fold configuration). The HF bands are associated with CO in weak bonding configuration to the metal surfaces (*COw), while, the LF bands correspond to CO strongly chemisorbed to the metal surface (*COs). [33] On pure Ni samples, bands at ca. 2020 cm -1 can be attributed to linear carbonyl species on planar crystal planes. [34] Linear carbonyls at ca. 2050 cm -1 visible on Ni samples (Figure 4), can be attributed to CO adsorbed on top of low-coordinated Ni, [34,35] a characteristic of highly dispersed Ni. [36] Comparing the two synthesis methodologies, on the Ni1 DD, the 2050 cm -1 band is more prominent than that Ni1 SI sample, which suggesting i) the presence of smaller NPs in the DD system or ii) the partial coverage of these lowcoordinate sites by remaining HDA. The multibond species observed at ca. 1900 cm -1 can also give information about nanoparticle size and dispersion, with higher intensity bands being expected on larger NPs. [37] This can be observed on Ni1 SI sample, where the band at 1910 cm -1 is significantly more intense than that in the linear region. On the Pd samples (Figure 4d), the multibond CO configurations are significantly larger than the linear ones. For DD samples, two bands are observed at ca. 1980 and 1955 cm -1 , as well as low intensity HF (*COw) bands at ca. 2055 and 2075 cm -1 . On the other hand, for the SI, a very intense band at ca. 1945 is visible (*COs); also, the HF bands are very low intense. CO chemisorption probed by FTIR is a powerful tool in order to investigate metal nanoparticles characteristics, such as particle size, electron density on surface, exposed facets, support interactions, nature and population of different active sites. [38] Nevertheless, the independent investigation of these features is difficult. The higher *COs intensities compared to those of *COw for pure Pd catalysts, is reported in the literature to occur at lower CO coverages (symbolized as ). [39] The linear modes appear as the coverage increases (=0.75).

In terms of nanoparticle size, different interpretations are reported in the literature. Szanyi and Goodman [40] describe that on small nanoparticles of ca. 10-50 atoms, linear Pd carbonyls dominate in opposition of bridging CO. However, with Pd nanoparticles such as those presented here, and the DRIFTS configuration, with high CO partial pressures, the very low intensity of *COw bands observed (Figure 5d, right) can be explained by the presence of remaining hexadecylamine capping ligand more strongly bonded to low coordinated Pd sites on the Pd SI sample. This is supported by the fact that the presence of HDA was observed by N 1s XPS spectra in significant surface concentration, even higher than Ni+Pd ones (Table 3).

In the Ni case, the higher predominance of linear CO modes (Figure 4a), is indicative of a more heterogeneous surface, with terrace planar sites and edge sites in similar proportion; it also indicates a higher reactivity of the Ni sites, due to higher density of Ni in lowcoordination configuration.

The higher intensity of linear carbonyls observed on Ni5Pd5 DD compared to other samples can be explained by 1) changing the NiPd alloy metal bond length in terms that it can hinder the CO in multibond configuration and 2) increase of low coordinated Ni,Pd sites, that are more prone to adsorb linear carbonyls, in the form of Ni,Pd(CO)4; as these sites are more reactive, the CO bonding strength is lower and can be desorbed easily. For more clarity, the Ea app and the ratio of CO weakly to CO strongly (*COw/*COs) bonded to surface are plotted as function of Pd molar fraction (Figure 5). The higher presence of low-coordinated sites is the consequence of smaller nanoparticle sizes, like that encountered in Ni5Pd5 DD sample (Table 1, Figure 5). Nevertheless, a compensation of the amount of such low coordinated sites (particle size) and the nature of the metal dictates the reactivity. As showed by Dietz et al., the binding energy of CO to Pd surfaces is slightly lower than to Ni surfaces, [22] whereas the O binding energy to Ni (-5.69 eV) is significantly lower than on Pd (-4.75 eV). It is worth noting that binding energy is defined as the total energy of slab with chemisorbed molecule minus the sum of the total energies of clean slab and free molecule, thus a more negative value indicates a more exothermic chemisorption. [22,23] Therefore, Ni sites are more reactive towards O and less stable CO are formed on Ni compared to Pd; chemisorbed CO can be more stable on less reactive Pd surface. These literature data are in good accordance with our experimental observations, where the Pd-rich samples are in general less active than Ni-rich ones, with conversion degrees significantly lower at a given temperature. On the SI samples, the weak HDA ligand can bond preferentially to the most reactive low coordinated metallic sites, which are the ones expected to adsorb CO linearly, and deliver gas phase CO. This is in good agreement with both the Ea app values and the low *COw/*COs ratio values encountered for this set of samples. In terms of selectivity, in general the Pd-rich samples are less prone to CO2, CO hydrogenation to CH4. The CO-DRIFTS and reactivity results show that if the Pd NPs were active in the same temperature range than Ni, CH4 formation was supposed to be significantly higher than on Ni NPs, taking into account the lower binding energy of CO on Pd surfaces compared to Ni. [22,23] However, at the temperature ranges where Pd is active, in this case, CH4 formation from Sabatier (Equation 1) reaction is not favored.

(1)

These findings are pointing out to the different nanoparticle self-assembling process. Without SiO2 in the medium but with capping ligands, the decomposition of organometallic precursors follows the adequate kinetic control to produce Ni-Pd nuclei. Without the capping ligands, the assembling of the Ni and Pd nuclei was more difficult, and even more due to the presence of SiO2, which address the fast metal deposition on its surface, two parameters that do not allow the formation of bimetallic alloy. The higher Ni(COD)2 reactivity drives the formation of small nanoclusters, interacting strongly with the surface, helped by the -OH terminations on the surface. Pd2(dba)3 precursor, on the contrary, can produce nanoparticles easily in such conditions. These different arrangements are directly related to the catalytic activity in a model reaction such as RWGS.

Conclusion

Two synthesis methodologies were explored in order to produce well-defined bimetallic NiPd nanoparticles starting from organometallic complexes at the metal source, focusing on the catalytic activity for CO2 conversion. Nanoparticles with average nanoparticle sizes in the range of 3 to 6 nm were pre-stabilized with HDA and then deposited onto SiO2 by simple impregnation method which led to metal loadings ranging from 0.6 to 1.0 wt% (SI samples).

XPS and TEM analyses showed the formation of nanoalloys whatever the Ni/Pd ratio. When the decomposition of the organometallic precursors was performed directly onto SiO2 and in the absence of capping ligands, the decomposition and nucleation process were boosted, which did not allow the formation of nanoalloys. These DD samples showed a total metal content in the range 2 to 3 wt% that contained nanoparticles of mean sizes ranging from 3 to 4 nm. The XPS and TEM investigation showed that segregated Pd nanoparticles and very small Ni nanoclusters were produced in that case.

The obtained two sets of catalysts were then applied in the CO2 transformation into CO focusing on RWGS model reaction. SI samples showed a typical behavior of the conversion rate shifting to higher temperatures with increasing of Pd content. Selectivity to CO improved following the same trend, which can be due to the CO2 conversion in temperature regimes were CH4 is unfavorable. On the contrary, the DD samples appeared active for CO2 activation at lower temperatures compared to their SI counterparts, which can be explained by the absence of capping ligands and the general lower nanoparticle sizes, especially the Nicontaining catalysts, for which the results obtained led us to conclude that more active isolated Ni clusters are present. With Ni:Pd ratio of 1:1, surprisingly, the conversion degree and selectivity to CH4 and CO is similar to pure Ni, but with a lower energy barrier for CO2 conversion; the bimetallic Pd-rich sample presented a behavior more close to pure Pd. This finding was consistent with characterization results that showed the very small Ni nanoclusters segregated from Pd nanoparticles, which in turn are more active than the pure Ni samples themselves.

The FTIR analysis of chemisorbed CO showed that CO was preferentially chemisorbed strongly in bidentate and 3-fold configurations on Pd-rich samples while on Ni-rich ones the linear CO configuration arose. This helped to understand why the Ni-rich samples were more active: the CO weakly bonded to Ni surface is more available to desorb as gas phase CO and to be hydrogenated to CH4 under reaction conditions. These findings helped to understand how the synthesis protocol changed the structure of bimetallic nanoparticles and the consequent behavior under reaction conditions.

Experimental Section

Catalyst Preparation

Magnetic core-shell Fe3O4@SiO2 support material was used for the preparation of the catalysts in order to facilitate their separation being air sensitive synthesis systems. The magnetic support was prepared via a reverse microemulsion route, and further functionalized by a surface reaction with 3-aminopropiltrietoxysilane (APTES), in order to facilitate the impregnation of the nanoparticles, as described in a previous work. [41] No magnetite particles were found outside the SiO2 shell.

The preparation of the catalysts was performed following two different methods: 1) immobilization of preformed colloidal nanoparticles on the functionalized silica support by simple impregnation, samples identified as SI (sol-immobilization method) and 2) direct codecomposition of the organometallic precursors over the support without capping ligand, samples identified as DD (direct decomposition). The metal precursors were used as received and handled in a glove box under Ar atmosphere; the solvents were dried and degassed using standard air sensitive procedures.

The set of SI samples were prepared by a procedure previously described: [26] briefly, Ni and Pd precursors, Ni(cod)2 and Pd2(dba)3, respectively, in desired amounts to give nominal proportions of Ni, 1Ni:1Pd, 1Ni:9Pd and Pd (total 0.9 mmol) were introduced in a Fisher-Porter reactor under inert atmosphere and placed in a cryogenic bath. Then, a toluene solution (30 mL) of hexadecylamine (0.3 mol L -1 ) was added. The reactor was then evacuated (0.2 torr) and pressurized under H2 (3 bar), and the cold bath removed before heating to 110 o C (silicon oil bath). Vigorous stirring was maintained up to 20 h, leading to a black colloidal dispersion containing metal nanoparticles. Afterwards, the NP immobilization was performed as follows: functionalized SiO2 (1 g) support (outgassed for 1 h under vacuum) was introduced into a Schlenk flask followed by the colloidal dispersion (6 mL); the mixture was stirred at R.T. under Ar atmosphere for 2 h. The obtained grey solid was magnetically recovered from the dispersion by simple application of a magnet, and the supernatant was removed with a syringe. The final solid was then dried under vacuum for 1 h (0.2 torr) and stored under inert conditions until use in characterization and catalytic testes.

The set of DD samples was prepared as follows: the functionalized SiO2 (1 g) support was introduced into a Fisher-Porter reactor, followed by air evacuation (0.2 torr) and filling with Ar. Toluene solution (25 mL) of Ni and Pd precursors (0.45 mmol mL -1 ; at desired Ni/Pd ratios) was prepared in a Schlenk flask, under Ar atmosphere. This solution was then transferred to the SiO2 containing reactor, followed by outgassing under vacuum and pressurization with H2 (3 bar). The mixture was then stirred for 1 h at R.T. Afterwards, the solid was washed with dried toluene 5 times, under Ar atmosphere. The final solid was magnetically recovered by simple application of a magnet and dried under vacuum (0.2 torr) for 1 h and stored under air conditions.

The catalysts were labeled as NixPdy DD for the direct decomposition method and NixPdy SI for the sol-immobilization method, with the x and y numbers referring to the nominal Ni:Pd molar ratio (1:0, 1:1, 1:9, 0:1).

Characterization

Ni and Pd contents in the catalysts were determined by ICP-OES. The samples (10 mg) were digested in aqua regia solution (10 mL) at 100 o C for 3 h and analyzed in a Spectro Ciros equipment.

The surface composition of the catalysts was studied by X-ray photoelectron spectroscopy (XPS), using a conventional XPS spectrometer (ScientaOmicron ESCA+) with a high-performance hemispheric analyzer (EAC2000) with monochromatic Al Kα (hν = 1486.6 eV) radiation as the excitation source. The as prepared catalysts were deposited on a carbon tape and loaded to the XPS equipment. The base vacuum was 10 -9 torr. The XPS high-resolution spectra were recorded at a constant pass energy of 20 eV with an energy step of 0.05 eV. The fitting of the XPS components was performed using a Gaussian/Lorentzian function (30/70), and binding energy was referred to the C 1s level of adventitious carbon (284.6 eV).

Transmission electron microscopy was used to evaluate the particle size distribution and morphology. The images were obtained at a Jeol JEM 2100F microscope, with a field emission gun accelerated at 200 kV. The as prepared catalysts were dispersed in isopropyl proceeded up to 700°C, with reaction data acquisition on each 50°C step, for 30 minutes, to reach steady state conditions. The product formation was evaluated using a calibrated mass spectrometer (Hiden Analytical). The gas composition applied for the catalysis tests was 2% CO2 / 2% H2 / Ar balance and a total gas flow of 100 mL min -1 . The reaction rate was evaluated following the Equation 2, where rCO2 is the experimental reaction rate (in mol s -1 gmetal -1 ), X is the conversion degree, FCO2 is the CO2 inlet flow (mol s -1 ) and Wmetal the metal mass (in g). Arrhenius plots were obtained from the reaction rates calculated at maximum conversions of 25%, and the apparent activation energy values (Ea app , in kJ mol -1 ) were obtained from fitting of the experimental data. 
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 1 Figure 1. STEM-HAADF image of the Ni5Pd5 DD (a) and EDS elemental analysis of Ni (b), Pd (c) with color mix image (d); and STEM-HAADF image of Ni5Pd5 SI (e) with the corresponding Ni (f), Pd (g) and color mix image (h) elemental mappings.
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 2 Figure 2. CO2 conversion as function of temperature for the series of Ni-Pd catalysts prepared from Direct Deposition, DD, (a) and Sol-Immobilization, SI, (b) methodologies. Samples were pre-treated under H2 at 400 o C for 30 min; Wmetal=0.5 mg of total metal (Ni+Pd); 1 CO2:4 H2:45 Ar.
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 3 Figure 3: Rates of CO (a,b) and CH4 (c,d) formation from RWGS as function of temperature for the series of NiPd catalysts prepared from Direct Deposition, DD, (a,c) and Sol Immobilization, SI, (b,d) methodologies. Samples were pre-treated under H2 at 400 o C for 30 min; Wmetal=0.5 mg of total metal (Ni+Pd); 1 CO2:4 H2:45 Ar.
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 4 Figure 4: DRIFTS spectra of adsorbed CO at room temperature onto the reduced catalysts at 400 o C, for 1h. (left) NixPdy DD samples; (right) NixPdy SI samples. (a) Ni1, (b) Ni5Pd5, (c) Ni1Pd9, (d) Pd1.

Figure 5 :

 5 Figure 5: Correlation between the Apparent Activation Energies (Ea app ) and weakly to strongly adsorbed CO ratio (*COw/*COs) with Pd content.

Figure S4 :

 S4 Figure S4: XPS spectra of the fresh Ni-Pd samples prepared from (a) Direct Decomposition, DD, and (b) Sol-Immobilization, SI.

Figure S5 :

 S5 Figure S5: Arrhenius plot for RWGS in Ni-Pd/SiO2 prepared following DD procedure (left) and SI procedure (right). Samples were pre-treated under H2 at 400 o C for 30 min; Wmetal=0.5 mg of total metal (Ni+Pd); 1 CO2:4 H2:45 Ar.

  

Table 1 .

 1 Metal content, bulk Pd concentration, surface Pd concentration and average particle size for the as prepared NiPd catalysts. Metal composition determined by ICP OES; b) Bulk Pd/(Ni+Pd) ratio calculated from ICP OES results; c) Surface Pd/(Ni+Pd) ratio calculated from surface composition determined by XPS; d) Average particle size measured by TEM.

	Catalysts	Metal content [%] a) Ni Pd	Bulk Pd/(Pd+Ni) ratio [%] b)	Surface Pd/(Pd+Ni) ratio [%] c)	Particle size [nm] d)
	Ni1 DD	2.64		-	-	4.4±1.5
	Ni5Pd5 DD	1.33	2.01	60.2	59.9	3.7±0.7
	Ni1Pd9 DD	0.30	3.69	92.5	95.0	3.2±0.1
	Pd1 DD		3.29	100	100	3.5±0.8
	Ni1 SI	0.64		-	-	6.3±1.3
	Ni5Pd5 SI	0.43	0.63	59.4	61.3	4.2±1.0
	Ni1Pd9 SI	0.05	0.68	93.2	96.5	5.3±1.0
	Pd1 SI		0.80	100	100	5.8±1.4
	a)					
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alcohol with sonication, and the dispersion was dripped on a lacey carbon coated cupper grid.

The images were acquired in conventional TEM and scanning TEM mode. The particle size distribution was estimated by fitting of histograms with a log-normal function. Highresolution STEM images and EDS mapping were acquired on aberration corrected FEI Titan Themis 3 equipment, with acceleration voltage of 300 kV; compositional EDS mapping was obtained with an Espirit system. DRIFTS of adsorbed CO was performed in order to probe the differences in electronic densities and catalytic sites of the catalysts. The experiments were performed in a commercial Harrick high-temperature cell and spectra were acquired on a Thermo iS50R spectrometer, equipped with an MCT detector (resolution 4 cm -1 and 64 scans). The as prepared samples were loaded into the cell with a subsequent thermal treatment under 5% H2/He mixture, at 400°C for 1 h. Then, the samples were cooled down to R.T. under He flow, when the background spectrum was acquired. The CO adsorption was performed by flowing 10 mL/min of a 5% CO/He diluted in 10 mL/min of pure He; the CO flow passed through the sample for 5 min. After, the flow was switched to He to desorb the gas phase CO, with spectra acquisition.

Catalytic evaluation

The RWGS catalytic tests were performed using a fixed bed quartz reactor, at atmospheric pressure, from 200 to 700C, in steps of 50C, in a CatLab PCS unit (Hiden Analytical). Due to different metal loading achieved during synthesis, the catalyst mass was adjusted in order to have 0.5 mg of metal in total (Ni+Pd). Thus, total mass in the range of 10-20 mg was used for the series of catalysts prepared by direct decomposition (DD); and of 15-40 mg for the catalysts prepared by sol-immobilization (SI). All the catalysts were previously thermally treated at 400°C, for 30 min, under flow of a 5% H2/Ar mixture, in order to recover a fully metallic surface. Afterwards, the catalysts were cooled down to 100°C, and the reaction
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