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Abstract

:

LaCoO3 films were deposited onto MgAl2O4 powders by atomic layer deposition (ALD) and then used as catalyst supports for Pt. X-ray diffraction (XRD) showed that the 0.5 nm films exhibited a perovskite structure after redox cycling at 1073 K, and scanning transmission electron microscopy and elemental mapping via energy-dispersive X-ray spectroscopy (STEM/EDS) data demonstrated that the films covered the substrate uniformly. Catalysts prepared with 3 wt % Pt showed that the Pt remained well dispersed on the perovskite film, even after repeated oxidations and reductions at 1073 K. Despite the high Pt dispersion, CO adsorption at room temperature was negligible. Compared with conventional Pt on MgAl2O4, the reduced forms of the LaCoO3-containing catalyst were highly active for the CO oxidation and water gas shift (WGS) reactions, while the oxidized catalysts showed much lower activities. Surprisingly, the reduced catalysts were much less active than the oxidized catalysts for toluene hydrogen. Catalysts prepared from thin films of Co3O4 or La2O3 exhibited properties more similar to Pt/MgAl2O4. Possible reasons for how LaCoO3 affects properties are discussed.
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1. Introduction


Sintering is a serious problem with supported metal catalysts in high-temperature applications, such as in automotive emissions control, because it leads to a loss of catalytically active surface area [1]. The concept of “intelligent” catalysts, in which the catalytic metals are supported on mixed oxides which have a perovskite structure, was developed as a possible solution to this problem [2]. The idea behind intelligent catalysts is that catalytic metals can become part of the perovskite lattice for some perovskites under oxidizing conditions, then return to the surface under reducing conditions. This “ingress” of large metal particles into the perovskite and “egress” of smaller metal particles out of the lattice could allow redispersion of the catalyst and restoration of activity. However, there are two serious limitations that prevent the practical application of the concept. First, the perovskites that are of interest for this application typically have low surface areas, at least after high-temperature cycling. Second, it has been shown that nucleation and subsequent formation of metal particles frequently occurs in the bulk of the perovskite, not at the surface, so that the metal particles that are formed are not accessible to reactants [3,4,5].



To avoid the problems associated with bulk perovskites, our group has been preparing thin-film perovskites, between 0.5 and 1.0 nm in thickness, on high-surface-area substrates using atomic layer deposition (ALD). The deposited films retain a high surface area, and because the typical particle size for metal catalysts is greater than 1 nm, nucleation of particles in the bulk of the oxide can be avoided. In past published works, films of CaTiO3 and LaFeO3 were grown on MgAl2O4 and then used as catalyst supports for Pd [6], Ni [7], and Pt [8]. The CaTiO3 and LaFeO3 films were found to uniformly cover the MgAl2O4 support and to be stable to cycling between oxidizing and reducing conditions (redox cycling) at temperatures as high as at least 1073 K.



Previous work with the thin-film versions of intelligent catalysts exhibited a number of interesting catalytic properties that are similar to what is observed in their bulk counterparts. For example, following an initial calcination at 1073 K, both CaTiO3- and LaFeO3-supported catalysts reduced at 773 K showed poor catalytic activity, but the same catalysts reduced at 1073 K were very active. This kind of behavior would be expected for bulk perovskite supports, since high temperatures are required for egress of the metal cations following high-temperature oxidation. Similar to Ni catalysts formed by ex-solution, Ni supported on CaTiO3 films showed extreme tolerance against coking in the presence of dry methane [7]. Finally, similar to what is observed with bulk perovskites [9], Pt, but not Pd, was found to interact strongly with CaTiO3 [8].



One of the more interesting perovskites to consider as a catalyst support is LaCoO3. LaCoO3 is much more easily reduced than either CaTiO3 or LaFeO3 [10], implying that there should be a much higher concentration of oxygen vacancies under even mild reducing conditions. This could impact the ease with which metals enter and leave the perovskite lattice. Co oxides are also known to be catalytically active for reactions such as CO and methane oxidation [11,12] and can also promote the activity of Pt for other reactions [13]. CO oxidation is important for pollution control applications [14,15]. Therefore, we set out to examine the properties of Pt on LaCoO3 films and to compare those properties to Pt on LaFeO3. The LaCoO3 films were again prepared by ALD on MgAl2O4 and characterized by catalyst testing and various physical characterization methods.




2. Results


2.1. Catalyst Characterization


The growth rate for La2O3 on MgAl2O4 in our system was reported to be 3.4 × 1017 La atoms/cycle·m2 (0.017 nm La2O3/cycle) in a previous work [6]. The weight changes associated with deposition of Co3O4 films on MgAl2O4 are shown in Figure S1a, which demonstrates that the amount Co3O4 that was added per cycle was independent of the number of cycles and equal to 5.0 × 1017 Co atoms/cycle·m2 (0.013 nm Co3O4/cycle, assuming uniform film growth and a bulk density for the film). This growth rate was the same as that measured previously for Co3O4 on γ-Al2O3 [16]. Therefore, in order to grow LaCoO3 films with the correct stoichiometry, we alternated between three ALD cycles of La2O3 and two ALD cycles of Co3O4. Figure S1b shows the sample weight as a function of this alternating set of ALD cycles and demonstrates that the weight changes for the mixed oxide were consistent with that predicted from the sum of the individual oxides.



Samples were prepared with either 30 wt % LaCoO3 (0.3 g of La2O3 and 0.15 g of Co3O4 on 1 g of MgAl2O4), 20 wt % La2O3, or 20 wt % Co3O4. After this, one ALD cycle of Pt was added to each of these materials to produce materials that were roughly 3 wt % Pt. A base-case sample was also prepared with one ALD cycle of Pt on MgAl2O4. Each of the samples was then exposed to five oxidation–reduction cycles, in which it was alternately oxidized in air at 1073 K for 2 h and then reduced in dry H2 at 1073 K for 1 h. Each of these samples is listed in Table 1, along with its BET surface area and calculated film thickness.



XRD patterns of the oxidized and reduced Pt/LCO/MAO, Pt/Co/MAO, and Pt/MAO samples are shown in Figure 1, with the pattern for MgAl2O4 shown at the bottom of each set of patterns for comparison. In addition to the features associated with MgAl2O4, the Pt/MAO sample (Figure 1a) exhibited intense Pt peaks for both the oxidized and reduced samples. This is consistent with the fact that large Pt particles are formed by high-temperature redox cycling [9]. Because bulk Pt is difficult to oxidize, XRD patterns for the oxidized and reduced samples remained unchanged. The XRD patterns for Pt/Co/MAO are shown in Figure 1b. The oxidized sample exhibited Pt features at 39° and 46° 2θ, but it was difficult to compare the intensities of these peaks with that of the substrate due to the overlap in peaks for Co3O4 and MgAl2O4. However, when this sample was reduced, the features associated with Pt shifted to 41.4° 2θ due to the formation of a Pt–Co alloy. There was also a small shoulder in the XRD pattern at 44.2° 2θ, which was likely associated with metallic Co.



XRD patterns for the Pt/LCO/MAO are shown in Figure 1c. The most intense features were those associated with the perovskite phase. An estimate of the crystallite size of the LaCoO3 using the Scherrer equation and the peak at 33° 2θ gave a value of 11 nm for both the oxidized and reduced samples. The other big difference between this and the other two samples was that the Pt peak at 39° 2θ was very small on the oxidized sample and was only slightly larger on the reduced sample, despite the fact that all three samples had a similar Pt loading. Also, the reduced sample showed no evidence of Pt–Co alloy formation.



High-angle annular dark field (HAADF)/STEM images of the oxidized and reduced Pt/LCO/MAO sample are shown in Figure 2, along with the corresponding EDS mappings. Again, both of these samples had been oxidized and reduced five times at 1073 K before the final treatment. The image of the oxidized sample, shown Figure 2a, is not easily distinguishable from that of the unmodified MgAl2O4. There was no evidence for larger particles. The EDS maps show that Pt, La, and Co were uniformly present over most of the surface. With relatively few exceptions, the EDS intensities for these three elements follow those of the Mg and Al. The STEM image of the reduced sample in Figure 2b is largely unchanged, but the EDS mappings show differences in the elemental positions, with Co appearing to have agglomerated into 10 nm islands. Pt and La remained relatively well distributed over the surface. Although some regions of the sample also showed large Pt particles (Figure S2), the concentration of these particles was insufficient to account for the Pt content of the sample but may account for the Pt XRD peak in Figure 1c. That LaCoO3 could at least partially decompose under harsh reducing conditions is expected [17], but it is surprising this was not also observed in the XRD measurements. The XRD showed no change in the perovskite peak intensities and no evidence of new phases.




2.2. CO Oxidation Rates


Past work with CO oxidation over perovskite-supported, ex-solution catalysts exhibited a high sensitivity to the pretreatment conditions [6,7,8]. Following high-temperature (1073 K) oxidation and relatively mild (773 K) reduction, the catalysts were inactive, but activity was restored upon high-temperature reduction. This behavior is unusual for supported metals and appears to be due to the high-temperature requirements for driving the metals into and out of the perovskite lattice. It is notable that this cycling between active and inactive states only occurs for those metal–perovskite pairs in which the metal can become part of the perovskite lattice [8]. Therefore, we employed similar CO oxidation measurements on the catalysts of this study to see whether these would also show evidence for ex-solution.



Figure 3 and Figure S3 show CO oxidation rates over Pt/LCO/MAO, Pt/La/MAO, Pt/Co/MAO, and Pt/MAO samples after various redox treatments. These samples were initially oxidized at 873 K to remove precursor ligands but were not otherwise redox cycled so that we could observe changes in the catalysts upon these various pretreatments. The rates were obtained under differential conditions with a constant gas hourly space velocity (GHSV) of 60,000 mL·g−1·h−1 (100 mL/min total flow rate, 100 mg catalyst). In order to maintain differential conditions, rates were measured at lower temperatures on the more active catalysts.



The effect of redox treatments for Pt/MAO, shown in both the Arrhenius plots and light-off profiles, has been discussed in a previous publication [8]. The sample exhibited similar activities as the conventional Pt catalysts, with results from the measurements reproduced in Figure S3. Initially, the rates were reasonably high due to the fact that the Pt dispersion was greater than 20%. However, high-temperature oxidation caused a precipitous drop in the activity and rates were not restored by high-temperature reduction. Additional redox cycling caused further drops in the activity, and after five redox cycles, the rates had dropped by a factor of 50. Chemisorption measurements indicated that the loss in activity could be completely explained by a loss of Pt dispersion.



Rate data for Pt/LCO/MAO are shown in Figure 3a and reveal completely different characteristics. To begin these experiments, the catalyst was first reduced at 1073 K in 10% H2–He. Similar to what has been observed in other ex-solution catalysts, this reduced catalyst showed very high activity, approximately 5 times higher than that observed in fresh Pt/MAO. When this catalyst was oxidized at 1073 K in 10% O2–He, the activity dropped by almost a factor of 100. The light-off curves for CO oxidation over oxidized and reduced Pt/LCO/MAO (sixth redox cycle) are shown in Figure S4, confirming that there was a large difference in activity between the oxidized and reduced samples. Also, as shown in Figure S5, reduction at 773 K did not significantly restore activity, but reduction at 1073 K brought the rates back to their initial value. The activity of this catalyst could be cycled between active and inactive states, with minimal changes, even after five redox cycles.



CO oxidation rates on Pt/La/MAO and Pt/Co/MAO are shown in Figure 3b,c. Initially, the Pt/La/MAO exhibited properties similar to that of fresh Pt/MAO and the rates simply decreased after high-temperature treatments. After five redox cycles, Pt/La/MAO remained somewhat more active than Pt/MAO, suggesting that La2O3 suppresses Pt sintering to some extent. The Pt/Co/MAO sample was more interesting. The initial activity after 1073 K reduction was a factor of 2 times higher than even the reduced Pt/LCO/MAO. This agrees with previous work that has shown Co promotes Pt catalysts for CO oxidation [18]. However, repeated oxidation–reduction cycles again caused the activity of this catalyst to drop. Interestingly, the reduced catalysts were always somewhat more active than the oxidized ones.



In the absence of promoters (e.g., the effects of ceria are discussed in reference [19]), CO oxidation rates on Pt catalysts have been shown to be strictly proportional to Pt surface area [20]. Therefore, we performed CO chemisorption on the oxidized and reduced samples that had undergone five redox cycles in order to better understand the changes observed in Figure 3. Pt dispersions were also estimated from the normalized reaction rates reported in the literature [21]. These values are shown in Table 2. Similar to what was reported previously for Pt on CaTiO3 films [8], there was no CO chemisorption on either the oxidized or reduced Pt/LCO/MAO sample. Based on reaction rates, the Pt dispersion on the reduced Pt/LCO/MAO should have been 40%. In contrast to this, the agreement between Pt dispersions measured by CO chemisorption and estimated from the normalized reaction rates was very good for each of the other catalysts.



The failure to observe CO chemisorption on the Pt/LCO/MAO sample suggests that the reaction rate expression should be very different. With noninteracting supports, CO oxidation on Pt is inversely proportional to the CO partial pressure due to the fact that the surface is saturated with CO. The rate limiting step is O2 adsorption [18], which in turn is limited by the availability of empty sites on the Pt. Based on the lack of CO chemisorption, the reaction order for CO on the reduced Pt/LCO/MAO sample is expected to be different. In Figure 4, differential rates are plotted at 393 and 423 K as a function of the CO partial pressure for a fixed O2 pressure of 7.6 Torr. At both temperatures, there was a transition from a slightly negative order to the zeroth order. The dependence on CO partial pressure was clearly much weaker on Pt/LCO/MAO than on conventional Pt catalysts, suggesting that the reaction mechanism is different.




2.3. WGS and Toluene Hydrogenation


Because changes in the adsorption properties could affect other reactions, we measured rates for toluene hydrogenation and WGS on the Pt/LCO/MAO catalyst as a function of the treatment conditions. These two reactions test the ability of the catalyst to activate H2 and H2O and are therefore complementary to CO oxidation, which is limited by O2 dissociative adsorption. Pt-based catalysts are generally very active for hydrogenation of unsaturated organic molecules; however, a recent study of Pt on CaTiO3 films showed surprisingly low rates for toluene hydrogenation [8]. While Pt by itself is not a good WGS catalyst due to the inability of Pt to dissociate water, support interactions can lead to interfacial sites that are highly active. For example, ceria-supported Pt can be highly active for WGS and has received considerable attention for this application [22,23].



Differential WGS rates are reported for Pt/LCO/MAO in Figure 5 on samples that were again reduced or oxidized at 1073 K, after one or five redox cycles. Similar to what was observed for CO oxidation, the reduced catalysts were roughly 50 times more active than the oxidized catalyst, and redox cycling did not significantly affect the rates. The difference in activities was confirmed by the light-off profiles, shown in Figure S6. It is also noteworthy that rates on the reduced catalysts approached those observed with ceria-supported Pt and were much more active than Pt on noninteracting supports. This is demonstrated in Figure S7, which compares rates on Pt/γ-Al2O3, Pt/CeO2/γ-Al2O3, and the reduced Pt/LCO/MAO, all of which had similar Pt loadings and were calcined at 1073 K. The fact that Pt/CeO2/γ-Al2O3 and reduced Pt/LCO/MAO were comparable implies that the LaCoO3 phase plays a role in the reaction.



Light-off curves for toluene hydrogenation are shown in Figure 6 for the Pt/MAO and the reduced and oxidized Pt/LCO/MAO catalysts. The Pt/MAO catalyst used here was calcined and reduced at 1073 K prior to measuring the rates. This data are surprising for multiple reasons. First, rates on Pt/MAO were shifted to lower temperatures by nearly 50 degrees compared with rates on reduced Pt/LCO/MAO. For a typical reaction activation energy of 100 kJ/mol, a 50-degree temperature shift corresponds to a factor of 70 difference in rates. Second, the oxidized catalyst was more active for this reaction than the reduced catalyst. Because the STEM/EDS results suggested that the LaCoO3 phase can at least partially decompose upon high-temperature reduction, which in turn could lead to Pt–Co alloy formation, we also measured rates on the reduced Pt/Co/MAO sample (Figure S8). Rates on Pt/Co/MAO were comparable to those of Pt/MAO, showing that alloy formation cannot explain the low rates observed with Pt/LCO/MAO.





3. Discussion


The results of this study demonstrate that thin films of LaCoO3 can be formed by ALD and that these films can exhibit interesting properties as supports for Pt catalysts. Catalysts prepared from these thin films retain a high Pt dispersion (as evidenced from the STEM/EDS data) following high-temperature redox cycling, and the reduced form of the catalyst is highly active for CO oxidation and WGS. However, many questions remain about the nature of the support interactions in these materials and they are clearly not a drop-in replacement for conventional Pt catalysts, given their low activity for hydrogenation reactions.



There are many similarities between the results shown here and those reported previously for Pt and Pd on CaTiO3 and LaFeO3 films [6,8]. In each of these systems, high reduction and oxidation temperatures were required to transition the catalysts between their active and inactive states. For example, in each case, a catalyst placed in its inactive state by oxidation at 1073 K could not be restored by reduction at 773 K but could be restored by reduction at 1073 K. Furthermore, despite the fact that each of the perovskite-based catalysts was highly active for CO oxidation, CO adsorption was suppressed in each case. Unlike conventional Pt and Pd catalysts, each of the perovskite-based catalysts maintained their activity following many oxidation–reduction cycles. Similar to what was observed for Pt on CaTiO3, hydrogenation of toluene was strongly suppressed. Finally, the properties of Pt catalysts supported on the individual oxides (e.g., Pt/Co/MAO and Pt/La/MAO) were completely different from that observed for the mixed oxide support. The similarity between results for catalysts prepared from the thin-film perovskites and the catalyst prepared by ex-solution of bulk perovskites strongly suggests Pt interacts with the thin films in a similar manner to that with the bulk perovskites.



It is interesting to ask why the perovskite phase is important in these systems. With a 0.5 nm film, bulk incorporation of the Pt seems unlikely. However, it is possible that the Pt could incorporate into lattice positions at the surface. These atoms would then be bonded strongly to the oxide cations making up the perovskite, so that they would still be present at the surface to catalyze reactions. The bonding to the perovskite would clearly affect their adsorption and reaction properties. It is somewhat surprising that perovskites as different as CaTiO3 and LaCoO3 would show such similar properties.



One question about the LaCoO3 system is that the STEM/EDS results seemed to indicate that the LaCoO3 decomposed and segregated into Co-rich islands. However, this is not consistent with either the XRD data or the reaction results. Regarding XRD data, not only did the perovskite peaks remain intense following high-temperature reduction, but we saw no evidence for the Pt–Co alloy formation that occurred with Pt on the Co3O4 films. The catalytic properties of the Pt/LCO/MAO catalyst were also distinctly different from those of Pt/La/MAO or Pt/Co/MAO. One possibility is that the Co-rich islands observed in the STEM/EDS results retained their perovskite structure, probably with a La deficiency, since the La did not show similar segregation.



While the concept of an “intelligent” catalyst is not new, the ability to prepare perovskite-supported catalysts with high surface areas and no remaining catalyst in the bulk is new. While we do not fully understand what gives rise to their properties, these materials are clearly novel and interesting.




4. Experimental Methods


4.1. Sample Preparation


The MgAl2O4 support used in this study was prepared in our laboratory using a precipitation method that has been described in greater detail in previous publications [6]. Prior to use, it was calcined in air at 1173 K for 12 h to ensure stability. The final MgAl2O4 powder had a Brunauer–Emmett–Teller (BET) surface area of 120 m2/g and exhibited only peaks that are characteristic of MgAl2O4 in X-ray diffraction (XRD).



La2O3, Co3O4, and LaCoO3 films were deposited onto the MgAl2O4 support by ALD using a home-built, static system that has been described in more detail elsewhere [24]. The ALD precursors used in this study were La(TMHD)3 (Strem Chemicals, Inc., Newburyport, MA, USA) and Co(TMHD)3 (Strem Chemicals, Inc). To generate sufficient vapor pressures, the evacuated La(TMHD)3 and Co(TMHD)3 precursor powders were heated to 523 K. An ALD cycle began by exposing the evacuated MgAl2O4 substrate to vapor from one of the precursors for ~5 min to ensure a complete surface reaction. After evacuation to remove excess precursor, the substrate was placed in a muffle furnace to oxidize the precursor ligands. Oxidation was performed at 873 K for 3 min for La and at 773 K for 5 min for Co. This procedure was repeated the desired number of times. Growth rates for each oxide film were determined by measuring the sample weights every five cycles. The film thicknesses were estimated from the mass of the film, assuming it had the bulk density and formed a uniform coating over then entire surface.



For water gas shift (WGS) studies, we prepared a Pt/CeO2/γ-Al2O3 sample for comparison. CeO2 was again added by ALD, using Ce(TMHD)4 (Strem Chemicals, Inc.) as the precursor. The CeO2/Al2O3 sample was identical to that used in a previous work [24]. The CeO2 loading was 20 wt %, corresponding to a film thickness of roughly 0.5 nm, and the BET surface area of the sample was 89 m2/g after calcination to 773 K.



Pt was added to the supports using ALD to ensure good initial contact between the Pt and the surface. One ALD cycle using Platinum(II) acetylacetonate (Strem Chemicals, Inc.) was sufficient to achieve the desired loading. In all cases, the Pt was deposited onto the as-prepared oxide films. In other words, the CeO2/γ-Al2O3 and Co3O4/MgAl2O4 films had been calcined to only 773 K and the La2O3/MgAl2O4 and LaCoO3/MgAl2O4 to only 873 K prior to adding the Pt. After addition of the Pt precursor, the samples were oxidized at 573 K to remove the ligands.




4.2. Characterization Methods


XRD was performed on a Rigaku Smartlab diffractometer (Rigaku, Tokyo, Japan) with a Cu Kα X-Ray source (λ = 0.15416 nm). Specific surface areas of samples were measured using BET isotherms with N2 at 77 K (Home-built). Scanning transmission electron microscopy (STEM) and elemental mapping via energy-dispersive X-ray spectroscopy (EDS) were performed with a JEOL JEM-F200 STEM (JEOL Ltd., Tokyo, Japan) operated at 200 kV. The powder specimens were diluted in isopropanol and put on lacey carbon films on copper grids (Electron Microscopy Sciences). The Pt dispersions were determined by CO chemisorption at room temperature, assuming adsorption of one CO molecule per surface Pt. Prior to adsorption, catalysts were reduced in 200 Torr H2 at 473 K. The loading of Pt on each sample was measured using inductively coupled plasma optical emission spectrometry (ICP-OES), equipped with a Mod Lichte nebulizer (SPECTRO Analytical Instruments Inc, Mahwah, NJ, USA).



Steady-state, differential reaction rates for CO oxidation and WGS were measured over 0.1 g samples in a 1/4 in., quartz, tubular flow reactor. Products were detected with an on-line gas chromatograph (SRI8610C) equipped with a Hayesep Q column and a thermal conductivity detector (TCD), using He as the carrier gas. Prior to reaction measurements, the catalysts were pretreated in either oxidizing (10% O2 in He) or reducing (10% H2 in He) conditions for 1 h at 1073 K. For CO oxidation, the total flow rate was maintained at 100 mL/min using a He carrier, with partial pressures of CO and O2 adjusted to achieve the desired partial pressures. The dependence of the rates on temperature was determined using fixed partial pressures of 25 Torr CO and 12.5 Torr O2, and reaction orders for CO were measured by varying the CO flow rate for fixed temperatures and O2 partial pressures. For WGS, the partial pressures of CO and H2O were both maintained at 25 Torr, using He as a carrier gas flowing through a water bubbler at 307 K.



Light-off reaction profiles for CO oxidation were measured over 0.1 g samples in a separate tubular flow reactor with an on-line quadrupole mass spectrometer (SRS-RGA-100) to continuously measure product compositions. The partial pressures of CO and O2 were maintained at 25 and 12.5 Torr, respectively, in a total flow of 100 mL/min, with He as the carrier gas. The temperature ramp rate was 10 K/min. Light-off curves for WGS reactions were measured with the same setup, with the partial pressures of CO and H2O both kept at 25 Torr. The temperature ramp rate was again 10 K/min. For light-off curves of toluene hydrogenation, the toluene partial pressure was kept at ~7 Torr, achieved by passing the H2 component through a toluene bubbler that was kept at 273 K. The temperature ramp rate was maintained at 10 K/min from room temperature to 473 K.





5. Conclusions


Thin films of LaCoO3 were successfully deposited onto MgAl2O4 using ALD. When reduced at high temperatures, Pt catalysts prepared from thin-film supports were highly active for CO oxidation and WGS and remained highly stable to redox cycling at 1073 K. The properties of the LaCoO3-supported Pt catalysts showed important similarities to Pt on CaTiO3 and LaFeO3 films but were not similar to Pt on Co3O4 or La2O3 films, implying that the perovskite structure of the thin-film supports is important for determining their properties.
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Figure 1. X-ray diffraction (XRD) patterns of (a) Pt/MAO, (b) Pt/Co/MAO, and (c) Pt/LCO/MAO: (i) unmodified MgAl2O4, (ii) oxidized Pt-containing sample after five redox cycles at 1073 K, and (iii) reduced Pt-containing sample after five redox cycles at 1073 K. Metallic Pt features are marked with diamonds, Co3O4 with pentagons, Pt–Co alloy with solid circles, metallic Co with hollow circles, and the perovskite with stars. 






Figure 1. X-ray diffraction (XRD) patterns of (a) Pt/MAO, (b) Pt/Co/MAO, and (c) Pt/LCO/MAO: (i) unmodified MgAl2O4, (ii) oxidized Pt-containing sample after five redox cycles at 1073 K, and (iii) reduced Pt-containing sample after five redox cycles at 1073 K. Metallic Pt features are marked with diamonds, Co3O4 with pentagons, Pt–Co alloy with solid circles, metallic Co with hollow circles, and the perovskite with stars.



[image: Inorganics 07 00113 g001]







[image: Inorganics 07 00113 g002 550] 





Figure 2. (a) High-angle annular dark field (HAADF)/scanning transmission electron microscopy (STEM) image and energy-dispersive X-ray spectroscopy (EDS) maps of Mg, Al, La, Co, and Pt on oxidized Pt/LCO/MAO after five redox cycles, taken from the region indicated by the green box. (b) HAADF/STEM image and EDS maps of Mg, Al, La, Co, and Pt on reduced Pt/LCO/MAO after five redox cycles, taken from the region indicated by the green box. The scale bar in the HAADF/STEM image represents 50 nm, while the scale bars in EDS mappings represent 25 nm. 
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Figure 3. Steady-state, differential reaction rates for CO oxidation with 25 Torr of CO and 12.5 Torr O2 for 0.1 g samples of (a) Pt/LCO/MAO, (b) Pt/La/MAO, and (c) Pt/Co/MAO. Rates measured on samples after oxidation in 10% O2–He at 1073 K for 1 h are marked in circles; rates measured on samples after reduction in 10% H2–He at 1073 K for 1 h are marked in diamonds. Black symbols denote the first redox cycle, while red symbols denote the fifth cycle. 
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Figure 4. Dependence of CO oxidation rates at different temperatures, at constant P(O2) = 7.6 Torr, over 0.1 g sample of reduced Pt/LCO/MAO after five redox cycles at 1073 K. 
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Figure 5. Steady-state, differential reaction rates over 0.1 g sample of Pt/LCO/MAO for water gas shift with partial pressures of CO and H2O both kept at 25 Torr. Rates measured on sample after oxidation in 10% O2–He at 1073 K for 1 h are marked in circles; rates measured on samples after reduction in 10% H2–He at 1073 K for 1 h are marked in diamonds. Black symbols denote the first redox cycle, while red symbols denote the fifth cycle. 
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Figure 6. Light-off profiles for toluene hydrogenation for 0.1 g samples of (red) oxidized Pt/MAO, (blue) oxidized Pt/LCO/MAO, and (black) reduced Pt/LCO/MAO. Samples had been pretreated with five redox cycles prior to measurements. 
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Table 1. Properties of samples used in this study.






Table 1. Properties of samples used in this study.












	
	BET S.A.

(±2 m2/g)
	Metal Oxide Loading (±1.5 wt %)
	Pt Loading

(±0.2 wt %)
	Film Thickness

(nm)





	Pt/LCO/MAO
	58
	30
	2.9
	0.5



	Pt/La/MAO
	83
	20
	2.7
	0.3



	Pt/Co/MAO
	81
	20
	2.8
	0.3



	Pt/MAO
	118
	-
	3.1
	-







Abbreviation: BET S.A.—Brunauer–Emmett–Teller surface area.
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