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Abstract

:

We report on the synthesis and testing of active and stable nano-catalysts for methane oxidation. The nano-catalyst was palladium/ceria supported on alumina prepared via a one-step solution-combustion synthesis (SCS) method. As confirmed by X-ray photoelectron spectroscopy (XPS) and high-resolution transmission electron microscopy (HTEM), SCS preparative methodology resulted in segregating both Pd and Ce on the surface of the Al2O3 support. Furthermore, HTEM showed that bigger Pd particles (5 nm and more) were surrounded by CeO2, resembling a core shell structure, while smaller Pd particles (1 nm and less) were not associated with CeO2. The intimate Pd-CeO2 attachment resulted in insertion of Pd ions into the ceria lattice, and associated with the reduction of Ce4+ into Ce3+ ions; consequently, the formation of oxygen vacancies. XPS showed also that Pd had three oxidation states corresponding to Pd0, Pd2+ due to PdO, and highly ionized Pd ions (Pd(2+x)+) which might originate from the insertion of Pd ions into the ceria lattice. The formation of intrinsic Ce3+ ions, highly ionized (Pd2+ species inserted into the lattice of CeO2) Pd ions (Pd(2+x)+) and oxygen vacancies is suggested to play a major role in the unique catalytic activity. The results indicated that the Pd-SCS nano-catalysts were exceptionally more active and stable than conventional catalysts. Under similar reaction conditions, the methane combustion rate over the SCS catalyst was ~18 times greater than that of conventional catalysts. Full methane conversions over the SCS catalysts occurred at around 400 °C but were not shown at all with conventional catalysts. In addition, contrary to the conventional catalysts, the SCS catalysts exhibited superior activity with no sign of deactivation in the temperature range between ~400 and 800 °C.
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1. Introduction


Methane (CH4), the main constituent of natural gas plays an increasingly important role in meeting future global energy demands [1]. It is widely used in various applications such as electrical power generation and other heating applications. Unfortunately, the release of unburnt methane into the atmosphere, particularly from vehicles which are fueled with natural gas, is a serious environmental issue since it is a strong greenhouse gas with an environmental negative effect twenty times higher than that of carbon dioxide [2,3]. The conventional thermal combustion of methane not only requires very high temperatures (up to 1600 °C) but also results in production of NOx as by-products. Thus the development of effective methane combustion catalysts would have a significant impact on a number of energy-based technologies [4,5]. CH4 combustion promoted by heterogeneous catalysts would not only utilize the energy of methane at lower operating temperature but would also increase system performance and limit NOx emissions by drastically reducing the required temperatures [6,7].



Catalysts based on various noble metals such as platinum (Pt), palladium (Pd), rhodium (Rh), and iridium (Ir) have been reported to exhibit considerable activities in this reaction [4,8,9]. Amongst them, palladium (Pd) based catalysts have been reported to exhibit the highest catalytic activities [10,11,12,13]. The mechanism of methane oxidation over Pd-based catalysts is complex; it relates to various factors such as the nature and redox properties of the support, oxidation state of the element active phase, particle size, and dispersion of the metal. Generally PdOx is considered as the catalytic active phase [9,14]. However, the active phase of the catalyst is still disputed. For example, the rates of methane oxidation on PdO have been found to be larger than that on Pd0 phase at high temperature [4,14]. However, at higher operating temperatures decomposition of PdOx to Pd0 was believed to be a deactivations mechanism [15,16,17,18]. It has been suggested that the most active forms of Pd-based catalysts must have a mixture of metallic Pd0 and PdOx [11]. The presence of atomic oxygen on the catalyst surface was proposed to be necessary for the stabilization of the intermediate CH3 groups [17]. It has been concluded that the catalytic activities of Pd-based catalysts in CH4 oxidation depend on the redox properties of the support and the nature of interaction of Pd with the support [10]. For low-temperature applications, Pd-based catalysts supported on alumina or zirconia have been recognized as possessing high catalytic activities [18]. However at operating temperatures above 600 °C the catalyst is deactivated through sintering and phase transformation to metallic Pd0 [11]. Indeed, a strong deactivation dip around 550–600 °C has always been noticed with traditional Pd/Al2O3 impregnated catalysts of the light-off methane oxidation reaction [19,20]. Several experimental and theoretical investigations reveal that ceria stabilizes PdOx and thus improves the catalytic activity [21,22,23,24], but pure CeO2 has limited catalytic activity and thermal stability.



Recently uniquely structured, Pd-based core-shell catalysts have been reported [25,26,27], and their activities found to be higher than that of the previously best reported classical catalysts [25,26,28]. The development of the core-shell catalysts may satisfy the twin goals of high activity at lower temperatures and stability at higher temperatures. However, core-shell catalysts nonetheless appear to deactivate in the presence of steam [28,29]. It has been reported that steam deactivation is due to oxide surface hydroxylation, which might slow down oxygen mobility, and therefore reduce the methane decomposition catalytic activity [28,29]. More recently, the effect of modifying Pd/Al2O3 catalysts by atomic layer deposition (ALD) of ZrO2 films was studied with the objective of forming a Pd/ZrO2 core shell to stabilize the Pd/Al2O3 catalysts [30].



Recently, solution combustion synthesis (SCS) has been used to manufacture materials with relatively high catalytic activities [31,32,33]. In particular, palladium/ceria catalysts for oxidation reactions have evolved [23,34,35,36,37,38]. The oxidation catalytic activity of the palladium/ceria catalysts has been attributed to the formation of oxygen vacancies [35,36,38]. It has been debated as to whether catalytic activity is due to insertion of Pd ions into the ceria lattice or strong interaction between Pd ions and ceria [23,36,38,39].



The present study aimed to synthesize an economic methane oxidation catalyst that is active at low temperature and stable at high temperature under dry and wet conditions. An understanding of the methane oxidation mechanism is attempted. We also aimed to identify the catalyst active phase through correlation of the activity to surface composition. In addition, the study aimed to quantify catalytic activity of the solution-combustion synthesis (SCS) catalyst and benchmark to that of a traditional catalyst.




2. Results and Discussion


2.1. Catalyst Characterization


2.1.1. Catalyst Surface Morphology


To afford detailed insights into the structural properties of the catalyst nanoparticles (NPs), high-resolution transmission electron microscopy (HTEM), Figure 1. Fast Fourier transformation (FFT) and energy dispersive X-ray (EDX) analysis were conducted on the 5P5CA sample, Figure 2. Direct evaluation of the HTEM and the High-Angle Annular Dark-Field (HAADF) images showed that crystalline nanoparticle (NPs) of Pd/CeO2, in the range 1–50 nm, were observed on the Al2O3 support, Figure 1b. It was obvious from the HAADF image that heavier metals (Pd and Ce) were segregated on the Al2O3 surface, Figure 1b; confirming the upcoming X-ray photoelectron spectroscopy (XPS) results (Table 1). The analysis of the bigger NPs (5 nm and above) by the FFT, inverse FFT and EDX mapping, Figure 2a–c, respectively, showed that these NPs were double-domain aggregates of Pd and CeO2 structures. In these double domains, the Pd NPs were surrounded by CeO2 NPs, as clearly shown in Figure 2d; resembling a core-shell nanostructure. As can be seen in Figure 3, the small particles (~<1 nm in size) were also detected by HAADF but with insufficient contrast against background noise originating from the support, which showed mono-domain with d-spacing = 2.2 Å which is a typical characteristic of Pd NPs [40]. In the case of the 5P5C-SCS nanocatalyst, the formation of core-shell nanostructures is suggested to play a major role in catalytic activity and stability during the methane oxidation reaction. As proved in the reported literature, core-shell nanostructures resulted in enhanced interactions by maximizing the interfaces between Pd and CeO2. The catalytic activities of Pd-based core-shell catalysts for application to methane oxidation were reported to be exceptionally higher than that of the previously best reported catalysts [25,26,28]. The exceptionally high catalytical performances of the core-shell catalysts were attributed to the efficient oxygen back-spillover, resulting from the expected core-shell structure. Even though, the SCS methodology has been used to manufacture materials with high catalytic activities [31,32,33] the high catalytic activity of the Pd-based SCS catalysts has been attributed to the formation of oxygen vacancies as well as to the formation of metal-substrate solid solution. However, the formation of the core-shell arrangement via SCS synthesis has not been reported. These differences could be attributed to a difference in the synthesis conditions as well as a difference in the catalyst composition.




2.1.2. X-ray Diffraction Analysis


XRD patterns of the calcined samples are displayed in Figure 4. As can be seen, for pure CeO2 the hkl reflections at (111), (200), (220), (311), (222), (400), and (331) at 2θ values of 28.54, 33.02, 47.32, 56.42, 58.46, 69.98, 76.04, and 78.28 were attributed to the characteristic diffraction patterns of cubic ceria (CeO2) [41]. The XRD pattern of the 5P5C-I catalyst revealed the presence of the metallic Pd0 phase at 2θ value of 38.86 (see Figure 4c). However, the diffraction lines corresponding to PdO were not observed. The diffraction lines of various phases of Al2O3 were also recorded at 2θ values of 45.2 and 66.4 [42]. The diffraction lines at 2θ values of 28.6 and 47.5 indicated the presence of cubic CeO2 [43]. By contrast, the XRD patterns of the 5P5C-SCS nanocatalyst revealed the presence of PdO as well as metallic Pd0. As shown in Figure 4b, PdO phases were evidenced from the (111) and (103) peaks at 2θ values of 41.32 and 60.22, respectively. Metallic Pd0 was evidenced from the (111) peak at 2θ value of 38.86. Moreover the characteristic diffraction lines for Al2O3 (at 2θ values of 37.1, 45.2, and 66.4) were also recorded. As shown, the characteristic diffraction peaks corresponding to Pd0 and PdO phases were broad and comparatively weak indicating smaller and/or well dispersed Pd species over the substrate. It was worth noticing that the XRD analysis in the case of the 5P5C-SCS nanocatalyst strongly suggested the following main points; (a) The experimental lattice constant of CeO2 in 5P5C-SCS nanocatalyst (5.416 ± 0.0018 Å) was larger than that of the pure CeO2 sample (5.411 ± 0.0018 Å) and (b) broadening of the diffraction lines of CeO2. This strongly indicated the substitution of Pd2+ ions with Ce4+ ions in the crystal lattice of CeO2 and resulted in the formation of PdO/CeO2 solid solution. Indeed, it has been suggested that since Pd2+ and Ce4+ ions have very similar ionic radii and as a result of the molecular level homogenosity (as in the present) in solution of the precursor salts of these ions, the palladium cations could easily be induced into the ceria lattice structure [37]. It could be concluded from the XRD analysis results that SCS synthesis methodology resulted in the formation of three main types of the catalyst nanocrystallite components i.e., metallic Pd0, PdOx, and PdO/CeO2 solid solution. Indeed, the findings from XRD analysis were in good agreement with the results of XPS analysis.




2.1.3. X-ray Photoelectron Spectroscopy (XPS) Studies


The surface chemical composition and distribution of Pd species at the surface of the calcined catalysts were investigated by XPS. As demonstrated in Figure 5a, the Pd3d spectrum of 5Pd-I catalyst with the binding energies of 335.97 eV and 341.52 eV indicated that Pd was predominately present in the chemical state of PdO. The Pd3d spectrum (Figure 5b) of 5P5C-I catalyst exhibited the presence of Pd2+ and metallic Pd0. This the XPS spectrum was characterized by two doublet Pd3d peaks: the binding energies 336.41 eV and 341.82 eV were assigned to PdO, whereas the second doublet at binding energies at 334.91 eV and 339.92 eV was assigned to Pd0 [44,45,46]. In the XPS spectra of the Ce(3d) core level region of the 5P5C-I (Figure 5c) the Ce3d3/2 and 3d5/2 appeared at 919.29 eV and 884.39 eV respectively with well separated spin-orbit components (Δ = 16.1 eV) having multiple splitting-typical of Ce4+ in CeO2 [23]. Contrary to both impregnation catalysts, the XPS spectra of the 5P5C-SCS sample showed much broader and less symmetrical peaks indicating a larger heterogeneity in its palladium environments. The XPS of the Pd(3d) core level region of the 5P5C-SCS (Figure 5d) showed three Pd(3d5/2,3/2) peak doublets. The binding energies at 335.12 and 336.32 eV were assigned to Pd(3d5/2) in Pd metal and PdO, respectively [44,46,47,48,49,50,51]. The third doublet with its Pd(3d5/2) peak at 337.82 eV was assigned to Pd ions but was more ionized than those associated with PdO. A similar peak was assigned by Venezia et al. and Bi et al. to Pd4+, as in PdO2, due to the oxygen incorporation into the PdO crystal lattice during calcinations [52]. The highly ionized Pd ions of the samples prepared by the SCS can also be assigned to Pd ions which were inserted into the ceria lattice forming pallida/ceria solid solution [23,38,53]. The appearance of the three Pd XPS doublets, comparing to only two Pd XPS doublets for the impregnation catalyst, strongly indicated the formation of Pd/ceria solid solution as has already been reported in recent literature [23,36,38]. In the theoretical study by Scanlon et al. [54], it was predicted that the ground state structure of Pd doped CeO2 is a square planar with Pd ions having d8 configuration; meaning that Pd2+ rather than Pd4+ is the predominant oxidation state in the Pd-O-Ce solid solution linkage. These Pd2+ ions should have a greater ionic property than the Pd2+ ions of normal PdO. Therefore, it is plausible to assign the high-energy Pd XPS doublet at 337.82 eV to the strongly ionized Pd2+ ions inserted into the Pd-O-Ce solid solution linkage.



Table 1 represents the XPS surface elemental analysis of the three catalysts. The data in this table strongly suggested the following main points: (a) ceric ions segregated to the surface as the ceric composition was ~10% (originally, 5% was used in preparing the three catalysts); (b) The surface segregation of Pd on the surface of the 1P5C-SCS catalyst indicated that most of the Pd was diffused to the surface. Conversely, the 5P5C-SCS catalyst indicated a lower surface Pd content than expected, presumably due to Pd diffusion into the bulk of the material. Indeed, the XRD clearly showed metallic as well as PdO in the bulk of this catalyst, indicating that not all the Pd was inserted into the ceria lattice. (c) There was a proportional increase in the highly ionized Pd2+ ions on increasing the Pd loading in the original preparations, as clearly shown in their linear relationship (Figure 6). This straight-line relation predicted that there were non-stoichiometric compounds formed between Pd and CeO2 associated with the formation of the oxygen vacancy,     V   O  2 −     ̈     , to maintain the charge neutrality in the overall palladium/ceria lattice. Based on these results, it is reasonable to suggest that, in contrast to the conventional method, Pd was inserted into the ceria lattice during the SCS forming a non-stoichiometric Pd-O-Ce solid solution, which was segregated on the surface of the alumina support. This explanation corroborates the conclusions of the experimental work by Colussi et al. [23,38] and Priolkar et al. [36] as well as the theoretical prediction by Scanlon et al. [54]. The insertion of Pd ion into the ceria lattice must be associated with oxygen vacancy formation and, consequently, with the generation of Ce3+ ions. Indeed, XPS (Figure 5e) showed the formation of Ce3+ ions in all catalysts prepared by the SCS, though these catalysts were formed under oxidation conditions during the SCS. It was evident that the XPS of the catalyst 5P5C-I, prepared by impregnation, revealed no Ce3+ peaks (Figure 5c).



The suggested schematic below showing the oxygen ion vacancy, associated with a strongly ionized Pd2+ and Ce3+ ion in the SCS catalysts is shown in Figure 7.




2.1.4. Sequential Temperature Programmed Reduction (TPR) and Temperature Programmed Oxidation (TPO)


For ceria to act effectively as an oxygen storage component, the reduction and/or oxidation processes must be readily reversible. Sequential temperature programmed reduction/oxidation was therefore employed to establish the ease with which reduction and re-oxidation of the catalyst occurs. The temperature programmed reduction (TPR) profile of the 5P5C-SCS nanocatalyst in hydrogen is shown in Figure 8a. As can be seen, there were several low temperature peaks (below 150 °C), one middle reduction peak (288 °C), and two high temperature peaks (higher than 600). Reduction peaks at 69 °C, 92 °C and 116.6 °C were attributed to the surface oxygen species from PdO reduction. The two high-temperature peaks at 615 °C and 835 °C respectively, were ascribed to surface and bulk reduction of ceria [55,56]. The middle temperature peak at 288 °C could be assigned to the reduction oxygen adsorbed on the intrinsic point defects created due to the Pd insertion in the ceria lattice. A similar low oxygen reduction peak was observed by Zhang et al. [55] and was attributed to molecular oxygen adsorbed on vacancies which were generated on the ceria nanowires synthesized by these authors. Another explanation of the low temperature H2-TPR peak could be due to the formation of superoxo-species (O2−) formed from charge transfer on the surface and near-surface Ce3+ ions [57]. After recording the H2-TPR the reduced sample was submitted to an oxygen-containing atmosphere and was then heated to 900 °C. As can be seen in Figure 8b, a series of O2 consumption peaks in the temperature range between 50 °C and 850 °C were recorded. These peaks were attributed to reoxidation of various reduced species of palladium and partially reduced CeO2. Indeed the results of sequential H2-TPR/TPO analysis gave a strong indication that reduction as well as consequent reoxidation of the 5P5C-SCS nanocatalyst occurred readily.





2.2. Catalytic Activity


For all samples, the reaction rates of methane oxidation were measured at a temperature of 550 °C. The rates of methane decomposition over 5P5C-SCS, 5P-I and 5P5C-I catalysts were recorded to be 1077.55 µmol (g Pd)−1 s−1, 57.06 µmol (g Pd)−1 s−1, and 60.82 µmol (g Pd)−1 s−1, respectively. The results revealed that samples prepared by SCS were exceptionally more active than the catalysts prepared by the conventional impregnation method. As can be seen in Table 2, the reaction rate over 5P5C-SCS catalyst was higher by a factor of ~18 times than that of 5PdI and 5PdC-I catalysts. The difference in the catalytic performances amongst the catalysts was attributed to the difference in surface chemical species of palladium present on the surface as previously discussed.



The qualitative conversion profiles demonstrated the effects of preparative methodology and chemical structure on the catalytic activities and stabilities as a function of reaction temperature. As can be seen in Figure 9a, in the case of the 5Pd-I sample after the light-off at 250 °C, the catalytic activity started increasing and finally reached a maximum of 85% of conversion of methane at ~500 °C. However, with further heating a strong deactivation dip for CH4 oxidation in the range of 500–750 °C was observed. It was worth noticing that with the 5Pd-I catalyst a complete conversion of methane was never achieved. Generally, PdOx has been recognized as the catalytic active phase. This drop in the conversion of methane with the reaction temperature has been reported in numerous studies and was attributed to the decomposition of catalytically active PdOx to comparatively less active Pd0 species [18,19]. This resulted in a decrease in the rate of methane combustion and hence a transient dip in the activity was observed. The same interpretation might hold for the 5Pd-I catalysts. Moreover, the transient deactivation was more evident during the cooling cycle. This was because with decrease in reaction temperature, the re-oxidation of Pd0 to the more active PdO was reported to be kinetically less favorable [34].



In order to overcome the drawback associated with the conventional Pd/Al2O3 catalysts, both theoretical and experimental investigations have suggested that the incorporation of ceria into Pd-based methane oxidation catalysts can result in improved catalytic activity and stability [21,58,59,60]. For example Sheedeh and co-workers reported a comparative investigation of the activity of various Pd-based catalysts for application to methane oxidation. These catalysts were dispersed over various oxide supports such as Al2O3, CeO2, and Al2O3 doped with 20 wt% CeO2. They concluded that the catalyst with Pd/CeO2Al2O3 formulation resulted in a significant improvement of the activity during methane combustion [58]. However, the activity of ceria promoted Pd-based was highly dependent on preparative methodology and the nature of interaction of Pd with ceria. For example, a weaker interaction between PdOx and CeO2 may lead either to surface segregation of Pd or migration of Pd to bulk of the material [36,37,61]. As can be seen in Figure 9b, the impregnation of 5 wt% CeO2 into the 5Pd-I catalyst had a dramatic effect on the light-off curves. First, light-off temperatures for methane oxidation shifted to higher values by approximately 200 °C for both the heating and cooling cycles. Second, transient deactivations did not appear during both the heating and cooling cycles. This suggested that the addition of CeO2 to PdOx resulted in comparatively less activity at low reaction temperature but increased stability at high reaction temperature. The lower activity of this catalyst could possibly be due to either of the aforementioned factors. As mentioned in the earlier section the XPS analysis of 5P5C-I catalyst showed Pd was mainly present in the chemical state of PdO. This indicated that Pd did not insert into the ceria lattice and hence a low activity was recorded during methane oxidation. This observation was also in accordance with earlier reports that incorporation of ceria may result in stabilization of PdO, only if good interaction between the CeO2 and the Pd was achieved [62,63,64].



The reported results of qualitative conversion profiles over the Pd-based catalysts developed via SCS technique provided evidence that the 5P5C-SCS nano-catalyst was superior in activity and stability than that of the conventional 5P-I and 5P5C-I catalysts. Firstly, the novel 5P5C-SCS catalyst demonstrated exceptionally high activity for methane oxidation below 400 °C. As shown in Figure 9c the beginning of light-off for 5P5C-SCS was observed at 200 °C compared to the 250 °C and 520 °C temperature required for the 5P-I and 5P5C-I catalysts respectively, prepared by the conventional impregnation method. Methane conversion over 5P5C-SCS increased with increasing operating temperature with full conversion attained at around 410 °C. It was worth noticing that under similar reaction conditions, complete combustion of methane over conventional 5P-I and 5P5C-I catalysts was never achieved. Secondly, contrary to the conventional 5P-I and 5P5C-I catalysts, the 5P5C-SCS nanocatalyst exhibited superior activity with no sign of deactivation in the temperature range between ~400 and 800 °C. This behavior of the SCS catalysts resembled the core shell catalysts that have made a breakthrough in methane oxidation research [25,34]. On the other hand, the SCS catalysts were superior to the traditional catalysts which all showed significant deactivation at high temperature [15,19,20]. This exceptionally high activity at low temperature (>400 °C) and absence of a deactivation hump at high operating temperature (400–800 °C) during methane combustion over 5P5C-SCS nanocatalyst could be associated with the unique physicochemical properties of the Pd-SCS catalysts. Firstly, as confirmed by X-ray photoelectron spectroscopy (XPS) and high-resolution transmission electron microscopy (HTEM), SCS resulted in segregating the Pd and Ce on the Al2O3 surface. Secondly, oxygen vacancies were formed because of the insertion of Pd ions into the ceria lattice. The findings of HTEM analysis showed that bigger Pd particles (5 nm and more) were surrounded by CeO2, resembling a core shell structure, while smaller Pd particles (1 nm and less) were not associated with CeO2. The intimate Pd-CeO2 attachment due to core-shell formation might have resulted in insertion of Pd ions into the ceria lattice, associated with the reduction of Ce4+ into Ce3+ ions and so presumably the formation of oxygen vacancies. Indeed, as discussed in the earlier section, the results of XRD analysis strongly suggested also that the substitution of Pd2+ ions with Ce4+ ions in the crystal lattice of CeO2 resulted in the formation of a solid solution and oxygen vacancies. The XPS analysis affirmed the findings of HR-TEM and XRD results. XPS showed also that Pd had three oxidation states corresponding to Pd0, Pd2+ due to PdO and highly ionized Pd ions (Pd(2+x)+) which might have originated from the insertion of Pd ions into the ceria lattice. XPS showed that also that palladium oxide/ceria enriched the surface of the alumina support; its intrinsic Ce3+, oxygen vacancies and highly ionized Pd suggested playing a major role in the unique catalytic activity. Indeed, there is also reported literature to suggest that SCS synthesis methodology resulted in catalysts with comparatively higher activity than that of the catalysts prepared via conventional impregnation methods. For example S. Specchia et al. reported the synthesis of 2% Pd supported over Ceria-Zirconia via the solution combustion (SCS) method [35]. From the results of surface chemical characterization techniques of oxygen temperature programmed desorption, hydrogen temperature programmed reduction and infrared spectroscopy of low temperature carbon monoxide adsorption, they concluded that the presence of small metallic palladium (Pd0) particles together with well dispersed PdOx species were responsible for higher catalytic activity for methane combustion at low operating temperatures. Similarly, the lower catalytic activity was ascribed to be due to the oxidation of Pd0 to the least active PdOx species. S. Colussi and co-workers also reported the synthesis of Pd-based and Pt-based catalysts supported either over CeO2 or Al2O3 via the SCS method [65]. These catalysts were evaluated for activity in the combustion of propane and dimethyl ether (DME). They reported that the catalysts prepared via the SCS method exhibited higher activity than the conventional impregnation catalysts. On the basis of high resolution transmission electron microscopy (HRTEM) results the enhanced catalytic activity was ascribed to the existence of PdOx and nanosized zarovalent Pd particles. In the aforementioned reported work CeO2 and CeO2-ZrO2 were used as catalytic supports which are considerably expensive materials [35,65]. By contrast, the results of XPS and HRTEM analysis of the Pd-based SCS catalysts reported in this work suggested that most of the palladium and ceria (the key catalytic components) nanocrystallites were segregated on the surface of the alumina support. Indeed, this could be an additional advantage of these catalysts as the active and stable catalyst could be developed with as low as 1 wt% PdOx and 5 wt% of CeO2 dispersed over alumina as carrier (see Figure 9).



Based on the catalytic activity results, it is reasonable to conclude that the presence of inserted Pd2+ ions in the ceria lattice, small or high concentration, and/or an intimate interaction between Pd and CeO2, were key to achieving superior methane combustion activity and stability. The formation of oxygen vacancies was in agreement with the results of Priolkar and co-workers [36]. They reported that the 1 wt% Pd/CeO2 catalyst synthesized via solution combustion method exhibited higher catalytic activity for CO oxidation and NO reduction than the Pd/CeO2 catalysts prepared by the conventional impregnation method. From the results of surface chemical characterization techniques of XRD, XPS and extended X-ray absorption fine structure (EXAFS) spectroscopy, they concluded that the Pd2+ ions get stabilized in the Ce4+ sites resulting in the formation of Ce1−xPdxO2−δ type of solid solution. The high activity of this catalyst for CO oxidation and NO reduction was attributed to the formation of a Pd-O-Ce solid solution on Pd/ceria catalyst. Intrinsic Ce3+ ions and oxygen vacancies, associated with the insertion of Pd2+ ions into ceria lattice, activate oxygen adsorption as evidenced by the 288 °C H2-TPR peak (Figure 8a). The adsorption of O2 on oxygen vacancies, presumably followed by its dissociation is expected to play a major role in the oxidation reaction. It is generally accepted that the prevalent mechanism of the high temperature CH4 catalytic oxidation involves a redox Mars-van Krevelen-type reaction [20,34,66]. In the present catalysts, the point of interaction between Pd and CeO2 and/or the intrinsic oxygen vacancies presumably acted as centers for dissociating molecular oxygen into chemisorbed oxygen (O*) which were then consumed in the oxidation reaction. The oxygen vacancy then replenished by gas-phase oxygen thereby completing the cycle by formation and desorption of CO2 and H2O. Indeed, a further demonstration that the PdOx phase was comparatively more active than that of the Pd0 phase was supported by exposing a sample of the reduced catalyst to the methane oxidation gas mixture, this sample showed an initial deterioration in its activity as is clearly shown in Figure 10. The comparatively lower activity of the reduced catalyst also further indicated that the Mars-van Krevelen mechanism was operative at high temperature. As demonstrated in Figure 10, when the reactants feed mixture was introduced to the reduced catalyst at operating temperature of 500 °C, the activity started with around 82% of methane decomposition only, rather than 100% as in the case of oxidized catalysts. However, the catalyst regained its activity instantaneously. This behavior was presumably, due to the removal of surface oxygen by hydrogen reduction such that it reduced its participation in CH4 oxidation. Consequently, the catalytic activity also declined. However, this instantaneous regain in catalytic activity upon exposure to the reactants feed (O2 and CH4) might be due to surface oxidation of Pd0 to more active PdOx species followed by methane oxidation via PdOx.



Further to the evidence that the exceptionally high activity of the Pd-SCS catalyst was due to the high ionized Pd+(2+) species, a set of three catalysts were also synthesized via the SCS method. In these catalysts, the weight percentage of CeO2 was fixed at 5 wt%, while the Pd loading was varied from 1 wt%, 2.5 wt%, and 5 wt%. Figure 11, demonstrates the qualitative light-off curves of the three catalysts with different Pd loadings. As can be seen, increase in Pd content appeared to induce a further increase in the catalytic performance in the low temperature region (>400 °C). Most importantly, the temperature at which 90% of CH4 was oxidized, T90, decreased from 402 °C to 378 °C and to 355 °C with increase in Pd loading from 1% to 2.5%, and 5%, respectively. This result was in accordance with the findings of XPS analysis results. As discussed earlier, increase in Pd loading resulted in an increase in the fraction of highly ionized Pd+(2+) species. The 5P5C-SCS nanocatalyst was comparatively more active in the low temperature region. This was because, the highly ionized Pd+(2+x) species were found to be highest in concentration and were segregated on the Al2O3 surface.



One more formulation of the catalyst (denoted as 5P5C-A) was also synthesized with the objective to investigate the effects of the type of alumina support on the catalytic activity during methane oxidation. The weight percentages of Pd and CeO2 were 5 wt% each supported over Al2O3. In this case, as a first step, the alumina support was prepared by the SCS method followed by the addition of Pd and CeO2 via wet impregnation. A comparison between catalytic activity during methane oxidation over 5P5C-SCS and 5P5C-A was performed to eliminate any difference among the two catalysts caused by the type of alumina used as support. Figure 12 demonstrates a comparison of the light-off curves during methane oxidation over the 5P5C-SCS and 5P5C-A catalysts. As can be seen, the 5P5C-A catalyst exhibited a trend similar to that of the 5P5C-I impregnation catalyst. Indeed, it might be reasonable to conclude that the alumina support only served to disperse the active Pd-CeO2 phase and did not participate in the main reaction.





3. Materials and Methods


3.1. Catalyst Synthesis


A set of three Pd-based catalysts with different palladium and fixed ceria loadings (w/w%) namely 1% Pd/5% CeO2/Al2O3, 2.5% Pd/5% CeO2/Al2O3 and 5% Pd/5% CeO2/Al2O3, were prepared and denoted as 1P5C-SCS, 2.5P5C-SCS and 5P5C-SCS, respectively. In a typical example to prepare 0.5 g of the 2.5% Pd/5% CeO2/Al2O3 catalyst by the solution combustion synthesis technique, 0.0313 g of palladium(II) nitrate trihydrate (Pd(NO3)2·3H2O, BDH), 0.063 g of cereous(III) nitrate hexahydrate (Ce(NO3)3·6H2O, Fluka-Garantie, >99.0%) and 3.37 g of aluminum nitrate nonahydrate (Al(NO3)3·9H2O, Sigma Aldrich, Saint Louis, MO, USA, 99.9%) precursor salts were dissolved in 50 mL deionized water and stirred to give a homogeneous mixture. This was followed by the addition of 1.612 g of glycine (Sigma Aldrich, 98.5%) into the mixture to obtain oxidizer to fuel ratio of around 1/1.4. The resulting solution was then heated over a hot plate for combustion. The reaction is exothermic in nature and proceeds auto-thermally without further external heating after initiation of combustion. A detailed description of the synthesis procedure is provided elsewhere [31,32,33,35,44,47,53,67,68,69,70,71]. The synthesized nano-powder was then sintered in air by heating at a rate of 1 °C min−1 until it reached 800 °C where it was maintained for 3 h before cooling to room temperature at a rate of 1 °C min−1.



The activity of the present SCS catalyst was benchmarked with two traditional palladium/alumina and palladium/ceria/alumina catalysts. In the two cases, the palladium content was fixed at 5 wt%. These catalysts were denoted as 5P-I and 5P5C-I, respectively. The traditional catalysts were prepared via wet impregnation methods. For the 5P-I, the required weight of the precursor salt (Pd(NO3)2·3H2O, BDH) was dissolved in deionized water and introduced to the pre-calcined alumina (SASOL) support drop-wise. Similarly, the 5P5C-I was synthesized but with the addition of the required weight of the precursor salt (Pd(NO3)2·3H2O) and cereous(III) nitrate hexahydrate (Ce(NO3)3·6H2O, Fluka-Garantie, >99.0%) to the pre-calcined alumina. The resultant slurries were stirred for 6 h followed by drying at 120 °C and then calcination at 800 °C for 4 h with +1 °C and −1 °C heating and cooling rates, respectively.




3.2. Catalyst Characterization


Samples were characterized using various analytical tools, such as sequential temperature-programmed reduction (TPR), N2-adsorption/desorption (BET) analysis, powder X-ray diffraction (XRD) analysis, and X-ray photoelectron spectroscopy (XPS).



Detailed surface morphology and particle size of the calcined catalysts were revealed using high angle annular dark field (HAADF) HRTEM-EDS analysis. Samples for HRTEM-EDS analysis were prepared by dispersing calcined catalyst powder into tetrahydofuran (THF) by sonication. A drop of sample was then placed onto a 200-mesh copper grid coated with a holey carbon film. The HRTEM images were taken using a JEOL 2010F high-resolution field emission microscope (JEOL, Tokyo, Japan) at an operating voltage of 200 kV. HAADF images were recorded with a 0.7 nm HR probe and a Gatan annular dark field detector having a collection angle of 54.9 mrad. EDX spectra were recorded by using a PGT PRISM Si(Li) (Princeton Gamma-Tech Instruments, Princeton, NJ, USA).



The N2 adsorption–desorption analysis was carried out using an automated gas adsorption analyzer (ASAP2024, Micrometrics, Norcross, GA, USA). Typically, 0.1 g of the sample was loaded in the pre-weighed quartz sample tube and degassed in the degasser port overnight at 120 °C under a flow of nitrogen to remove moisture and other impurities. After pre-treatment of samples, the specific surface area was determined by the BET method using nitrogen gas as adsorbate. The pore size distribution was determined from the desorption branch of the adsorption isotherm by the Barrett-Joyner-Halenda (BJH) method.



The X-ray diffraction (XRD) method was used to characterize the phase and structure of the catalysts. Room temperature XRD measurements were performed on a desktop X-ray diffractometer (Rigaku, MiniFlexII, Leatherhead, UK) equipped with a CuKα radiation source, at 30 kV and 15 mA, at a scanning angle (2θ) range of 5–80° at scanning speed of 4°/min. Specimens were prepared by packing around 0.3 g of sample powder into a glass holder.



Full elemental surface analysis was carried out using a photoelectron spectrometer (AXIS Ultra DLD, KRATOS, Manchestor, UK) equipped with an angular resolved XPS, a small spot XPS facilities and a Gas Cluster Ion Source (GCIS) for sample sputtering using monatomic Ar+. Around 10 mg of the sample was placed in a gold-coated bronze stub and placed in the sample analysis chamber. Prior to XPS analysis, the surface of the samples was cleaned of adventitious carbon with an argon ion gun at an accelerating voltage of 4 KeV. The pressure in the analytical chamber during spectral acquisition was below 1.0 × 10−8 torr with the surface analysis depth ranging from ~30 to ~50 Å. The pass energy for the survey and high-resolution scans was 160 and 20 eV, respectively, while the accelerating voltage of monochromatized AlKα source was 15 kV.



Sequential temperature programmed reduction and temperature programmed oxidation (H2-TPR/TPO) offer a useful tool to reveal the reduction behavior of different oxidized phases and metal to support interactions of the catalysts. Sequential H2-TPR/TPO analyses of the calcined samples were carried out using ChemiSorb2750 (Micromeritics, Norcross, GA, USA) equipped with a thermal conductivity detector (TCD). This process consisted of two steps namely pretreatment and analysis. For pretreatment, 30 mg of the calcined sample was placed between two layers of quartz wool in a U-shaped quartz tube. The reactor temperature was raised to 200 °C at a rate of 10 °C min−1 in 20 mL min−1 of argon (Ar). The sample was degassed at this temperature for one hour and cooled down to 40 °C in an Ar flow. This step was then followed by H2-TPR, performed by switching the flow to 25 cm3 min−1 of 5 vol% H2/Ar and heating from 40 °C to 900 °C at a rate of 10 °C min−1. The tail gas directly passed to the thermal conductivity detector (TCD) to determine the hydrogen consumption. For TPO analysis, the reduced sample (after H2-TPR step) was cooled down to 40 °C in a H2/Ar flow followed by flushing with Ar for 15 min. The flow was then switched to 25 mL min−1 of 1 vol% O2/Ar and the furnace temperature ramped from 40 °C to 900 °C at 10 °C min−1.




3.3. Catalytic Activity Measurements


The methane oxidation catalytic performance investigated in a U-shaped quartz reactor connected with an online Quadrapole mass spectrometer HPR20 (Hidden Analytical, Warrington, UK). Light-off measurements were carried out with 30 mg of catalyst at a total gas pressure of 1 atm with CH4 (5% CH4/Ar) to O2 (5% O2/Ar) v/v ratio of 2. Experiments under wet conditions were conducted by admitting 18% steam into the reaction mixture via an HPLC pump. Prior to each experiment, the catalyst was activated by treating with 5% O2/Ar at 30 mL min−1 for 30 min at 500 °C. This step was followed by flushing the catalyst bed with 20 mL min−1 Ar for 20 min, raising the furnace temperature to 800 °C to record the light-off curves. Light-off curves were taken at heating and cooling rates of +10 and −10 K min−1, respectively.



The CH4 percent conversion is calculated using Equation (1);


    CH 4    conversion    ( % )  =  [     CH 4   ( in )  −  CH 4   ( out )     CH 4   ( in )     ]  × 100   



(1)








3.4. Effect of Reductive Pretreatment on Catalytic Activity


The effect of reductive pretreatment on the catalytic activity was also studied. The catalyst was reduced in flowing 30 mL min−1 pure H2 at 300 °C for 30 min. The reaction temperature was then raised to 500 °C at a heating rate of 5 °C min−1 in flowing H2. This step was followed by flushing the catalyst bed with 20 mL min−1 Ar for 20 min and then the inert gas was replaced by the required CH4/O2 gases mixture at a total gas pressure of 1 atm with O2 (5% O2/Ar) to CH4 (5% CH4/Ar) v/v ratio of 2. The cooling cycle in the temperature range between 500 °C and 200 °C was then taken at cooling rates of −5 K min−1.




3.5. Effects of the Type of Alumina Support on Catalytic Activity


In order to eliminate any difference in the catalytic activity caused by the type of the alumina as support, one more catalyst with a composition of 5 wt% Pd 5 wt% CeO2/Al2O3 was also synthesized. This catalyst was denoted as 5P5C-A. In this case, as a first step, the alumina support was prepared by the SCS method according to the procedure mentioned in Section 3.1. The synthesized powder was calcined at 800 °C for 3 h with +1 °C and −1 °C heating and cooling rates, respectively. This was followed by the addition of the required weight of the precursor salts of (Pd(NO3)2·3H2O, BDH) and cereous(III) nitrate hexahydrate (Ce(NO3)3·6H2O, Fluka-Garantie, >99.0%) dissolved in deionized water. The resultant slurry was stirred for 6 h followed by drying at 120 °C and then calcination at 800 °C for 4 h with +1 °C and −1 °C heating and cooling rates, respectively. The comparison between catalytic activity during methane oxidation over 5P5C-SCS and 5P5C-A was performed to investigate any difference between the two catalysts caused by the type of alumina used as support.





4. Conclusions


Active and stable alumina supported Pd/CeO2 catalysts were prepared via one-step SCS. The catalyst active phase, believed to be a solid solution of Pd inserted into CeO2, segregated within the surface region of the alumina support. The catalyst worked out with 100% efficiency for methane oxidation at temperatures above 400 °C. The high activity is suggested to be due to the “intrinsic” insertion of Ce3+ ions and oxygen vacancies, both associated with the insertion of highly ionized Pd+(2+x) ions into the ceria lattice. At 550 °C, compared to the traditional catalyst, the rates of methane decomposition under similar reaction over the SCS catalyst were higher by more than a factor of 18.
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Figure 1. Images of (a) the transmission electron microscope (TEM) and (b) the High-Angle Annular Dark-Field (HAADF) for 5P5C-SCS catalyst. SCS = solution-combustion synthesis. 
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Figure 2. (a) High resolution TEM (HRTEM) image of particle 1 from Figure 1b; (b) its fast Fourier transformation (FFT) mode, (c) Inverse FFT (pseudo-DF), and (d) EDX map. The colors in Figure 2c,d: blue = Al, green = Ce and red = Pd. 
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Figure 3. (a) HRTEM and (b) FFT images of small particle (2) from Figure 1b. 






Figure 3. (a) HRTEM and (b) FFT images of small particle (2) from Figure 1b.



[image: Catalysts 08 00066 g003]







[image: Catalysts 08 00066 g004 550] 





Figure 4. X-ray diffraction (XRD) patterns of the calcined samples (a) calcined pure CeO2 prepared via the SCS method; (b) 5P5C-I; (c) 5P5C-SCS. 
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Figure 5. Representative XPS Pd3d and Ce3d core-level spectra of the catalysts (a) Pd3d in 5P-I; (b) Pd3d in 5P5C-I; (c) Ce3d in 5P5C-I; (d) Pd3d in 5P5C-SCS; (e) Ce3d in 5P5C-SCS. 
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Figure 6. The relationship between the % of Pd added to the solution in the SCS and the % of Pd inserted in the ceria lattice. Inserted Pd concentration was measured by XPS for the peak for the highly ionized Pd positioned at 337.82 eV. 
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Figure 7. Schematic representation of the suggested palladium oxide/ceria solid state solution formed during the SCS. 
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Figure 8. Sequential TPR/TPO profiles of the 5P5C-SCS nanocatalyst. (a) Hydrogen temperature programmed reduction (H2-TPR) and (b) temperature programmed oxidation (TPO). 
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Figure 9. Catalytic performance for methane oxidation as a function of reaction temperature for (a) 5 wt% Pd/Al2O3 (5P-I) impregnation catalyst (b) 5 wt% Pd 5 wt% CeO2/Al2O3 (5P5C-I) impregnation catalyst and (c) 5 wt% Pd 5 wt% CeO2/Al2O3 SCS catalyst (5P5C-SCS). Light-off measurements were carried out with 30 mg of catalyst at a total gas pressure of 1 atm with CH4 (5% CH4/Ar) to O2 (5% O2/Ar) v/v ratio of 2. Catalyst was activated by treating them with 30 mL min−1 of 5% O2/Ar at 550 °C at a heating rate of 10 °C min−1. 
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Figure 10. Effects of reductive pretreatment on the methane oxidation over 5P5C-SCS catalyst. The catalyst was first reduced at 300 °C in a stream of 30 mL min−1 of pure H2, and then heated in flowing H2 till the temperature reached 500 °C and flushed with Ar for 20 min. Ar was then replaced by mixture of 5% CH4/Ar and 5% O2/Ar with O2/CH4 v/v ratio of 2 while the temperature was continuously lowered. 
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Figure 11. Catalytic performance for methane oxidation as a function of reaction temperature for catalysts made of fixed 5% CeO2 and varied Pd composition (the balance is Al2O3). 
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Figure 12. Catalytic performance for methane oxidation as a function of reaction temperature for 5 wt% Pd 5 wt% CeO2/Al2O3 (5P5C-A) catalyst where alumina was prepared via the SCS method and Pd and CeO2 were introduced via impregnation and 5 wt% Pd 5 wt% CeO2/Al2O3 SCS (5P5C-SCS) catalyst. Light-off measurements were carried out with 30 mg of catalyst at a total gas pressure of 1 atm with CH4 (5% CH4/Ar) to O2 (5% O2/Ar) v/v ratio of 2. Catalyst was activated by treating them with 30 mL min−1 of 5% O2/Ar at 550 °C at a heating rate of 10 °C min−1. 
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Table 1. Quantitative analysis of surface composition obtained from X-ray photoelectron spectroscopy (XPS) analysis a.
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1P5C-SCS

	
Ce(3d5/2)

	
Pd(3d5/2)

	
Al(2p3/2)

	
O1s




	
9.84 ± 0.64

	
1.29 ± 0.27

	
44.75 ± 0.4

	
43.81 ± 0.5




	
Ce(III)

	
Ce(IV)

	
Pd0

	
Pd2+(PdO)

	
Pd(2+x)+ b




	
43.44 ± 2.8

	
56.56 ± 2.8

	
29.17 ± 3.2

	
36.84 ± 2.6

	
32.98 ± 5.4




	
2.5P5C-SCS

	
Ce(3d5/2)

	
Pd(3d5/2)

	
43.236 ± 0.4

	
41.65 ± 0.4




	
12.82 ± 0.82

	
2.28 ± 0.14




	
Ce(III)

	
Ce(IV)

	
Pd0

	
Pd2+(PdO)

	
Pd(2+x)+ b




	
49.92 ± 4.6

	
50.07 ± 4.6

	
30.36 ± 2.7

	
46.16 ± 4.7

	
24.29 ± 1.7




	
5P5C-SCS

	
Ce(3d5/2)

	
Pd(3d5/2)

	
45.10 ± 0.3

	
42.92 ± 0.5




	
8.82 ± 0.26

	
2.95 ± 0.25




	
Ce(III)

	
Ce(IV)

	
Pd0

	
Pd2+(PdO)

	
Pd(2+x)+ b




	
41.17 ± 1.8

	
58.42 ± 1.8

	
32.63 ± 5.5

	
41.95 ± 3.2

	
25.71 ± 2.3




	
5P5C-I

	
Ce(3d5/2)

	
Pd(3d5/2)

	
47.23 ± 0.4

	
44.62 ± 0.4




	
3.63 ± 1.3

	
4.52 ± 0.23




	
Ce(III)

	
Ce(IV)

	
Pd0

	
Pd2+

	
Pd(2+x)+ b




	
0

	
100

	
13.2

	
86.8

	
0








a Above table represents average values calculated from five etching cycles. b Highly ionized Pd (Pd2+ species inserted into the lattice of CeO2). SCS = solution-combustion synthesis 
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Table 2. Physicochemical properties and methane combustion rates of the samples.
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	Sample
	Pd (wt%) a
	S.A. (m2 g−1) b
	Rate of Methane Decomposition c (µmol (g Pd)−1 s−1)





	5P-I
	4.84
	-
	57.06



	5P5C-I
	4.52
	54.28
	60.82



	5P5C-SCS
	2.95
	100.56
	1077.55







a Measured by XPS analysis. b BET surface area. c Reaction rates measured at 550 °C.
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