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Abstract

:

One of the key factors for producing highly dispersed controlled nanoparticles is the method used for metal deposition. The decomposition of metal-organic precursors is a good method for deposition of metal nanoparticles with very small sizes and narrow size distributions on the surface of various supports. The preparation process of Pd and bimetallic Pd-Sn nanoparticles supported onto γ-Al2O3 is considered. The samples were prepared by diffusional co-impregnation of the γ-Al2O3 support by using organometallic Pd(acac)2 and Sn(acac)2Cl2 precursors. To achieve the formation of Pd and bimetallic Pd-Sn nanoparticles on the support surface, the synthesized samples were then subjected to thermal decomposition under Ar (to decompose the organometallic bound to the surface while keeping the formed nanoparticles small) followed by an oxidation in O2 (to eliminate the organic compounds remaining on the surface) and a reduction in H2 (to reduce the nanoparticles oxidized during the previous step). A combination of methods (ICP-OES, TPR-H2, XPS, TEM/EDX) was used to compare the physical-chemical properties of the synthesized Pd and bimetallic Pd-Sn nanoparticles supported on the γ-Al2O3. The three samples exhibit narrow size distribution with a majority on nanoparticles between 3 and 5 nm. Local EDX measurements clearly showed that the nanoparticles are bimetallic with the expected chemical composition and the measured global composition by ICP-OES. The surface composition and electronic properties of Pd and Sn on the γ-Al2O3 support were investigated by XPS, in particular the chemical state of palladium and tin after each step of thermal decomposition treatments (oxidation, reduction) by the XPS method has been carried out. The reducibility of the prepared bimetallic nanoparticles was measured by hydrogen temperature programmed reduction (TPR-H2). The temperature programmed reduction TPR-H2 experiments have confirmed the existence of strong surface interactions between Pd and Sn, as evidenced by hydrogen spillover of Pd to Sn (Pd-assisted reduction of oxygen precovered Sn). These results lead us to propose a mechanism for the formation of the bimetallic nanoparticles.
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1. Introduction


Bimetallic systems have a rather wide range of applications from bio-medicine [1,2,3,4] to agriculture [5] through many industrial related domains (optics [3,4,6,7], magnetism [3,7], microelectronics [8], depollution [9,10,11], energy [11,12], catalysis [4,13,14,15]). In the field of catalysis [13,15], the addition of a second metal to an already active metal may improve its catalytic performance increasing its activity and/or selectivity allowing thus allowing to work at lower temperatures and to form as a small amount as possible of unwanted products. Formation of a bimetallic may also give the possibility of modulating the activity (indeed a very active phase may lead to strong deactivation) and the selectivity thus being able to change the orientation of the products of a selective reaction following the needs. Furthermore, it can also provide better stability of the active phase and better resistance to poisoning. Finally, if we add to the previous points the possibility of diluting the active sites of, often, expensive metals with low-cost metals we have a set of factors that will lead to lower costs of operation and materials.



It is expected that the properties of bimetallic particles correspond to not only to a combination of the properties of both metals but that synergy between them will result in unique chemical and physical new properties. The second metal can strongly modulate the properties of the first metal by decorating specific sites at the surface [16,17,18], by stabilizing the initial catalyst in preventing poisoning [19], by diluting the initial sites at the surface yielding specific atomic ensembles [20,21] with unique controlled properties or by electronic interaction yielding modified electronic structures with a strong influence on reactive gas molecules adsorption and/or dissociation [22,23].



Pd supported catalysts are successful used in a variety of very different reactions such as the low-temperature butadiene hydrogenation both in liquid [24] and gas phases [25,26], the rather high temperature reaction of methane total oxidation [27,28,29], three-way catalysis [30] reduction reactions [31] or cross-coupling reactions [32] such as the well know Suzuki-Miyaura reaction [33]. Development of Pd-based bimetallic supported catalysts have thus found an immense success amid the catalysis community since they allow the tuning and refinement of the already remarkable catalytic properties of pure Pd [9,12,20,21]; for instance, to stabilize the catalyst in presence of poisons [19] or to improve its selectivity [34]. In these systems, large effects are observed for bimetallic surfaces that combine a metal with an electron-rich d-band (late transition metal) and a metal with an electron-poor valence band (early-transition or sp metal). It is thus interesting to consider tin; its role in these systems is usually connected (correlated) with the modification of Pd d-band and consequently related with particle adsorption properties. X-ray photoelectron spectroscopy (XPS) investigation of Pd-Sn alloy indicated a strong bimetallic interaction resulting in a noble metal-like electronic structure [35,36,37,38]. Therefore, a great effort has been made to investigate bimetallic systems based on palladium and tin in order to prepare novel catalysts for various applications [34,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58]. Due to the highly propensity of tin to oxidize during oxidation reactions a particular interest was taken to the interaction between palladium and tin oxide species [39,40,41]. Strong mutual interaction leads, for example, to the formation of mixed oxides Pd-Sn-O that exhibit specific properties when compared to SnO2 and PdO. These highly active sites at the metal/oxide interface can be responsible for particular metal-substrate interactions occurring at the particle periphery i.e., at the metal-oxide boundary [40,41].



The synthesis of mono and bimetallic nanoparticles can be performed by different (physical and chemical) methods [59,60,61] which have their advantages and their flaws. Cluster-beam deposition in vacuum allows a rather good control of the nanoparticles size and, above all, of their chemical composition [62,63]; although it has been successfully used for deposition on powder supports [19,64] it remains cumbersome and almost useless to obtain provide amounts of catalysts. These drawbacks can be solved by using cluster-beam deposition in liquids but, in this case, size distributions tend to be rather broad [65]. Flame spray method can provide direct synthesis of both (bi)metallic and support phases [66]; however, it very sensitive to the experimental parameters and is prone to oxidation and coking. Methods such as oxidative etching can give rather good control of nanoparticle shape [67] and the use of di-block copolymer inverse micelle templates yield well organized nanoparticles rather well controlled in size and composition [68]. These two latter methods are, however, not very well adapted to small (<5 nm) nanoparticles. However, among all methods, chemical impregnation of powder supports with metallic precursors is certainly the most used one to obtain supported (bi)metallic catalysts. As such, they have been extensively used to obtain PdSn catalysts either by using inorganic tin precursor such as stannic chloride or stannous chloride and palladium chloride or nitrate [42,43,44,45,46,47,48,49,50,51,52] or organic precursors such as acetylacetonates [53,54,55,56,57,58] which result from the association of acetylacetone, one of the most commonly used organic oxygen ligands with donor atoms, with Pd(II) yielding a very stable chelate complex Pd(acac)2. The main advantage of the former is the simplicity associated to (at least for most of them) their solubility in water. Post-treatments (decomposition, calcination, reduction) of the catalysts may however need the use of temperatures (above 450 °C) sufficiently high to remove any remaining Cl or N species that may be noxious for their catalytic behavior. The latter certainly has the drawback of not being soluble in water and thus need the use of organic solvents; nevertheless, it yields rather controlled (size/composition) supported nanoparticles. Palladium complex Pd(acac)2 is thus a widely used palladium precursor due to the potential possibility of a higher dispersion of the obtained nanoparticles in comparison to inorganic metal systems. Therefore, the structural features of the precursor could play an important role. The ability of many metals to form thermally stable volatile chelate compounds with β-diketonates makes it possible to use acetylacetonate complexes to form bimetallic nanoparticles on the surface of the oxide supports. The formation of supported catalysts using organic precursors originates in the early work of Yermakov [69,70]. As pointed out above, the post-impregnation treatment is crucial to obtain well controlled (size/composition) nanoparticles. Initially, Yermakov and Kuznetsov suggested that a high temperature treatment under hydrogen would be enough to decompose and eliminate the organic species yielding a supported monometallic catalyst [70]; later Berdala et al. [71] found that a calcination, prior to the reduction step, help not only to better eliminate the organic species but also resulted in better dispersions. It was in the 1990’s that Renouprez et al. [72,73,74,75] in Lyon initiated a series of studies aimed at extending this method to the synthesis of various Pd-based bimetallic catalysts. In particular, the study of the PdCu [73] system clearly showed that a step of decomposition under inert gas prior to calcination and reduction clearly ameliorate not only the dispersion of the nanoparticles but also their homogeneity in composition. This observation resulted in the use of this protocol for the studies of PdMn [74] and PdPt [75] with clear success that was more recently extended to the PdSn system [34]. Unlike the other systems [72,73,74,75], where the two metallic acetylacetonates involved in the synthesis are bis-acetylacetonates (Pd(Acac)2 and M(Acac)2; M = Ni, Cu, Mn, Pt) which are supposed to adsorb in a planar configuration on the oxide support, the tin precursor is a di-chloride stabilized bis-acetlyacetonate ([Sn(acac)2]Cl2) [34] which may affect the adsorbtion of the molecule on the alumina and may have consequences on the interaction between adsorbed species. Indeed, the number of metal ions, the internuclear distance between metal ions and the geometric arrangement of metal ions in the complex are determined by the choice of metal complex for the impregnation. The spacing between metal ions on the support surface is regulated by the overall size of the complex and can be varied by changing the size of the organic ligands without changing the arrangement of the metal ions. The ability to create a uniform surface is one advantage of the designed dispersion approach which can be exploited to determine the relationships between properties and the structure of the supported nanoparticles. This feature becomes important when one attempts to stabilize the metal ions for the formation of bimetallic phases [72,73,74,75,76]. This approach can be used in both real systems and well-defined model systems studied to understand elementary processes on the surfaces. This structural and chemical information is correlated with the physical-chemical properties for the various applications. A correlation between the physicochemical properties and the adsorption behavior can be obtained by associating straightforward but consistent and complementary different characterization techniques. The purpose of the study here presented is to take advantage of the use of such techniques (ICP-OES, TPR-H2, XPS, TEM/EDX), in conjunction with the post-impregnation treatment protocol, to gain insight on the path leading to the formation of the supported nanocrystals with rather uniform sizes (although avoiding almost atomic dispersion as can be obtained from the use of metal tretaammine precursors [77], for instance) that, eventually, will help us to devise how to better control of their physico-chemical characteristics.




2. Results and Discussion


Elemental composition, surface morphology, electronic state and redox properties of Pd-Sn bimetallic nanoparticles supported on γ-Al2O3.



The results of the chemical analysis obtained by ICP-OES are given in Table 1. The metallic content (Pd wt% or (Pd + Sn) wt%) is around 1.3–1.4 wt% for the three samples. This value is slightly higher than the expected one (1.2 wt%) while the Pd/Sn atomic ratio is slightly lower than expected one but within an acceptable margin of less than 10% (cf. Table 3 in the Materials and Methods section).



TEM observation (Figure 1), after the last preparation step (reduction at 500 °C during 2 h), of the three samples reveals that the metal is well dispersed over the support in the form of small nanoparticles (Figure 1a,d,g). Relevant histograms presented in Figure 2 show rather narrow size distributions (1 to 6 nm with a large majority of the nanoparticles around 2 to 4 nm). The average diameter of the nanoparticles slightly decreases when the Pd content of the nanoparticles also decreases (see Table 1): from 3.5 nm for pure Pd/γ-Al2O3 to 2.8 nm for the sample 1Pd1Sn/γ-Al2O3. In order to determine the local composition of the nanoparticles we have performed EDX (Energy Dispersive X-ray spectroscopy) over small collections of (5–10) nanoparticles. The results presented in Figure 3a show that, for both PdSn samples, the nanoparticles are bimetallic and that the composition is close to the desired one (75 ± 10% for 3Pd1Sn/γ-Al2O3 and 50 ± 10% for 1Pd1Sn/γ-Al2O3). Furthermore, we could make a very few EDX measurements on rather large nanoparticles (4–5 nm) within reasonable acquisition times and without compromising their stability under the focussed electron beam. The results shown in Figure 3b for three nanoparticles for each sample clearly reveal that these individual nanoparticles are bimetallic and establish the validity of the local EDX measurements performed over small collections of (5–10) nanoparticles to show that a very large majority (if not all) of the nanoparticles are bimetallic and consistent with global ICP-OES results.



HRTEM imaging of individual nanoparticles reveal that they are crystalline (sometimes twinned in the case of pure Pd) and also helped confirm the bimetallic character of the nanoparticles for the PdSn samples, in particular for 1Pd1Sn/γ-Al2O3. For the sample Pd/γ-Al2O3 the HRTEM images are presented in Figure 1b,c. Both images confirm the Pd fcc Fm-3m structure (PDF: 00-046-1043) with a lattice parameter a = 0.3890 nm. Nanoparticle in Figure 1b is observed along a type <−1 1 0> direction and the basic planes are of {1 1 1} and {1 0 0} types. We have thus arbitrarily chosen the Pd[−1 1 0] direction to index the visible interplanar distances which are d(1 1 1) (0.223 ± 0.05 nm) and d(1 1 −1) (0.228 ± 0.05 nm), separated by 70.5 ± 0.5°; and d(0 0 −2) (0.197 ± 0.05 nm) separated by 55.1 ± 0.5° from d(1 1 −1). Indeed, for this structure there is an extinction for interplanar distances like d(0 0 −1) and only d(0 0 −2) interplanar distances are visible. The measured interplanar distances and angles clearly correspond to the expected ones (PDF: 00-046-1043) within the measurement precision: 0.2246 nm for d d(1 1 1) and d(1 1 −1), separated by 70.53° and 0.1945 nm for d(0 0 −2) separated by 54.74° from d(1 1 −1). The nanoparticle in Figure 1c is viewed along a type <0 0 1> direction with basic planes of the {1 0 0} and {0 1 0} types. We have thus chosen the Pd[0 0 1] direction with visible interplanar distances d(2 0 0) (0.191 ± 0.05 nm) and d(0 2 0) (0.197 ± 0.05 nm) separated by 89.6 ± 0.5°. Here again interplanar distances and angle are, within the measurement precision, in agreement with the expected ones: 0.1945 nm for d(2 0 0) and d(0 2 0) separated by 90°.



In the case of the two bimetallic samples, we have only observed nanoparticle orientations (and thus basic interplanar distances and angles) consistent with cubic structures. Therefore, in the case of the 3Pd1Sn/γ-Al2O3 sample, we dismissed the proposed orthorhombic (PDF: 00-041-1409) and tetragonal (PDF: 03-065-9510) structures to retain the also proposed bcc Pm-3m structure (PDF: 03-065-8225) with a lattice parameter a = 0.3967 nm. We must mention that this sample, surprisingly and inexplicably, yield the poorest high-resolution image quality of the three samples.



HRTEM images of nanoparticles from 3Pd1Sn/γ-Al2O3 are presented in Figure 1e,f. Both nanoparticles are oriented in a <1 1 0> type direction. As previously, we have arbitrarily chosen the Pd3Sn [−1 1 0] giving rise to visible interplanar distances d(0 0 −2) and d(−1 −1 −1); the third interplanar distance was either absent or very faint to provide a proper measurement. The measurements of the nanoparticle in Figure 1e show d(0 0 −2) (0.203 ± 0.05 nm) and d(−1 −1 −1) (0.231 ± 0.05 nm) separated by a 54.3 ± 0.5° angle. For the nanoparticle in Figure 1f, we have measured d(0 0 −2) (0.201 ± 0.05 nm) and d(−1 −1 −1) (0.232 ± 0.05 nm) separated by a 54.5 ± 0.5° angle. These numerical values correspond to the expected ones for Pd3Sn (PDF: PDF: 03-065-8225; d(0 0 −2) (0.1984 nm) and d(−1 −1 −1) (0.2290 nm) separated by a 57.74° angle) within the precision of the measure. However, it is difficult to state that these results confirm that the nanoparticles are bimetallic since, for the observed orientations the interplanar distances for fcc Pd and for bcc Pd3Sn are equivalent and very close if we take into account the precision of the measure.



Finally, for sample1Pd1Sn/γ-Al2O3, we noticed that for both nanoparticles presented in Figure 1h,i, we had three similar interplanar distances separated ≈60° angles. This is possible either for the [1] orientation in hcp structures of for the [1 1 1] orientation in fcc structures. We have thus dismissed the proposed orthorhombic structure (PDF: 00-004-0803). With no other possibility to our knowledge in literature, we have thus decided to use a fcc structure with a lattice parameter a = 0.519 nm derived from the Vegard law for a PdSn stoichiometry (experimentally confirmed by EDX) based on the linear combination of parameters of Pd fcc Fm-3m (PDF: 00-046-1043; a = 0.3890 nm)) and α-Sn fcc diamond-like (PDF: 01-086-2266; a = 0.6489 nm) structures. We have thus two nanoparticles oriented in the [1 1 1] direction with visible interplanar distances d(0 −2 2), d(2 −2 0) and d(2 0 −2). For nanoparticle in Figure 1h we have d(0 −2 2) (0.184 ± 0.05 nm), d(2 −2 0) (0.185 ± 0.05 nm) and d(2 0 −2) (0.184 ± 0.05 nm), separated, respectively, by 60.4 ± 0.5° and 59.8 ± 0.5°. For the nanoparticle in Figure 1i we obtained d(0 −2 2) (0.185 ± 0.05 nm), d(2 −2 0) (0.186 ± 0.05 nm) and d(2 0 −2) (0.181 ± 0.05 nm), separated, respectively, by 59.9 ± 0.5° and 60.2 ± 0.5°. This is in excellent agreement with the expected value (0.184 nm) for d(0 −2 2), d(2 −2 0) and d(2 0−2), which are separated by 60° angles. This confirms thus that our assumption to use a fcc structure for PdSn based on the Vegard law and fcc Pd and Sn is an appropriate solution, despite lacking from formal evidence. This also confirms, if needed, the EDX results showing that the nanoparticles are bimetallic.



The surface composition and electronic properties of Pd and Sn within the three samples supported on γ-Al2O3 were investigated by XPS. The XPS spectra for Pd3d5/2 of all the samples after reduction at 500 °C in hydrogen for 2 h are shown in Figure 4. For all samples, the binding energy of Pd3d5/2 is in the range of 334.7–335.2 eV, indicating the presence of metallic palladium species [78,79]. For Pd/γ-Al2O3 and 3Pd1Sn/γ-Al2O3 (a sample where the nanoparticles are supposed to be Pd-rich) the binding energies of Pd3d5/2 were similar (335.2 eV), indicating that both the phase of γ-Al2O3 and the size had no significant influence on the electronic properties of the metallic Pd-containing particles [34]. However, the binding energy of Pd3d5/2 for 1Pd1Sn on γ-Al2O3 is shifted towards a smaller value (334.7 eV) indicating that Sn addition modifies the electronic properties of Pd in this sample where nanoparticles are, contrary to 3Pd1Sn/γ-Al2O3 no longer Pd-rich [39]. A minor contribution of unreduced Pd (oxide) is also observed (BE ≈ 336.3–336.4 eV); this can be due to uncomplete reduction, as it is certainly the case for Pd/γ-Al2O3 and/or to the presence of tin for the bimetallic samples (this is addressed later in the text).



The deconvoluted XPS spectra of Sn3d5/2 core-level for 3Pd1Sn/γ-Al2O3 and 1Pd1Sn/γ-Al2O3 are shown in Figure 5 and the (semi-)quantitative data extracted from these spectra are presented in Table 2. Both bimetallic samples demonstrate two similar components of tin species. The higher binding energy (487.0–487.2 eV) can be related to tin oxide remaining even if the samples were reduced in hydrogen flow at 500 °C for 2 h. This is often the case due to (very) small unavoidable amounts of oxygen dead volume present in the vacuum locks during sample transfer and to the high propensity of Sn to oxidize. The higher binding energy (487.0–487.2 eV) can be related to tin oxide remaining even if the samples were reduced in hydrogen flow at 500 °C for 2 h. This observation together with the fact that part of tin is reduced simultaneously with palladium by TPR-H2 suggests, as will be shown below, that the remaining unreduced tin is within the bimetallic nanoparticles. On the other hand, the remaining portion of tin component observed at the lower binding energy in the range 485.1–485.3 eV can be assigned to the presence of palladium-tin alloy [80]. It can be seen also that with the addition of tin the amount of palladium (II) oxide increases for bimetallic Pd-Sn samples.



Surface composition quantification and binding energy for all synthesized samples are given in Table 2. Surface analysis by XPS showed after deposition one part of the supported Pd(acac)2 forms PdO species, the other part formed Pd(0) species. Formation of PdO can be attributed to strong interaction of metal precursor Pd(acac)2 with the γ-Al2O3 surface. Thermal decomposition under Ar inert environment and the successive oxidation-reduction treatments conduce to an increase Pd(0) amount due to the decomposition of acetylacetonate precursors and PdO reduction. The XPS results show that in bimetallic Pd-Sn samples there are two types of tin species, corresponding to Sn(0) species and to oxidized SnOx species. We cannot rule out the possibility of a composite Pd-Sn-O phase. It is necessary to notice that the addition of Sn induces an increase of PdO in the obtained Pd-Sn bimetallic nanoparticles. It may be assumed that the addition of Sn during the Pd-Sn bimetallic nanoparticles synthesis, supported onto γ-Al2O3, leads to a competitive reduction reaction of SnOx together with an inhibition of the PdO reduction.



The change in the relative intensity ratios of Pd(0)/Pd(II) and Sn(0)/Sn(IV) with respect to the molar ratios of Pd / Sn in Pd, Sn NPs and bimetallic PdxSn nanoparticles is also clearly seen from the XPS data. The Pd(0)/Pd(II) ratio in Pd/γ-Al2O3 is approximately 2:1. However, it gradually decreases when the Pd content, in the 3Pd1Sn/γ-Al2O3, while Pd(0) was minimal in 1Pd1Sn/γ-Al2O3 with the lowest Pd(0)/Pd(II) ratio of approximately 1:1. As can be seen from the data on the elemental composition (Table 1), the amount of palladium in terms of metal is gradually decreasing. On the contrary, the Sn(0)/Sn(IV) ratios decrease monotonically with decreasing Pd/Sn molar ratios. It is known that the noble metal Pd has a relatively high electron negativity and low affinity for oxygen, while Sn is considered an oxophilic metal. The proportions of Pd(0) and Sn(0) with a low oxidation state are relatively higher when Pd dominates. When more Sn is present, a significant amount of SnO2 is formed on the surface, which in turn prevents the oxidation of Pd, which again leads to an increase in the Pd(0)/Pd(II) ratio. Thus, a distinct affinity for Pd and Sn towards oxygen is observed. It is also clear that there is a strong segregation of Sn for both bimetallic samples (Table 2).



The obtained TPR-H2 profiles are shown in Figure 6. All three samples showed TPR profiles with one main reduction peak, which can be attributed to the reduction of PdO to Pd [43]. The monometallic Pd /γ-Al2O3 sample was reduced at 41 °C, while the reduction peak for both bimetallic Pd-Sn samples shifts slightly to 50 °C. It is assumed that the finer particles of Pd and both Pd-Sn samples obtained from acetylacetonate precursors in toluene led to a stronger interaction with the γ-Al2O3 support. The large negative peak of the monometallic Pd sample at 97 °C can be attributed to the decomposition of Pd-β-hydride, which agrees with the literature data [43]. The negative peak associated with the decomposition of the Pd-β-hydride phase demonstrates that some Pd particles form the Pd β-hydride phase at the initial stage of the reduction at low temperatures.



Notably, the monometallic Pd/γ-Al2O3 sample shows extended small reduction peaks in the temperature range 200–400 °C, which may be associated with the reduction of stronger bound palladium nanoparticles [81]. TPR-H2 profiles of the bimetallic Pd-Sn samples show different behavior in comparison with monometallic Pd sample. In particular, the bimetallic Pd-Sn samples do not show a peak associated with the decomposition of the Pd-β-hydride phase, which means that the presence of Sn limits the formation of the Pd-β-hydride phase. On the contrary, instead, a positive peak is observed in the temperature range 60–200 °C, but without the decomposition peak of the Pd-β-hydride phase. Most likely, the reduction process in this temperature range can be complex, which can indicate either the presence of two mixed phases, or two closely spaced separate stages of the reduction of the states of palladium and tin [82]. It can be noted that, in the case of bimetallic Pd-Sn samples, the TCD signal intensity significantly decreases with an increase of the Sn content (or a decrease of the Pd content). It is noteworthy, the TPR profiles of bimetallic Pd-Sn samples demonstrate reduction in the temperature range at 60–200 °C, which is absent in the TPR-H2 profile of the monometallic Pd sample. Most likely, this feature is associated with the addition of Sn. When Sn is added to Pd, the intensity of the TCD signal in the temperature range at 60–200 °C decreases sharply and is accompanied by the appearance of a positive reduction band in the TPR profiles of bimetallic Pd-Sn samples at temperatures below 200 °C. This may indicate the reduction of bimetallic Pd-Sn particles [80].



This correlates with a decrease of the signal intensity of Pd-β-hydride, which may indicate that some of the oxidized states of Pd are no longer available for the formation of Pd-β-hydride. Presumably, the indicated feature of reduction at temperatures of 60–200 °C, which is present only in bimetallic Pd-Sn samples, can probably be associated with the presence of mixed states, assumedly by the phase of the Pd-Sn alloy. This may indicate that the presence of Sn inhibits the formation of the Pd-β-hydride phase or that Pd is present in another form, such as a Pd-Sn alloy, which prevents the formation of the β-palladium hydride phase [53]. It can be noted that in the TPR-H2 profiles of bimetallic Pd-Sn samples, which show features of reduction at temperatures of 60–200 °C, there is a decrease in the reduction temperature for Sn particles, the volume reduction of which occurs at temperatures of 450 °C and above [83]. The reduction features present in the temperature range of 300–400 °C can be attributed to the reduction of small surface Sn particles [84]. An obvious feature of TPR-H2 profiles containing both Sn and Pd is the smaller area of the Sn reduction peaks above 300 °C.



The proposed mechanism of formation of bimetallic Pd-Sn nanoparticles on the surface of γ-Al2O3 based on acetylacetonate precursors.



An issue in the nanoparticles preparation procedure is to seek a method that allows exposing the maximum active sites to the reagents. For metallic supported nanoparticles, the goal is to disperse as much as possible the metallic active phase over the support (SiO2, Al2O3), in order to maximize the surface density of the active sites and the surface-sensitive performance. The literature reports several preparation methods to achieve this desired metal dispersion. Precipitation, coprecipitation and wet-impregnation are the preparation methods most frequently mentioned. The last one, wet-impregnation, has a simple procedure and gives a better way of controlling metal dispersion by the manipulation of experimental process variables, for this reason it has been chosen for the preparation of the samples in this work. Generally, the preparation method of supported nanoparticles is one of the fundamental factors that play an important role in the precursor structure of nanoparticles. Nowadays, the impregnation method is frequently used for preparing supported nanoparticles, including co-impregnation and sequential impregnation. In order for bimetallic nanoparticles to be effective, the two metals must be in close contact. However, the most common way to make these nanoparticles, a process termed co-impregnation, is unable to do this effectively. During co-impregnation, metal nanoparticles are deposited on the surface of a substrate [85,86]. Many studies have been carried out to investigation of the formation of bimetallic Pd-M/Al2O3 (where M-Cu, Pt, Mn) systems obtained by adsorption from non-aqueous solutions (toluene) of acetylacetonate metal complexes. In particular, monometallic Pd and bimetallic Pd-M systems can be prepared by co-impregnating the support with the required amount of dissolved acetylacetonate metal precursors in toluene [73,74,75,87].



Depending on the activation treatments previously described, one gets nanoparticles having different characteristics. The particle size depends upon the activation treatment. A direct decomposition under argon atmosphere leads to small particles (d ≈ 5 nm) [87,88]. A decomposition of the impregnated Pd(acac)2 precursor under oxygen or hydrogen forms larger particles (15–30 nm) [87,88]. TEM observations clearly show that only the direct decomposition under an argon atmosphere leads to the formation of rather small particles [87,88]. This has been demonstrated on Pd/SiO2 prepared by impregnation of silica with Pd(acac)2, followed by decomposition under Ar flow where the presence of hydrocarbonated residues left on the metal surface are evidenced [26]. Under only Ar treatment can some carbon residues can be left on the surface. Such species disappear after treatment under oxygen flow above 300 °C because organic groups decompose in the temperature range 200–400 °C. After decomposition under oxygen an additional reduction under hydrogen flow at 500 °C has to be required. Previous works have shown that well-dispersed samples are obtained by such a method [73,74,75]. The same preparation method by diffusional simultaneously impregnation with decomposition, oxidation and reduction treatments could be used to obtain of monometallic Pd and bimetallic Pd-Sn catalysts supported on γ-Al2O3.



The surface chemistry of γ-Al2O3 aluminum oxide is characterized by the presence of chemical anchoring centers (for example, surface hydroxyl groups), which makes it possible to use the mechanisms of ion exchange with surface functional groups of the support, cation exchange with surface cations included in the structure of the support, ligand exchange/ligand substitution, leading to chemical interaction and fixation of organometallic complexes when deposited from non-aqueous solutions during the preparation of supported bimetallic Pd-M nanoparticles. The adsorption process of acetylacetonate complexes is accompanied by the transformation of their structure. The adsorption of acetylacetonate complexes on the support of the surface during the deposition of organometallic precursors is associated with chemical interactions of the coordination sphere of the metal atom and interaction with the surface of the support by means of various mechanisms. During the preparation of bimetallic Pd-Sn nanoparticles by the co-impregnation method of the γ-Al2O3 support with solutions of Pd(acac)2 and Sn(acac)2Cl2, in addition to nonspecific physical adsorption, the precursors interact with coordination unsaturated Al3+ sites, as well as the interaction with the hydroxyl groups of the support surface γ-Al2O3. The study of the impregnation of γ-Al2O3 with toluene solutions of acetylacetonates, in particular, Pd(acac)2, indicates the presence of chemisorption of the metal chelates due to the reaction with coordination unsaturated Al3+ centers of the support by the mechanism leading to the formation of surface compounds of acetylacetone with aluminum of the type [Al(acac)x]s [89]. We assume that the interaction of a solution of palladium (II) acetylacetonate and tin (IV) bis-acetylacetonate dichloride with the γ-Al2O3 surface will proceed in a similar manner with the formation of surface-adsorbed aluminum acetylacetonate of varying degrees of substitution [Al(acac)x]s. To explain the features of the observed thermal decomposition, it was assumed that the catalytic action of platinum metal in relation to the decomposition of surface aluminum acetylacetonates [Al(acac)x]s.


Pd(acac)2 + (Al3+)s → [Al(acac)]2+s + [Pd(acac)+]s










[Al(acac)x]s → [Al-O]s + CH3COCH3 + CO2











It has been reported that the Sn(acac)2Cl2 complex reacts with coordination unsaturated Al3+ ions on the surface of the γ-Al2O3 support [90,91]. It is assumed that the reaction between Sn(acac)2Cl2 and coordination-unsaturated Al3+ ions leads to the formation of particles [Sn(acac)+Cl2]s and [Al(acac)]2+s on the γ-Al2O3 surface. In the proposed reaction mechanism, the Sn(acac)2Cl2 complex gives an acetylacetonate ligand with the formation of a substituted complex Sn(acac)+Cl2 and surface-adsorbed aluminum acetylacetonate Al(acac)2+s. It is noted that the formation of SnCl2 is unlikely, since it is expected that Sn(acac)2Cl2 will react with Al3+ to form Sn(acac)+Cl2 and surface adsorbed aluminum acetylacetonate Al(acac)2+s until the number of coordination unsaturated ions Al3+ will not be exhausted [90,91].


Sn(acac)2Cl2 + (Al3+)s → [Al(acac)2+]s + [Sn(acac)+Cl2]s











In addition to the interaction of the coordination sphere of the metal atom with coordination unsaturated Al3+ ions, the acetylacetonate complex interacts with respect to surface hydroxyl groups of the support γ-Al2O3, which is associated with specific adsorption by the ion exchange mechanism [85] due to the formation of adsorbed complexes between the electron-deficient chelate parts of the acetylacetonate complex electron-acceptor surface OH groups of the surface of the γ-Al2O3 support.


Pd(acac)2 + 2Al-O-H → 2Al-O-Pd(acac) + Hacac










Sn(acac)2Cl2 + Al-O-H → Al-O-Sn(acac)+Cl2 + Hacac











In this case, the character of the interaction of palladium acetylacetonate can be described using the adsorption mechanism with proton exchange. In this interaction, acetylacetonate reacts with one or more hydroxyl (OH) groups on the surface of the oxide support with the release of a free ligand, its transition to an adsorbed state, or followed by mild pyrolysis in an inert argon atmosphere, or removal into the liquid or gas phase. This interaction leads to the formation of covalent oxygen-metal bonds. This type of interaction is typical for reactions occurring during the heat treatment of associatively bound metal acetylacetonates (thermolysis with proton transfer), according to the mechanism:


x[Al-OH]s + Pd(acac)2 → [(Al-Ox)-Pd(acac)2-x]s + xHacac











It should be noted that the above mechanisms have a pronounced saturation capacity. In both cases, saturation is associated with a limitation of the number of structural fragments involved in bond formation. For example, the saturation of the interaction with proton exchange is associated with a limited number of hydroxyl groups available on the surface of the oxide support, while the saturation of the interaction by the dissociative adsorption mechanism is associated with a limited number of available coordination unsaturated Al3+ centers. The saturation by the mechanism of chemical adsorption depends on the specific surface of the support and, generally, is limited. The indicated formal equations do not reflect the full interaction mechanism.



Apparently, from the formally written equations, the above mechanisms are not implemented clearly. The deposition of precursors on the surface of the support leads to the idea of the simultaneous occurrence of several competing mechanisms of adsorption of precursors both with coordination unsaturated Al3+ centers by the mechanism of chemical adsorption, and with hydroxyl groups of the surface of the support. The overall reaction can be written as follows:


(Al3+)s + (Al-OH)s + Pd(acac)2 → [Al(acac)2+]s + [Al-O-Pd(acac)+]s + Hacac










2(Al3+)s + 6(Al-OH)s + 6Sn(acac)2Cl2 → 2[Al(acac)3]s + 6[Al-O-SnCl(acac)+]s + 6HCl











Ligand substitution is also possible with a change in the number of ligands in the internal coordination sphere of the complex by the mechanism of hydrolysis of the metal-ligand bond [92].


2[Al-OH]s + Sn(acac)2Cl2 → {(-Al-O)2-[Sn(acac)2]}s + 2HCl











These mechanisms of anchoring of metal complexes can be observed during the deposition of active precursors on surfaces obtained by impregnation from non-aqueous solutions.



The mechanism of formation of SnO2 nanoparticles on the surface of γ-Al2O3 is associated with the adsorption of [Sn(acac)2]2+ ions on the surface of γ-Al2O3 due to ion exchange between the complex metal ion and the hydrogen ion, which is released from the hydroxyl groups of the γ-Al2O3 support. Part of the released H+ is adsorbed on the -OH groups forming the -OH2+ group. Electrostatic repulsion between the [Sn(acac)2]2+ ion and the Al-OH2+ group prevents further adsorption to achieve adsorption equilibrium.



During the heat treatment of samples in an inert argon gas flow at 500 °C, the adsorbed particles (adsorbed complexes) decompose on the surface of the γ-Al2O3 support with the formation of acetate, acetone, and chemisorbed oxygen on the aluminum surface [Al-O] in accordance with the following reactions, according to [93].


[Al(acac)3]s → [Al–O]s + CH3–CO–CH3 + CO2










[Al(acac)2]+s → [Al(OAc)2]+s + 2CH3–CO–CH3










[Al(OAc)2]+s → [Al–O]s + CH3–CO–CH3 + CO2











The mechanism of the formation of palladium nanoparticles can be schematically represented in the following form [94].


[(-Al-Ox)-Pd(acac)+]s → [(-AlOx)]+s + Pd + CO2 +H2O











At a temperature ≈ 300 °C, the Sn(acac)Cl+ coordination complex on the surface begins to decompose and tin oxide forms [95].


[(Al-Ox)-SnCl(acac)+]s → [(Al-Ox)]+s + SnOx + CO2 + H2O + HCl










[(Al-Ox)-Sn(acac)2]s → SnOx + H2O + CO2











At this step, in the process of subsequent heating, the acetylacetonate ligands of the adsorbed tin complex are oxidized to form SnOx particles strongly dispersed on the γ-Al2O3 surface.



The thermal decompositions of the monometallic Pd and bimetallic Pd-Sn samples are affected by the choice of environment of chemical pretreatments. This step of heat treatment is required for a more complete thermal decomposition of all possible oxidation products of acetylacetonate complexes of metals (such as CO, acetone and acetic acid), residues of amorphous carbon, some of which accumulates due to incomplete oxidation to carbon dioxide and water [96]. We found metallic palladium in the samples after analysis by the XPS method, which may be associated with highly reducing conditions during the decomposition of organic groups in argon. In absence of oxygen in the gaseous phase, the formation of a very stable compound under neutral conditions is favored whereas the oxolation is prevented.



At the next step of heat treatment, the sample is oxidized in an oxygen flow at 350 °C, the oxidation of metal nanoparticles of palladium Pd(0) and oxidized nanoparticles of tin on the surface of the γ-Al2O3 support with the formation of nanoparticles of palladium oxide PdO and SnO2, further oxidation of residual amounts of organic compounds to dioxide carbon and water.


Pd + O2 → PdO










SnOx → SnO2











At the last step of heat treatment of the sample in a flow of hydrogen at 500 °C, a partial reduction of Pd nanoparticles occurs on the surface of the γ-Al2O3 support of chemisorbed PdO and SnO2 oxides to the metals Pd and Sn.


PdO + H2 → Pd + H2O










SnO2 + 2H2 → Sn + 2H2O











Based on the XPS results described above, a formation mechanism of Pd and Sn metallic nanoparticles was supposed and is presented in Figure 6. Three proposed mechanisms in the scheme were distinguished. Here, all chemical reactions are presented schematically. The acetylacetonate complex forms a flat monolayer attached to the surface due to donor-acceptor bonds between the oxygen atoms of the surface hydroxyl groups with the metal ions of the acetylacetonate complex. This allows complex molecules to occupy the most favorable positions from the energetic point of view, i.e., in the surface plane, which causes a significant decrease in the specific surface area and, consequently, the ability of molecules of the acetylacetonate complex to attach to the surface.



The adsorbed complex has two acetylacetonate ligands and, most likely, two additional oxygen ligands from the support. This adsorbed complex is illustrated in the figure (Figure 7a–c). It is the presence of Al in the materials that leads to the ligand exchange reaction and, consequently, to the formation of covalent bonds Pd-O-Al and Sn-O-Al. This can be explained by the acidic nature of the Al-OH groups present in this material. Thus, the deposition of [Pd(acac)2] complexes on the surface of the support occurs due to the exchange reaction of the ligands of the acetylacetonate complex with the surface hydroxyl groups of Al-OH. Acetylacetonate ligands are removed in the form of acetylacetone at the first stage of heat treatment in an inert argon atmosphere (pyrolysis) by surface hydroxyl groups Al-OH. Post heat treatment by oxidation or at 350 °C was associated with the removal of the remaining acetylacetonate ligands. It is assumed that the adsorbed layers containing metal ions, with the formation of mixed phases between palladium and tin, due to specific interactions of electron-donor oxygen atoms in the functional groups of the adsorbed complexes of the acceptor metal ions in chelates. Investigation of the steps of thermal decomposition and oxidation-reduction treatments by the XPS method have been carried out.



According to the literature data [78,79,97,98,99,100,101], palladium supported on Al2O3 may exist in three main forms (Pd, PdO and PdO2) or their combination. The values of binding energies of the Pd 3d5/2 XPS peak in these compounds are generally Pd 3d5/2 = 335.1–335.4 eV for Pd(0) [97,98,99], Pd 3d5/2 = 336.8–337.2 eV [97,98,99] or 336.3–336.8 eV [78,79] for PdO and Pd 3d5/2 = 337.8–339.3 eV for PdO2 [100,101]. Larger values of binding energy Pd 3d5/2 = 338.7 eV can also be attributed to size effects in small particles or clusters; these clusters are epitaxially bound to the support surface and may be covered with an aluminum oxide layer consisting of a palladium–aluminate compound at the palladium–alumina interface boundary [78].



The XPS Pd 3d5/2-Pd 3d3/2 spectra shown in Figure 8 for 1Pd1Sn/γ-Al2O3 sample correspond to three states: after preparation procedure (deposition of the metallic precursors on the γ-Al2O3 surface), after oxidation under O2 and after reduction under H2. These spectra can be decomposed in three contributions with binding energy Pd 3d5/2 = 335.1 and 336.8 eV, corresponding to palladium in the reduced Pd(0) and oxidized Pd(2+) states in PdO, with a prevalence of the second one; and a contribution with a larger value for the binding energy Pd 3d5/2 = 338.7 eV which is in perfect agreement with the formation of palladium–aluminate structures [78]. The evolution of the three contributions is consistent with the successive (oxidation and reduction) treatments after preparation.



As shown in Figure 8, the XPS results confirmed that after the complex was fixed on the surface of the γ-Al2O3 support, the maximum of the Pd 3d5/2 line associated with the chemical state on the support surface remained in the Pd(2+) oxidation state. It is known that the maximum binding energy of Pd 3d5/2 in the coordination complex Pd(acac)2 is 338.5 eV, which is consistent with the literature data [102]. The binding energy of the sample containing the adsorbed complex (–AlOx)–Pd–(acac) is 336.8 eV which is agree with the literature data [94]. These Pd 3d5/2 values are consistent with the literature data for the adsorbed complex (–AlOx)–Pd–(acac) [94], but do not correspond to either the initial Pd(acac)2 coordination complex (338.5 eV) [102] or PdO/Al2O3 (336.2 eV) [78,79]. After, the prepared sample was, containing the adsorbed complex (-AlOx)-Pd-(acac), undergoes decomposition at 500 °C for 2 h in an Ar atmosphere to completely remove residual organic compounds [96].



After the oxidative pretreatment of the sample in an O2 atmosphere at 350 °C for 2 h, the XPS spectrum indicates the decomposition of the initial surface-adsorbed complex (-AlOx)-Pd-(acac) and its transformation into PdO. A small shift of the binding energy from 336.8 eV to 337.2 eV for 1Pd1Sn/γ-Al2O3 sample after the pretreatment in an O2 atmosphere at 350 °C for 2 h may be indicate the formation of PdO particles. The maximum binding energy of Pd 3d5/2, which corresponds to PdO, is at a level of 337.2 eV, which is consistent with the previous data for PdO [97,98,99], while the binding energy of the Pd 3d5/2 for adsorbed complex (-AlOx)-Pd-(acac) is centered at 336.8 eV [94]. The value of binding energy Pd 3d5/2 equals to 337.2 eV and corresponds to the extended phase of the oxide PdO [103,104]. After reduction treatment in H2 atmosphere at 500 °C for 2 h of the 1Pd1Sn/γ-Al2O3, the value of binding energy Pd3d5/2 = 336.3 correspond to palladium in the structure of two-dimensional surface oxide layer PdO [104,105]. After reduction treatment in H2 atmosphere at 500 °C for 2 h the binding energy of Pd 3d5/2 for 1Pd1Sn/γ-Al2O3 sample is slightly shifted towards lower binding energy with a maximum at 334.7 eV suggesting that tin addition modifies the electronic properties of Pd and that bimetallic alloy particles are formed. For comparison, the binding energy for palladium metal Pd(0) is at 335.2 eV after the oxidation pretreatment at 350 °C for 2 h in oxidation O2 atmosphere.



To better understand the contribution of different states, the XPS spectra of Sn 3d were deconvolved. In Figure 9 shows the XPS spectra of Sn 3d3/2 and the Sn 3d5/2 signal that can be decomposed into two symmetrical peaks, as shown in Figure 9. XPS spectra of the Sn 3d5/2 after preparation procedure (deposition of the metallic precursors on the γ-Al2O3 surface) of the 1Pd1Sn/γ-Al2O3 sample with the lowest binding energy value corresponds to the Sn (0) state, which can be attributed to metallic tin species (Sn 3d5/2 = 485.8 eV). The peak with the highest binding energy belongs to oxidized Sn (4+) species [106,107], which could be contained adsorbed tin complex (Sn 3d5/2 = 487.6 eV) [97]. After its strong chemisorption Sn(acac)2]Cl2 precursor on the γ-Al2O3 surface and the oxidation treatment in O2 atmosphere at 350 °C for 2 h of the adsorbed tin complex on the γ-Al2O3 surface completely oxidizes the residual acac ligands and lead to the formation of the SnO2 species (Sn 3d5/2 = 487.7 eV) [108]. The peak position with the binding energy 485.7 eV (Sn 3d5/2) corresponds to Sn (0) state which can be attributed to the metallic tin species [109,110]. After the reduction in H2 atmosphere at 500 °C for 2 h the peak position with binding energy Sn 3d5/2 485.6 eV were ascribed to metallic Sn and the binding energy of Sn 3d5/2 (487.3 eV) indicated that Sn was in the Sn(+4) oxidation state in the form SnO2 [109,110]. However, the binding energies of Sn 3d5/2 is slightly lower for Sn(4+) oxidation state (487.1 eV) than for oxidized sample (487.6 eV) and for Sn(0) state (485.3 eV) than for oxidized sample (485.7 eV), respectively, which could be assigned to the presence of the bimetallic Pd-Sn species [24,84].



The elemental composition of the surface and near-surface layers (the depth of XPS analysis is tens of angstroms) of the initial monometallic Pd/γ-Al2O3 sample and bimetallic Pd-Sn samples can be observed from the overview XPS spectrum shown in Figure 10a–c. With the exception of tin lines, lines of basic elements such as aluminum and oxygen, carbon and palladium are found in all the survey spectra presented. Presented also are the atomic fractions (%) of C, Al, O, Pd and Sn, determined from the intensities of the corresponding XPS lines at the core-level (C 1s, Al 2p, O 1s, Pd 3d, Sn 3d) corrected for the atomic sensitivity coefficients (ASF) [97]. It is seen that the carbon content in the samples is in the range of 3–5 at.% and has a maximum for the 1Pd1Sn/γ-Al2O3 sample (4.85 at.%). As a rule, carbon impurities have a dual origin; it can be introduced both at the stage of sample preparation and as a result of adsorption of hydrocarbons during evacuation of a sample inside an electronic spectrometer. Evaluation of Al chemical states after reduction at 500°C in H2 are shown in Figure 9. It can be seen that, in full agreement with the quantitative data, the surface Al concentration increases in the following order: Pd/γ-Al2O3 < 1Pd1Sn/γ-Al2O3 < 3PdSn/γ-Al2O3. The maximum surface concentration of aluminum is observed for the 3PdSn/γ-Al2O3 sample. This increase in the aluminum content is accompanied by a change in the binding energies of Al 2p, which decreases in the order Pd/γ-Al2O3 > 1Pd1Sn/γ-Al2O3 > 3PdSn/γ-Al2O3. Despite the difference in binding energies by 1 eV, all the observed features can be attributed to Al3+ cations bound to oxygen [111], and variations in the binding energy are explained by changes in the coordination of aluminum and/or structural defects.




3. Materials and Methods


3.1. Preparation of the γ-Al2O3 Support and Synthesis of Pd and Bimetallic Pd-Sn Nanoparticles on the γ-Al2O3 Surface.


We had chosen a γ-Al2O3 powder composed by 2–5 mm diameter of spheres [112,113,114,115,116,117]. The alumina balls were crushed in order to get a very fine powder (5.0 g for each one of the three samples). The grinded powder was dried in an evacuated oven at 120 °C for 24 h. It was then sieved and a 0.25–0.5 mm fraction was selected. As starting palladium and tin precursors, organometallic complexes, palladium (II) acetylacetonate (Sigma-Aldrich, St. Louis, MO, USA, 99%) and tin (IV) bis(acetylacetonate) dichloride (Sigma-Aldrich, 98%) were used. Before diffusional impregnation for deposition precursors of the active component, the grinded powder γ-Al2O3 was dried in a vacuum oven at 120 °C for 24 h. The nanoparticles preparation was carried out by diffusional impregnation of the support: pore volume of the γ-Al2O3 was prefilled with using an organic solvent (toluene). For this purpose, the required amount of Pd(acac)2, Sn(acac)2Cl2 was dissolved in a large excess of anhydrous toluene (Sigma-Aldrich, 99.8%) with continuous stirring. The approximate volume of toluene that was used for dissolution of metallic precursors is 100 mL. The concentrations of the respective precursors in the resulting solutions are shown in Table 3. To the resulting solution, 5.0 g of support γ-Al2O3 powder was added in the presence of toluene excess for 24 h. The excess solvent was removed on a rotavapor at 80 °C for 30–60 min. Further evaporation of the remaining toluene was carried out in a vacuum oven at 80 °C for 24 h. Finally, thermal and oxidation-reduction treatments were performed and included the following steps: (i) decomposition of the organometallic under Ar (99.998%) at 500°C for 2 h to minimize the size of the nanoparticles [87,88]; (ii) calcination under O2 (99.7%) at 350 °C for 2 h to eliminate the organic residues due to the previous decomposition [87,88]; it should be noted that after this treatment the existing nanoparticles were oxidized; (iii) final reduction step under H2 (99.99%) at 500 °C for 2 h is thus necessary to obtain supported (bi)metallic nanoparticles [87,88]; this was, of course, done after the evacuation of O2 under Ar for 30 min at 350 °C. The gas flow rate of thermal decomposition, oxidation and reduction treatments is 60 mL/min. All temperature ramps were 1 °C/min. The theoretical calculated content of metals in the samples are given in Table 4. The Pd content has been chosen to be near 1.2 wt%; such a value was sufficient to allow satisfying the physical characterization but not too large in order to obtain a very narrow size distribution of monometallic Pd and bimetallic Pd-Sn nanoparticles on such supports having high specific surface area.




3.2. Specific Surface Measurements-BET Method


The specific surface area and pore volume of the samples were determined by N2 sorption at −196 °C using a TriStar II 3020 analyzer (Micromeritics, Norcross, GA, USA). Prior to the analysis, all samples were outgassed at 200 °C under vacuum for 2 h. The specific surface area (S, m2/g) was calculated using the Brunauer-Emmett-Teller (BET) method. The total pore volume (V, cm3/g) were determined by the Barrett-Joyner-Halenda (BJH) method from the desorption curves of the adsorption isotherms.




3.3. Chemical Elemental Analysis-ICP-OES


The composition of samples was determined using an inductively coupled plasma-optical emission spectroscopy (ICP-OES) (Activa, Jobin Yvon, Edison, NJ, USA) Pd was dissolved in a mixture of H2SO4 + aqua regia at 250–300 °C before analysis. Sn-containing samples were dissolved in a mixtutre H2SO4 + HNO3 at 250–300 °C then 20% HCl at room temperature.




3.4. Electron Microscopy Study and Local Elemental Analysis-TEM-EDX


Transmission electron microscopy (TEM) was used to observe the distribution of the (bi-)metallic nanoparticles over the alumina support and to gain quantitative insight on the caracteristics (size distributions, local chemical composition, atomic structure) of the supported catalysts. We used a JEOL JEM 2010 (JEOL Ltd., Tokyo, Japan) transmission electron microscope, operating at 200 kV, equipped with a LaB6 thermoionic electron gun, a high-resolution pole piece (0.140 nm information limit) and a Pentafet Link-Isis energy dispersive X-ray (EDX) spectrometer from Oxford Instruments (Abingdon, UK). Prior to observation, analyzed samples were diluted in ethanol, ultrasonicated and dispersed on an electron microscopy Cu grid (3.05 mm, 300 mesh) coated with a holey-carbon film. The general morphology of the samples (dispersion of the (bi-)metallic nanoparticles) together with particle size distributions of Pd an PdSn nanoparticles were obtained from conventional TEM observations; the histograms presented in Figure 1 were obtained by measuring between 300 and 320 nanoparticles for each sample, which, given the narrow distributions and the number of class-sizes chosen (every nm) was largely enough to obtain a relevant statistical information on the samples. The measurements of the size of the nanoparticles were made using the open-source software ImageJ (NIH, Bethesda, MD, USA) and the average diameter was determined in accordance with the classical relation.


  d = ∑  n i  ·  d i  / ∑  n i   








where ni is the number of particles corresponding to the diameter di, nm.



High resolution images of some nanoparticles were obtained; a selection of these images together with the corresponding 2D-FFts are presented in Figure 1. We must stress that due to lack of space in the 2D-FFTs, which are small inserts in the HRTEM images, and for clarity reasons we have chosen to designate, in reciprocal space, ∂(hkl) the corresponding reciprocal distances of the (hkl) spots, instead of the classical 1/d(hkl) designation (d(hkl) being the interplanar distance for plane (hkl)) which is rather cumbersome to use in such small spaces. The precision on the measurements of the interplanar distances and angles result from both the magnification and the quality of the image, and of course of the size of the nanopartcle also. Indeed, for such small nanoparticles only a limited number of interpanar distances exist and thus the spots in the 2D-FFTs are less well defined than on large nanoparticles or extended films, resulting in inacuracy of the measurement of the maximun intensity pixel on the reciprocal space spots and thus on the final measure of interplanar distances and angles. The acquisition of the images and their quantitative analysis (2D-FFTs, measurement of interplanar of interplanar distances and angles, etc.) were performed with the software Digital Micrograph (Gatan Instruments, Pleasanton, CA, USA). Finally, the local chemical composition of the nanoparticles was performed by EDX in the TEM. Even though the LaB6 thermionic gun of the microscope can achieve rather small probles (down to 5 nm) that in principle allow to perform EDX on individual particles, the electron density in such probes is rather low and so acquisition times required for very small nanoparticles (<5 nm) are very long and inconsistent with the stability of such nanoparticles under a highly focussed beam. We have thus chosen to perform EDX measurements with a 15 nm decondensed probe over collections of 5 to 10 nanoparticles in order to have enough signal and keep the nanoparticles stable under the beam. Despite these precautions only around 30 (of these very time consuming and delicate) measurements were made for each sample. Nevertheless, we also made three measurements over larger isolated nanoparticles (5 nm) for each sample (see Figure 3b; at% of Pd is given, Sn at% being the complement to 100%, of course) that confirmed the rather good homogeneity of their (local) chemical composition consistent with the global chemical composition obtained by ICP-OES and the local EDX measurements made over 5–10 nanoparticles (Figure 3a).




3.5. Surface Analysis-XPS


XPS analysis was performed with a Kratos Axis Ultra DLD spectrometer (Kratos Analytical Ltd., Mancester, UK), equipped with a hemispherical analyzer, and a state-of-the-art delay line detector. A monochromated Al-Kα X-ray source with charge neutralization was used. In order to reduce the samples prior to analysis, they were treated under H2 flow at 500 °C for 2 h in a reaction chamber coupled to the ultra-high vacuum XPS chamber. The samples could then be transferred for XPS analysis without air contact and thus without further possibility of contamination. The Al2p line was taken as an internal standard at 73.4 and 73.6 eV and confirmed by checking the binding energy (BE) of the principal component of the peak-fitted C1s envelope which is arbitrarily assigned the value of 284.6 eV; this component was characteristic of C-C and C-H bonds that were generally present in the samples as contaminant carbon. The precision in BE measurements was ±0.1 eV for all samples.




3.6. Temperature-Programmed Reduction in H2-TPR-H2


The reactivity of samples with respect to H2 was studied by temperature-programmed reduction TPR-H2 method. TPR-H2 measurements was carried out on a Micromeritics Chemisorb 2750 automated chemisorption analyzer system attached with ChemiSoft TPx software (Micromeritics, Norcross, GA, USA). Before analysis, the samples were oxidized in O2 flow at 500 °C for 2 h with temperature ramp 10 °C/min. The sample mass of 100 mg, from −50 °C to 300 °C with temperature ramp 10 °C/min and a carrier gas composed of 10% H2 in Ar were used. During reduction, a cold trap was placed before the detector to remove water produced. A thermal conductivity detector (TCD) was used to measure the amount of hydrogen consumption.





4. Conclusions


In conclusion, we have described a route to the preparation of bimetallic Pd-Sn nanoparticles and characterized their morphology and electronic structure. Bimetallic Pd-Sn nanoparticles supported on γ-Al2O3 were prepared by the diffusional co-impregnation method displayed in this work using Pd(acac)2 and Sn(acac)2Cl2 as metal precursors because of their higher dispersion of nanoparticles they yield. The prepared samples contained ≈1.3 wt% of active phase, which indicated that the preparation method was very effective in terms of content of Pd and Sn in the bimetallic samples. The TEM-EDX study also confirms that co-impregnation is an efficient and simple method to produce bimetallic Pd-Sn nanoparticles, supported onto γ-Al2O3. The results by TEM-EDX show that, for both PdSn samples, the nanoparticles are bimetallic and that the composition is close to the desired one. Morphology analysis of obtained samples by TEM showed for both Pd and bimetallic Pd-Sn samples that the supported nanoparticles have a small size with rather narrow uniform size distribution over the support surface. The results shown for both bimetallic Pd-Sn sample clearly reveal that these individual nanoparticles are bimetallic and establish the validity of the local EDX measurements performed over small collections of nanoparticles. A very large majority of the nanoparticles are bimetallic and consistent with global ICP-OES results. Thermal decomposition of acetylacetonate precursors leads to the formation of bimetallic nanoparticles where the of palladium both Pd(0) species and oxidized PdO species was devised by XPS. Notably, addition of the second element, which is an electron density promoter, leads to a change of the electronic state of the obtained particles and to the formation of bimetallic species (containing or not oxygen). The addition of Sn conduces to an increased part of PdO of bimetallic Pd-Sn nanoparticles. It may be assumed that addition of Sn during the preparation of supported bimetallic Pd-Sn nanoparticles leads to a competitive reduction reaction of SnOx and, possibly, inhibition of the PdO reduction. The TPR-H2 profiles of the samples show that a new feature is present in the bimetallic samples and the absence of a Pd-β-hydride decomposition feature indicates that there is a strong interaction between the Sn and Pd in these samples. TPR-H2 shows that Pd and Sn are likely to be mixed to form bimetallic species as the addition of Sn hinders the formation of Pd-β-hydride. The Pd-Sn bimetallic samples showed additional high temperature reduction peaks above 300 °C which are related to Sn reduction.
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Figure 1. TEM (a,d,g) and HRTEM (b,c,e,f,h,i) images of the samples Pd/γ-Al2O3 (a–c); 3Pd1Sn/γ-Al2O3 (d–f) and 1Pd1Sn/γ-Al2O3 (g–i). Inserts in the HRTEM images correspond to the 2D-FFTs of the respective nanoparticles; in the inserts ∂(hkl) correspond to 1/d(hkl). 
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Figure 2. Nanoparticle size histograms for Pd/γ-Al2O3 (blue, left); 3Pd1Sn/γ-Al2O3 (violet, center) and 1Pd1Sn/γ-Al2O3 (green, right). 
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Figure 3. (a) Pd content (at%; Sn content is the complement to 100%) measured by EDX (on regions of 5–10 nanoparticles for 3Pd1Sn/γ-Al2O3 (violet) and 1Pd1Sn/γ-Al2O3 (green). (b) Pd content (at%) measured by EDX on few large (size is given) individual nanoparticles for 3Pd1Sn/γ-Al2O3 and 1Pd1Sn/γ-Al2O3. 
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Figure 4. Pd3d5/2 core-level XPS spectra for Pd/γ-Al2O3, 3Pd1Sn/γ-Al2O3 and 1Pd1Sn/γ-Al2O3. Deconvolution with two contributions Pd(0) and Pd(2+) is proposed. 
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Figure 5. Sn3d5/2 core-level XPS spectra for 3Pd1Sn/γ-Al2O3 and 1Pd1Sn/γ-Al2O3 samples. Deconvolution with two contributions Sn(0) and Sn(4+) is proposed. 
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Figure 6. TPR profiles of synthesized samples: (a) Pd/γ-Al2O3, (b) 3Pd1Sn/γ-Al2O3 and (c) 1Pd1Sn/γ-Al2O3. 
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Figure 7. (a) The assumed coordination mechanism of Pd(acac)2 and the structure of the adsorbed palladium complex on the γ-Al2O3 surface. (b) Supposed coordination mechanism of Sn(acac)2Cl2 and the structure of the adsorbed tin complex on the γ-Al2O3 surface. (c) Supposed coordination mechanism of Sn(acac)2Cl2 and the structure of the adsorbed tin complex on the γ-Al2O3 surface by ligand substitution. 
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Figure 8. XPS spectra of the Pd3d5/2 core-level after various steps of heat treatments of the sample 1Pd1Sn/γ-Al2O3: after preparation procedure (deposition of the metallic precursors), afteroxidative pretreatment in O2 atmosphere at 350 °C for 2 h and after reduction treatment in H2 atmosphere at 500 °C for 2 h. 






Figure 8. XPS spectra of the Pd3d5/2 core-level after various steps of heat treatments of the sample 1Pd1Sn/γ-Al2O3: after preparation procedure (deposition of the metallic precursors), afteroxidative pretreatment in O2 atmosphere at 350 °C for 2 h and after reduction treatment in H2 atmosphere at 500 °C for 2 h.



[image: Crystals 11 00444 g008]







[image: Crystals 11 00444 g009 550] 





Figure 9. XPS spectra of the Sn 3d5/2 core-level after various steps of heat treatment of the 1Pd1Sn/γ-Al2O3 sample: after preparation procedure (deposition of the metallic precursors), after oxidation treatment in O2 atmosphere at 350 °C for 2 h and after reduction in H2 atmosphere at 500 °C for 2 h. 
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Figure 10. XPS survey spectra of the samples: (a) Pd/γ-Al2O3. (b) 3Pd1Sn/γ-Al2O3 and (c) 1Pd1Sn/γ-Al2O3. 
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Table 1. Pd and Sn content according to ICP-OES (wt%) and corresponding (at%) content, and average nanoparticle diameter corresponding to the histograms in Figure obtained from TEM measurements.
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	Name Sample
	Precalculated Pd/Sn (at)
	Measured Pd (wt%)
	Pd (at%)
	Measured Sn (wt%)
	Sn (at%)
	Pd/Sn (at)
	Average Size, nm





	Pd/γ-Al2O3
	―
	1.32
	1.27
	―
	―
	―
	3.5



	3Pd1Sn/γ-Al2O3
	3:1
	0.96
	0.93
	0.39
	0.33
	2.82
	3.2



	1Pd1Sn/γ-Al2O3
	1:1
	0.64
	0.62
	0.74
	0.64
	0.97
	2.8
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Table 2. Surface analysis and binding energy for all synthesized samples by XPS.






Table 2. Surface analysis and binding energy for all synthesized samples by XPS.





	
Name of Sample

	
Atomic Ratio Pd/Sn

	
Quantification, at%

	
Binding Energy, eV




	
Pd

	
Sn

	
Pd3d5/2

(Pd)

	
Pd3d5/2

(PdO)

	
Sn3d5/2

(Sn)

	
Sn3d5/2

(SnOx)






	
Pd/γ-Al2O3

	
—

	
0.08

	
—

	
335.2

	
336.4

	
—

	
—




	
3Pd1Sn/γ-Al2O3

	
3:1

	
0.15

	
0.11

	
335.2

	
336.3

	
485.1

	
487.0




	
1Pd1Sn/γ-Al2O3

	
1:1

	
0.10

	
0.25

	
334.7

	
336.2

	
485.3

	
487.2
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Table 3. The theoretical calculated content of metals in synthesized samples.
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	Name Sample
	Atomic

Ratio Pd/Sn
	m(Pd), mg.
	m(Sn), mg.
	c (Pd), mmol/L
	c (Sn), mmol/L
	ω(Pd), wt%
	ω(Sn), wt%





	Pd/γ-Al2O3
	―
	60.0
	―
	5.6
	―
	1.20
	―



	3Pd1Sn/γ-Al2O3
	3:1
	43.7
	16.3
	4.1
	1.4
	0.87
	0.33



	1Pd1Sn/γ-Al2O3
	1:1
	28.4
	31.7
	2.7
	2.7
	0.57
	0.63










[image: Table] 





Table 4. Specific surface area, total pore volume and average pore size for samples.
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	Name Sample
	Specific Surface Area, m2/g
	Total Pore Volume, cm3/g
	Average Pore Size, nm





	Pd/γ-Al2O3
	335
	0.44
	6.0



	3Pd1Sn/γ-Al2O3
	282
	0.41
	5.8



	1Pd1Sn/γ-Al2O3
	284
	0.42
	5.9
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