

  catalysts-12-00628




catalysts-12-00628







Catalysts 2022, 12(6), 628; doi:10.3390/catal12060628




Article



Towards Highly Loaded and Finely Dispersed CuO Catalysts via ADP: Effect of the Alumina Support



Tim Van Everbroeck 1[image: Orcid], Aggeliki Papavasiliou 2,*, Radu-George Ciocarlan 1[image: Orcid], Evangelos Poulakis 3, Constantine J. Philippopoulos 3, Erika O. Jardim 4[image: Orcid], Joaquin Silvestre-Albero 4[image: Orcid], Elias Sakellis 2[image: Orcid], Pegie Cool 1 and Fotios K. Katsaros 2[image: Orcid]





1



Laboratory of Adsorption & Catalysis, Department of Chemistry, University of Antwerp, Universiteitsplein 1, 2610 Wilrijk, Belgium






2



Institute of Nanoscience and Nanotechnology, National Center for Scientific Research Demokritos, Aghia Paraskevi, 153 10 Athens, Greece






3



Chemical Process Engineering Laboratory, Department of Chemical Engineering, National Technical University of Athens, 9 Heroon Polytechniou Street, Zografos Camphs, 157 80 Athens, Greece






4



Laboratorio de Materiales Avanzados, Departamento de Química Inorgánica, Instituto Universitario de Materiales, Universidad de Alicante, E-03690 San Vicente del Raspeig, Spain









*



Correspondence: a.papavasiliou@inn.demokritos.gr; Tel.: +30-2106503913







Academic Editors: Antonia Iazzetti and Alessia Ciogli



Received: 24 May 2022 / Accepted: 6 June 2022 / Published: 8 June 2022



Abstract

:

To meet current economic demands enforcing the replacement of platinum-group metals, extensively used in three-way-catalytic converters (TWC), research is driven towards low-cost and widely available base metals. However, to cope with their lower activity, high metal loadings must be coupled with increased dispersion. Herein, a series of CuO/Al2O3 samples is produced and the effect of different alumina supports’ properties on CuO dispersion, speciation and eventually on the TWC performance is studied. The alumina samples are synthesized via different methods, including soft-templating routes and flame spray pyrolysis, and compared with a commercial one, while CuO used as the catalytic active phase is added through ammonia-driven deposition–precipitation. As found, the large surface area and low crystallinity of the aluminas produced by soft-templating routes favor strong metal–support interaction, generating highly dispersed and strongly bonded CuO species at low loading and copper-aluminate phases at high loading. Notably, the use of amorphous mesoporous alumina completely prevents the formation of crystalline CuO even at 15 wt% Cu. Such high metal loading and dispersion capacity without the application of elevated calcination temperatures is one of the best reported for nonreducible supports. Catalytic evaluation of this material reveals a pronounced enhancement of oxidation activity with metal loading increase.
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1. Introduction


Nowadays, the extensive use of Platinum Group Metals (PGMs), originating from the increasing number of gasoline-fuelled automobiles and the decreasing emission limits, coupled with their relatively high prices and limited supply intensify the need for their substitution by low-cost abundant transition metals [1]. Research efforts have been devoted since the early days of the catalytic converter to the use of base metals (nickel, copper, iron, cobalt, etc.). While some of these candidates seemed very attractive, the main complications related to the (i) poisoning by sulfur and lead present in the fuel, (ii) lower catalytic activity compared to PGMs and (iii) thermal durability [1]. In the past years, regulations set the cap for sulfur in gasoline fuels at 30 ppm (Tier 2 Motor Vehicle Emission and Fuel Standards), while starting from 2020, this will be further reduced to 10 ppm (Tier 3 Motor Vehicle Emission and Fuel Standards) [2,3]. In addition, considering that the use of lead additives in automotive fuels is almost completely restricted, the main concern for using base metals as the main catalytic components is now directed to their lower intrinsic activity and thermal stability [4].



Copper-containing catalytic systems are considered an appealing solution for the development of low-cost PGM-free catalytic formulations given their high activity in various reactions including oxidation of CO, HCs and soot, as well as selective catalytic reduction of NO by CO, hydrocarbons or NH3 [5,6,7,8,9,10,11,12,13,14,15,16,17]. However, in order to achieve performances comparable to PGM-based systems, high metal loadings combined with a finely dispersed state are required. Another challenging task concerns the stabilization of the active copper phases during exposure at operating conditions or at elevated temperatures. Evidently, the employed metal deposition method as well as the type of the oxide support play an essential role in this direction by strengthening metal–support interactions and hence suppressing aggregation and particle growth [10,18,19,20,21,22,23].



The ammonia-driven deposition–precipitation (ADP) method is a highly efficient method in terms of simplicity and metal dispersion [19,20]. Its key principle relies on the use of ammonia forming a complex with Cu2+ ions in an aqueous solution. In this manner, the necessary steric hindrance, to prevent close proximity among the metal atoms during deposition, is provided. In addition, ammonia raises the solution’s pH above the point of zero charge of the support material, initiating a strong electrostatic interaction between the negatively charged surface groups of the support and the positively charged [Cu(NH3)4]2+ complex. Consequently, sintering phenomena upon thermal activation resulting in the formation of bulk CuO are notably restricted [20].



On the other hand, alumina is a widely studied supporting material favoring copper dispersion through the formation of isolated Cu2+ species and/or an aluminate phase [14,15,16,17]. The density of acid-basic sites and in general alumina’s performance as catalytic support is strongly related to its textural properties. Over the last years, synthesis of mesoporous alumina possessing large surface area and pore volumes has drawn immense interest, with a large number of studies emerging in the literature [24,25,26,27,28]. A common synthetic approach relies on the use of non-ionic surfactants as structure-directing agents (SDAs) in a sol-gel process. These sol-gel methods are performed in either aqueous or non-aqueous systems with the type of solvent strongly affecting the structural and textural properties of the final alumina material. According to the literature, in the presence of water, aluminum hydroxides tend to crystallize mostly in the boehmite phase, whereas in a non-aqueous environment they exist in an amorphous state [25,26,27,28]. Moreover, in an aqueous system, the weak interactions between the boehmite colloids and the surfactant result in the formation of lath-like or scaffold-like alumina pore structures that lack long-range periodic ordering [24,27]. In contrast, materials with a mesoscopic order of high-quality and amorphous pore walls can be obtained by an evaporation-induced self-assembly (EISA) approach, typically conducted in an ethanolic solution under an acidic environment [25,26,28]. An alternative, fast and low-cost method to produce large quantities of oxide nanoparticles is flame spray pyrolysis (FSP). However, due to the high temperature of the flame, alumina materials formed during this process demonstrate different crystal phases and textural properties compared to soft-template synthesis routes [29].



Until now, considerable research was oriented towards the effect of a copper content and metal deposition method on the final catalytic activity, with alumina’s properties receiving much less attention [10,17,30,31,32]. The aim of this work is to produce highly-loaded and finely dispersed CuO/Al2O3 catalysts as well as to provide new insights into the impact of the alumina properties on CuO speciation, dispersion and hence on catalytic behavior. Three alumina supports were prepared by employing different synthetic strategies, namely, an ethanol-based evaporation-induced self-assembly approach (EISA), a water-based soft-templating method and flame spray pyrolysis, and used as catalytic supports together with a commercial alumina powder. Copper addition in several loadings (5, 10 and 15 wt%) was accomplished using a modified version of the Ammonia Driven Deposition Precipitation (ADP) method developed by Guo et al. [31], as also described in the work of Xin et al. [19,20]. Various characterization techniques, such as SEM, EDS mapping, STEM, N2 adsorption, low- and wide-angle X-ray diffraction (XRD), UV–vis diffuse reflectance, X-ray photoelectron spectroscopy (XPS), H2-temperature programmed reduction (H2-TPR), NH3-temperature programmed desorption (NH3-TPD) and inductively coupled plasma mass spectrometry, were employed for the investigation of the produced supporting and catalytic materials’ morphology, pore structure, crystallinity, speciation, reducibility, acidity as well as metal loading. To evaluate the three-way catalytic performance, activity measurements were taken at the stoichiometric point using a complex feed stream containing, among others, C3H8, CH4, CO2 and H2O, and an appropriate volumetric flow in order to simulate real operating conditions.




2. Results


2.1. Physicochemical Properties of the Alumina Supports


An overview of the produced pure and Cu-loaded alumina samples is given in Table 1. Textural characteristics of the alumina supports derived from N2-sorption measurements are listed in Table 2. The corresponding isotherms and pore size distributions (PSD) are displayed in Figure 1. The Al(1), Al(2) and Al(3) samples exhibit typical IVa isotherm plots, corresponding to mesoporous adsorbents, with an H1 hysteresis loop characteristic of materials with cylindrical pore geometry [33]. However, differences in the hysteresis loops’ shape and location can be observed among the three samples, reflecting the different uniformity degree and size of the mesopores. As derived from the respective pore size distribution (PSD) analysis, the Al(1) material demonstrates a narrow PSD centered around 6 nm, the Al(2) sample possesses three times larger pores of around 18 nm and a wider distribution, whereas the Al(3) sample clearly comprises bigger and non-uniform pores, as evidenced by the very broad PSD curve. Finally, the Al(4) alumina differs greatly from the other samples, presenting a type II isotherm plot accompanied by a less distinct hysteresis loop, indicative of non-porous or macroporous solids.



Figure 2 shows the low- and wide-angle XRD patterns of the parent materials. As observed by the low-angle XRD patterns (Figure 2 left) in the Al(2), Al(3) and Al(4) samples, a single broad diffraction peak emerged, indicative of poorly ordered nanoporous structures. On the contrary, sample Al(1) exhibits a well-resolved diffraction peak around 1.0° accompanied by a weak signal at higher angles, evidencing a long-range pore ordering [25,26,27,28]. According to Figure 2 (right), Al(1) also demonstrates a different wide-angle XRD pattern compared to the rest of the aluminas, since only diffuse weak reflections could be detected, revealing the amorphous nature of the pore walls. The Al(2), Al(3) and Al(4) samples demonstrate the characteristic peaks of a γ-Al2O3 metastable phase (JCPDS #10-425), with a significant contribution from δ-Al2O3 (JCPDS #46-1215) in the case of Al(4) as a result of the elevated temperatures employed during FSP. However, despite their similar XRD patterns, the broader and lower intensity peaks observed in Al(2) reveal a lower crystallinity degree.



Morphological characteristics of the different alumina samples were investigated by scanning electron microscopy (Figure 3). The SEM micrograph illustrated in Figure 3A verifies the formation of a highly ordered mesostructure in the case of Al(1), as demonstrated by the hexagonally packed uniform cylindrical mesochannels. Al(2) seems to be built-up of very thin fiber-like structures grown into each other, generating a non-ordered porous network. Al(3) exhibits analogous morphology with Al(2), i.e., a lath-like mesostructure, consisting of rod-like instead of fiber-like units. The micrograph of Al(4) shows that this material consists of spherical nanoparticles, typical for materials made by flame spray pyrolysis. Some of these particles are already aggregated to bigger structures.



The acidic properties of the alumina samples were evaluated by means of NH3 temperature-programmed desorption. The acquired NH3-TPD profiles are presented in Figure 4 and the total amount of desorbed NH3 is summarized in Table 2. As derived from Figure 4, all aluminas display a similar NH3-TPD profile shape, characterized by two distinct desorption peaks corresponding to medium and strong acid sites, respectively. The position of the first peak is shifted to a lower temperature in Al(1) and to a higher temperature in Al(2), reflecting small deviations in acid strength, whereas the second peak is recorded at the same temperatures in all the alumina samples. It should be noted that in the case of Al(4), the additional weak desorption peak emerged at 450 °C together with the large desorption peak located above 600 °C cannot be solely attributed to NH3 desorption but also to some interfering molecule coming off from the support. This assumption was confirmed by the detection of both desorption signals when a blank TPD experiment was performed without using NH3 (Figure S1). Therefore, the real amount of desorbed NH3 in the Al(4) sample was calculated by subtracting the area of the m/z = 16 peak at 650 °C of the blank experiment. Accordingly, the area of the desorption peaks corresponding to the number of acid sites presents the following trend: Al(2) > Al(1) > Al(3) > Al(4). It is obvious that the Al(1) and Al(2) samples with the highest specific surface area values exhibit considerably higher acidity than the other two aluminas.




2.2. Physicochemical Properties of the Copper-Loaded Alumina Catalysts


The textural characteristics derived from N2-sorption analysis of the final catalysts, after loading with Cu and calcination, are presented in Table 3. The corresponding isotherms and pore size distributions (PSD) are displayed in Supplementary Materials Figures S2 and S3. In the case of the catalytic samples produced from Al(1) alumina, by comparing the isotherms of the parent and the copper-loaded materials, it is obvious that metal addition drastically altered the material’s pore structure. This is also confirmed by the respective narrow pore size distribution curves, centered at very low pore diameter values. On the contrary, the catalytic samples derived from Al(2) and Al(3) alumina supports retain the parent mesoporous structure to a great extent. According to the shape of the Cu-loaded materials’ isotherm plots, metal deposition did not induce significant changes in the alumina pore network. Only in the case of the Al(2)-derived samples is there a drop in surface area and pore volume, presumably due to plugging of some of the pores. Upon CuO loading of the Al(4) sample, the shape of the isotherm evolves to type Iva, featuring a better-resolved hysteresis loop, suggesting the presence of mesoporosity. This is further supported by the obtained PSD curves revealing the formation of pores with a diameter of 10–18 nm, possibly generated from interparticle voids between the agglomerated CuO particles.



N2 adsorption findings are further supported by low-angle X-ray diffraction analysis illustrated in Figure S4. As seen, in the low-angle XRD patterns of the Cu-loaded Al(1) samples, the main low-angle diffraction becomes broader and the weak one disappears, implying a reduction in pore structure regularity upon Cu addition. The wide-angle XRD patterns of the Cu-loaded materials are shown in Figure 5. When a low amount of copper (5 wt%) is added, the absence of peaks attributed to the CuO crystal phase indicate a very good dispersion of Cu species [34]. Only in 5Cu Al(3) could traces corresponding to the CuO tenorite crystal phase (JCPDS #03-0884) be identified. By further increasing copper content to 10 wt%, sharp and high intensity peaks ascribed to the tenorite phase could be clearly detected in 10Cu Al(3) and 10Cu Al(4), while for 10Cu Al(1) and 10Cu Al(2), no characteristic features of CuO are visible. Finally, at 15 wt% Cu loading, all samples’ patterns verify the presence of CuO, except for 15Cu Al(1). The average crystallite sizes of CuO particles, estimated from the Gaussian fitted (111) reflection by using the Scherrer formula, vary between 18 and 21 nm as listed in Table 3.



On the other hand, the Cu Al(1) samples demonstrate completely different diffractograms compared to the other copper loaded materials. Copper addition through the ADP method in this case induced a transition from amorphous to crystalline state as evidenced by the appearance of γ-Al2O3 peaks, justifying the deterioration of pore ordering. However, the most impressive is the absence of peaks related to copper species even at high Cu loading (15 wt%). By more closely inspecting the diffraction emerged around 37°, a strengthening is noticed with Cu loading increase in relation to the other γ-Al2O3 peaks, pointing towards the presence of a CuAl2O4 spinel phase (JCPDS #33-448). The characteristic peaks of this spinel phase are detected at 31.5°, 37°, 45° and 56° [35]. γ-Al2O3 is usually also described as a defective spinel, so unsurprisingly, both XRD patterns are very similar [35,36]. Consequently, unambiguous detection of a CuAl2O4 phase is hindered by its nanocrystalline nature along with the overlapping with γ-Al2O3 diffractions. Moreover, as shown in an enlarged excerpt of the diffractograms (Figure S5), the downward shift noticed around 46° in the case of both 15Cu Al(1) and 15Cu Al(2) compared to the rest of the samples suggests that this phase is also present, albeit to a lesser extent, in sample 15Cu Al(2).



SEM reveals that after the addition of a low amount of Cu, the samples retain the parent morphology, as shown in Figure 6, except for sample 5Cu Al(1). In this case, strongly aggregated structures without noticeable order in the pore arrangement are observed. This drastic change of the morphological characteristics is consistent with both N2-sorption and XRD findings. In some regions of the 5Cu Al(3) sample, aggregates are present at the external alumina surface attributed to CuO, also in complete agreement with the wide-angle XRD pattern. SEM images of the 10 wt% Cu-loading samples can be found in Supplementary Material Figure S6. The CuO aggregates appear to increase in population for 10Cu Al(3) and are also distinguishable in 10CuAl(4). Sample 10Cu Al(2) exhibits the same morphological features as the parent material, while in sample 10Cu Al(1) a second phase with a flake-like morphology could be observed, possibly related to the initiation of a CuAl2O4 spinel phase. This phase predominates in sample 15Cu Al(1), confirming the XRD results. Moreover, at this high copper loading (15 wt%), CuO aggregates are distinguished in all materials except for Al(1), as shown in Figure S7. To further support the aforementioned findings, backscattered electron analysis was performed. As shown by the acquired BSE images of sample 15Cu Al(1), depicted in Figure 7, the same brightness can be observed over the entire examined area, which suggests a great homogeneity in chemical composition. This high homogeneity could originate from either the existence of a single phase or the fine distribution of Cu species. On the contrary, in the other samples loaded with 15 wt% Cu, BSE analysis revealed significant contrast variations. Specifically, the aggregates detected with the SEM mode appear much brighter with BSE imaging, confirming that they consist of CuO. Elemental Cu, Al and O mappings at the microstructural level acquired by SEM/EDS analysis further support these findings (Figures S8–S13).



Additional information about the spatial distribution of Cu species at the nanoscale is provided by STEM and EDS mapping analysis (Figure 8 and Figure 9, Figures S14 and S15). Evidently, 15Cu Al(1) stands out in terms of CuO species uniformity and homogeneous dispersion. As observed in Figure 8, this material comprises small nanocrystals ascribed to an alumina-containing phase according to the diffuse rings in the obtained selected area electron diffraction (SAED) patterns. High-angle annular dark field scanning transmission electron microscopy (HAADF-STEM) micrographs together with Cu, Al and O elemental mappings clearly demonstrate a compositional uniformity. CuO nanoparticles could not be distinguished, suggesting incorporation of Cu into the alumina structure and/or distribution at the subnanometer scale. At low Cu loading (sample 5CuAl(1)) although Cu species are finely dispersed, CuO nanoclusters could also be detected (Figure S14), suggesting that Cu incorporation is mostly favored at higher loadings. In the other high Cu-loaded alumina samples, highly dispersed Cu species co-exist with large CuO crystallites, as seen in Figure S15 and confirmed by SAED patterns. However, these crystallites’ size and population are reduced in the 15Cu Al(2) sample. In addition, in the areas of well-dispersed CuO species, Cu-rich domains could be noticed, evidencing an uneven distribution (Figure 9). Finally, it should be stressed that in all the examined samples, the mesoporous nature was clearly visible.



UV–visible diffuse reflectance (UV-Vis-DR) spectroscopy was performed to gain insight into the state and clustering of the Cu species. Figure 10 shows the UV-Vis-DR spectra of each support with different Cu loadings. In general, as reported in the literature, the band situated at 230–300 nm can be assigned to the charge transfer between Cu2+ and oxygen, whereas the band around 340–440 nm is associated with the presence of [Cu-O-Cu]n-type clusters (oligomeric species). Absorption in the range of 400–450 nm is assigned to the three-dimensional Cu+ clusters in the CuO matrix or to bulk the CuAl2O4 spinel phase and around 600–650 nm to a square planar coordination of Cu2+, typically confirming the presence of bulk CuO [19,34]. Finally, absorption between 600 and 800 nm corresponds to the d-d transitions of Cu2+ situated in an octahedral environment. As observed, at 5 wt% Cu loading only bands at low wavelengths can be detected, indicating the presence of mononuclear and oligomeric Cu species in all samples. The absence of absorption in the 600–800 nm region confirms that these samples are practically free of bulk CuO, in line with XRD results. However, at 10 wt% Cu, bulk CuO appears in the Al(3) and Al(4) samples, as evidenced by the absorption ranging from 300 to 800 nm. On the contrary, in samples Al(1) and Al(2), the recorded UV signals are mainly located between the region of monomeric and oligomeric species with additional weak absorption bands above 700 nm, implying the presence of octahedral Cu2+ species. Finally, at high Cu loading (15 wt%), the band around 600 nm corresponding to bulk CuO emerges in the spectrum of the 15Cu Al(2) sample as well. In the case of 15Cu Al(1), absorption below 400 nm is much higher compared to the other samples, suggesting a larger fraction of well-dispersed Cu species [30]. In addition, two new bands around 450 nm and 750 nm are observed, which could be assigned to d–d transitions of Cu2+ in tetrahedral and octahedral sites of the CuAl2O4 spinel lattice [13,15,30,37].



The state of copper species on the materials’ surface was also probed by XPS analysis. Figure 11 shows the XPS profiles of the 15 wt% Cu-loaded samples in the region of the Cu 2p3/2 transition. These profiles clearly demonstrate important differences among the different catalysts. In general, all samples exhibit a main contribution in the region 932–937 eV and two satellite contributions at ≈ 941.1–941.6 eV and 943.6–943.9 eV due to Cu2+ ions. The satellite structure is exclusive of Cu2+ ions (d9) and has been attributed to either 3d→4s or ligand-to-metal (O 2p→Cu 3d) transitions [38]. According to the literature, the reduced copper species such as metallic Cu and Cu2O have binding energies (BE) below 933 eV, while CuO typically has its transition at 933.4–933.9 eV. At the same time, CuAl2O4 has the transition at 935.0 eV [35,39,40]. To ascertain the nature of copper species, the main component in Figure 11 has been deconvoluted in three contributions: a first one at around 932.7–932.8 eV, a second contribution at 934.7–934.8 eV (except for 15 Cu Al(4), whose peak appears at 934.5 eV) and a small shoulder at 936.1–936.2 eV (except for sample 15 Cu Al(1), whose shoulder appears at 936.7 eV). The component at low BE could be attributed to Cu0. Taking into account that all samples were calcined in air atmosphere without any reductive treatment prior to XPS analysis, it can be inferred that the appearance of this component originates from the surface reduction of copper by the flux of X-ray radiation in the high vacuum chamber of the spectrometer [35]. Interestingly, the percentage of reduced copper (Cu0) is very high for samples 15 Cu Al(4) and 15 Cu Al(3) with 41 and 43%, respectively, while this percentage decreases to 34% for sample 15 Cu Al(2) and 29% for sample 15 Cu Al(1). These results clearly suggest that the reducibility of surface copper species is promoted in samples 15 Cu Al(3) and 15 Cu Al(4), while a different chemical environment, less prone to reduction, is found for the other two samples. Besides the alumina support, metal loading is another parameter affecting samples’ reducibility as derived by the even higher fraction of the in situ reduced copper species recorded for two low Cu-loaded samples, ranging from 49 to 53% (Figures S16 and S17). The Cu 2p3/2 region exhibits a second contribution at ca. 934.7–934.8 eV, being the main component for samples 15 Cu Al(1) and 15 Cu Al(2). These BE values are relatively close to the values reported in the literature for Cu2+ in CuAl2O4 (≈935 eV) [35,39,40]. Although these results confirm the presence of spinel in the synthesized catalysts, some contribution from CuO (expected BE at 934.1 eV) cannot be excluded, especially for the 15 Cu Al(3) and 15 Cu Al(4) samples, where a slight shift to lower BEs is recorded. The presence of CuO in these two samples could also explain the higher reducibility of surface copper species during the XPS measurements, this reduction being rather limited for sample 15 Cu Al(1). All catalysts also exhibit a shoulder at higher BE (936.1–936.7 eV). Although this contribution is very high in binding energy as compared to the typically reported values for Cu2+ (as CuO or CuAl2O4), it could be associated with copper ions coordinated to oxygen in a highly oxidizing Al3+ environment [39]. The Al 2p transitions of the 15 wt% Cu-loaded samples are shown in Supplementary Materials (Figure S18).



Surface and bulk Cu content values determined by XPS and ICP-MS, respectively, are listed in Table 4. In addition, Cu to Al atomic ratios which could be used as an indication of Cu dispersion, are also included in Table 4 [41]. As seen in the table, the 15Cu Al(1) sample demonstrates a much higher Cu/Al value in relation to the other samples, indicating a higher dispersion degree.



H2-TPR provides valuable information regarding catalysts’ reducibility, which is closely related to the nature of copper species. In general, for supported CuO catalysts, two main reduction stages are found in the H2-TPR profiles. TPR peaks emerging below 250 °C are usually assigned to the reduction of highly dispersed CuO or isolated Cu2+ species; on the other hand, bulk CuO is reduced at around 300 °C (as seen in the H2-TPR profile of bulk CuO in Figure S19) [19,20]. Another general aspect of TPR is that stronger interactions between CuO and the support will result in a higher reduction temperature [9,38]. This strong metal–support interaction can be exploited to suppress the mobility of the particles, especially at higher temperatures [19].



Figure 12 shows the H2-TPR profiles of the four supports loaded with 5, 10 or 15 wt% Cu. For the sample series with 5 wt% Cu loading, a single reduction peak is generally observed in all TPR profiles, located however at different temperatures. In the case of the 5Cu Al(3) sample, where according to XRD analysis traces of bulk crystalline CuO are detected, the lowest reduction temperature is recorded at around 200 °C. For 5Cu Al(4), the reduction peak shifts to slightly higher temperatures, around 215 °C, while for 5Cu Al(1) and 5Cu Al(2), the reduction occurs at much higher temperatures, around 283 °C and 298 °C, respectively. The higher temperature profiles of the last two samples denote a stronger interaction between copper species and the alumina support, as was also suggested by Patel et al. [9].



The sample series consisting of 10 wt% Cu loading present different reduction profiles as a result of CuO species evolution with metal loading increase. H2-TPR profiles of 10Cu Al(1) and 10Cu Al(2) samples are very similar, consisting of two overlapping peaks between 250 and 300 °C, mainly attributed to highly dispersed CuOx and possibly to a copper aluminate spinel phase [42]. The peak assigned to highly dispersed CuOx species is now located at lower temperatures compared to the respective samples loaded with a lower amount of Cu (5 wt%). This downward shift with Cu loading increase, also reported in other works, is ascribed to the weaker interaction between larger CuOx species and the alumina support [17,43]. The other two samples, 10Cu Al(3) and 10Cu Al(4), exhibit more complicated profiles indicative of speciation and particle size heterogeneity. In the case of 10Cu Al(3), the two distinct peaks below and above 300 °C are related to the reduction of well-dispersed CuOx and bulk CuO, respectively, as detected by XRD analysis. Finally, the H2-TPR profile of the 10Cu Al(4) sample is characterized by two low temperature peaks located between 200 and 250 °C and two overlapping peaks centered at 300 °C. The low temperature peaks could be associated with CuOx nanoparticles of different dispersion state, whereas the higher temperature peaks with bulk-like CuO aggregates and large CuO crystallites or crystallites of different sizes [44,45,46]. By further increasing Cu loading to 15 wt%, only the 15Cu Al(1) sample preserves the same reduction pattern with a slight shift at higher temperatures. In contrast, in the 15Cu Al(2) sample, an additional peak appeared at a higher temperature (around 380 °C), which, based on XRD and UV-Vis-DR findings, could be ascribed to the reduction of large CuO crystallites. In the case of 15Cu Al(3) and 15Cu Al(4), an increase of Cu loading resulted in a widening and an upward shift of both low and high temperature peaks. These changes are closely related to CuO dispersion, crystallinity and size [44]. In particular, the higher contribution from the high temperature peaks observed in both samples is consistent with the larger fraction of bigger CuO particles as evidenced by XRD, UV-vis-DR and SEM analysis. Finally, the lack of detection of the peak located around 300 °C only in these two samples further supports its assignment to Cu species strongly interacting with the support, possibly in the form of copper aluminate species.




2.3. Catalytic Activity of CuO/Alumina


CO, C3H6, C3H8, CH4 and NO conversion profiles as a function of catalyst temperature are shown in Figures S20–S23. Light-off (temperature at which 50% conversion is reached, T50), T90 (temperature at which 90% conversion is reached) and maximum conversion temperatures along with maximum conversion values are listed in Table S1. Regarding samples’ oxidation performance at 5 wt% Cu loading, the 5Cu Al(1) sample demonstrates the lowest activity, especially in the case of CO and C3H6 with much higher T50 and T90 values in comparison to the other samples, whereas the lower T50 values are recorded for the 5Cu Al(3) and 5Cu Al(4) samples. By further increasing the amount of Cu to 10 wt%, the difference between material activity is smoothed, whereas at 15 wt% Cu loading, the situation is reversed, with the 15Cu Al(1) and 15Cu Al(2) samples displaying the optimum oxidation performance.



The opposite trend with metal loading is, however, noticed in the case of NO reduction as shown in Figure S22. NO conversion efficiency progressively drops with an increase in the amount of Cu. At 5 wt% Cu loading, the maximum NO conversion is achieved by the 5Cu Al(1) sample, surpassing 15%. At 10 wt% Cu loading, the 10Cu Al(1) and 10Cu Al(3) samples present similar NO profiles, around 10%, whereas at 15 wt% Cu loading, 15Cu Al(1) performs poorly, providing the worst NO conversion.



Valuable information regarding the evolution of catalytic performance with metal loading can be drawn from Figure 13, where T50 of CO, C3H6 and C3H8 versus Cu amount are plotted. A monotonic decrease of T50 values with metal loading is observed only in the case of the Al(1) and Al(2) sample series. In particular, the most profound improvement of oxidation activity with Cu increase is observed for the Al(1) samples. In this case, T50 values of CO and C3H6 are lowered by 90 °C and 50 °C, respectively, upon metal increase from 5 to 15 wt%, accompanied by a significant reduction in T90, varying between 55 °C and 120 °C. In the other two sample series, Al(3) and Al(4), an insensitivity to metal loading is observed, as a steady performance is attained regardless of Cu increase. Only in the case of the Al(4) samples is a minimum reached in CO, C3H6 and C3H8 conversion at 10 wt% with a further rise at higher loading.





3. Discussion


The ammonia-driven deposition–precipitation method (ADP) is a simple and highly efficient deposition strategy that provides finely dispersed metal or metal oxide nanoparticles onto a catalyst support [19,20]. In this work, a modified ADP method was employed with a molar Cu2+/NH3 ratio regulated at 1/6. As proven in our previous work [20], a higher amount of NH3 favors the formation of the positively charged complex [Cu(NH3)4(H2O)2]2+ over the zero charged complex Cu(OH)2(H2O)4 which is also produced during the ADP process. The dominance of the copper tetra-ammine complex strengthens the electrostatic interaction with the support ultimately affording highly dispersed copper oxide species. However, as can be reasonably assumed and demonstrated herein, another determining factor governing this interaction is the support surface and bulk properties.



The Al(1) and Al(2) samples that were produced by means of ethanol-based and water-based soft-templating approaches possess larger specific surface area and more acid sites as well as lower crystallinity degree compared to the other two alumina samples, Al(3) and Al(4). Hence, they offer abundant sites for copper adsorption generating strongly bonded and evenly distributed Cu species. This is clearly evidenced by the position of H2-TPR peaks at higher reduction temperatures in the 5 wt% Cu-loaded samples and the absence of XRD peaks corresponding to bulk crystalline CuO phase in the whole metal loading range for the Al(1) sample and up to 15 wt% Cu loading for Al(2). On the contrary, in the Al(3) and Al(4) samples, diffractions ascribed to the CuO phase could be observed from 5 and 10 wt% of Cu loading, respectively. XRD findings are further supported by UV-Vis-DR and H2-TPR analysis, as shown by the multiple signals detected in the case of the Cu Al(3) and Cu Al(4) sample series even from medium Cu loading (≥10 wt%), indicating a greater heterogeneity in Cu speciation and particle size. Specifically, as verified by microscopy techniques, in these two samples well-dispersed CuO nanoparticles coexist with bulk-like aggregates and crystalline CuO. This transition from isolated Cu species to small clusters and eventually to three-dimensional CuO with metal loading is well documented in the literature and closely related to the support’s surface area. Specifically, as postulated by Friedman et al. [47] and confirmed by other studies [17,35], there is a threshold loading of Cu onto γ-Al2O3 supports determined to be around 4 wt% Cu per 100 m2 g−1. Beyond this level, support adsorption sites are saturated and segregation of bulk copper oxide phase occurs. In this work, Cu dispersion capacity of the three γ-Al2O3 samples correlates well with surface area and the following order is observed: Al(2) > Al(3) ≈ Al(4). However, the amorphous Al(1) sample deviates from this trend, far exceeding the suggested saturation limit despite presenting a lower surface area than the Al(2) sample. Evidently, both surface area and crystallinity degree play a key role, determining the total number of the support’s adsorption sites and the extent of metal–support interaction.



The strong metal–support interaction in the Cu Al(1) and Cu Al(2) series is further supported by the formation of a surface copper aluminate spinel phase at medium and high Cu loadings. It should be noted that this phase could also be present in the other two samples, but in a significantly smaller amount. According to XRD, UV-Vis, XPS, backscattered and STEM analysis, this phase predominates in the 15Cu Al(1) sample. Moreover, in this sample, surface CuAl2O4 coexists with a “bulk-like” spinel phase as evidenced by the band detected around 450 nm in the UV-Vis-DR spectrum, assigned to tetrahedrally coordinated Cu2+ [30]. This band is usually associated with bulk CuAl2O4, considering the different Cu2+ distribution at the defect sites of the alumina matrix in the two aluminate phases. In surface copper aluminate, Cu2+ ions exist principally (≈90%) in tetragonally distorted octahedral (Oh) coordination, whereas in the bulk spinel phase, the larger fraction around 60% of Cu2+ ions occupies the tetrahedral (Td) sites and the remaining 40% the octahedral (Oh) defect sites of Al2O3 [12,35,47]. Formation of the octahedrally coordinated surface spinel can easily occur in high surface area supports even at low temperatures (>300 °C), justifying its presence in both Cu Al(1) and Cu Al(2) samples [48,49]. In contrast, the bulk aluminate phase requires higher temperatures (>600 °C) for the deeper diffusion of Cu2+ ions into the tetrahedral sites [47]. In addition to temperature, the increased copper loading is another factor favoring the formation of bulk copper aluminate [12]. In the present case, although Cu loading is high enough (15 wt%), calcination temperature employed is lower (550 °C) than that reported in the literature. However, the Al(1) sample belongs to a category of mesoporous alumina which according to previous studies [25,50] are characterized by a high quantity of defects as a result of the high surface area, lattice distortion and oxygen deficiency in the bulk. This defective structure of the Al(1) sample could facilitate and accelerate the penetration of copper ions into the bulk matrix, leading to a higher amount of tetrahedrally coordinated Cu2+, designated herein as the “bulk-like” spinel phase. Moreover, the partial hydrolysis of the amorphous framework walls during the ADP process, i.e., utilization of basic conditions for a prolonged period, could also have contributed to this direction. This incorporation of Cu ions into the alumina lattice could account for the structural evolution observed in Cu Al(1) sample series, since as previously reported, the atom rearrangement within the alumina structure at medium Cu doping levels could lead to a transition from the amorphous to the gamma phase [50].



By correlating the findings of the characterization analysis with catalytic performance, it can be shown that each sample contains a combination of copper phases regulated by the employed alumina support with a net effect on pollutant conversion efficiency. As shown at low Cu loading, the loosely bonded, well-dispersed and more reducible CuO species, according to the H2-TPR analysis, dominating in the Al(3) and Al(4) samples are more advantageous towards CO and hydrocarbon oxidation compared to the strongly interacted Cu species present in the Al(1) and Al(2) samples. However, the opposite trend is observed regarding NO reduction, in line with other works, identifying the isolated Cu2+ ions as the active phase towards SCR of NO [15,30]. The gradual increase of Cu content induces a negligible amelioration of the catalytic activity in terms of oxidation performance in the Al(3) and Al(4) samples, as the extra Cu added accumulates in the form of large CuO particles slightly interacting with the other copper or support phases and hence not contributing towards the increase of active sites’ population. On the contrary, in the Al(1) and Al(2) samples, the additional Cu amount greatly promotes catalytic efficiency as it is highly deposited and/or dissolved into the alumina matrix, enriching the number and the type of catalytic active sites, with formation of surface and bulk-like copper aluminate. The beneficial catalytic action of spinel-type phases is highlighted in several works [9,12,15,16,30,51,52,53]. Yoshida et al. [12] investigated the thermal aging of Cu/Al2O3 catalysts and its effect on the Cu local structure and eventually on the catalytic performance. As concluded, Cu incorporation into the Al2O3 structure occupying predominantly the tetrahedral (Td) defect sites resulted in significant improvement of the TWC performance. This was associated with the redox behavior of the Td-Cu2+ sites, reduced by CO and/or C3H6 and subsequently re-oxidized by NO. On the other hand, according to Shimizu et al. [15,16], the surface Cu2+ cations in octahedral sites account for the higher activity of copper aluminum mixed oxide catalysts in NO selective reduction by C3H6. In other studies, the coexistence of surface copper aluminate either with bulk copper aluminate or with CuO is reported to produce a synergetic effect favoring charge transfer and thus promoting the catalytic performance [9,17,51,52,54]. In this context, the higher oxidation performance of the 15Cu Al(1) and 15Cu Al(2) samples could be ascribed to both the increased number of active sites as well as the interplay between the different Cu phases and hence to the generated interfacial sites. More precisely, in terms of light-off temperatures, the optimum CO oxidation performance is demonstrated by the 15CuAl(2) sample in which copper is present both in a highly dispersed form, i.e., CuO nanoparticles and surface Cu-Al spinel as well as in large CuO crystallites. The highest activity towards C3H6, on the other hand, is achieved by 15CuAl(1) exhibiting the highest Cu dispersion clearly evidenced by STEM analysis. In this sample, highly dispersed CuOx species co-exist with nanosized copper aluminate spinel phases. It is also worth emphasizing that the high CO and C3H6 activities attained by both these samples surpasses those reported in the literature for similar catalytic systems [12,55], despite the more complex feed steam employed herein containing 10% H2O, CO2 and a mixture of hydrocarbons (CH4, C3H8 and C3H6). Although the produced materials are very active towards pollutant oxidation, they lack efficiency in NO conversion. Apparently, the presence of a large amount of water vapor in the reactant gas feed could be to some extent responsible for the poor NO reduction observed in all samples [12,55]. However, the observed decline in NO conversion with increasing Cu amount from 5 to 15 wt%, in all cases and especially in Cu Al(1) sample series, indicates the significant effect of Cu speciation. As proven by other works [12,54], a thermal evolution of the Cu/Al2O3 structure by applying calcination at higher temperatures could greatly enhance NO reduction performance. Therefore, a follow-up study by our group will involve the thermal treatment of the Cu Al(1) samples at higher temperatures in view of producing more active catalytic systems through the incorporation of a higher fraction of Cu ions into the support matrix and thus the increase of CuAl2O4 yield.




4. Materials and Methods


4.1. Catalyst Preparation


All chemicals used were purchased from Merck—Sigma Aldrich (Merck KGaA, Darmstadt, Germany) and used without further purification.



4.1.1. Synthesis of Alumina Supports


Four different mesoporous alumina supports were used in this study.



	
Ethanol-based method—Al(1)






For the synthesis of the first alumina, denoted as Al(1), a facile, highly reproducible and cost-effective procedure, described by Yuan et al. [25], was adopted. This method relies on evaporation-induced self-assembly (EISA) with the use of the non-ionic triblock co-polymer Pluronic P123 as a soft-template. In a typical experiment, 2 g P123 was dissolved in 40 mL of EtOH at RT. Then, 3.2 mL of nitric acid (65 wt%) and 0.01 mol of aluminum isopropoxide were added to this solution under vigorous stirring for 8 h. Finally, the obtained solution was transferred into a petri dish and placed in an oven at 60 °C in air for 2 days, for solvent evaporation and material condensation to occur. Calcination was carried out at 550 °C for 6 h at a heating rate of 1 °C min−1 under airflow.



	
Water-based method—Al(2)






A second alumina denoted as Al(2) was synthesized according to the method of Wu et al. [27]. Similar to the previous method, aluminum isopropoxide was used as the aluminum source and was hydrolyzed in an aqueous solution of nitric acid. Pluronic F127 was used as the template for the sol-gel synthesis. In brief, 20 mmol of aluminum isopropoxide was added to 2 mol of H2O at 85 °C and stirred for 15 min. Next, 1.5 mmol nitric acid (65 wt%) was added and the solution was stirred at 85 °C for 7 h. For the first 2 h, no cap was placed on the flask, to allow the formed isopropanol to evaporate. Finally, 8.68 g of Pluronic F127 was added to the mixture and after the template was dissolved, the mixture was stirred at room temperature for 16 h. The sol was then dried in a petri dish at 70 °C for 24 h. The dried product was collected and calcined at 700 °C for 4 h with a ramping speed of 1 °C min−1.



	
Commercially Available Al2O3—Al(3)






The commercial Al(3) is Puralox SCFa-140 from Sasol provided by Johnson Matthey.



	
Flame Spray Pyrolysis method—Al(4)






Al(4) was provided by TECNAN-Lurederra and was synthesized by a liquid-feed flame spray pyrolysis (LF-FSP) method in a prototype reactor designed in-house with a capacity of up to 1 kg h−1. It applies a one-step process, using liquid precursor mixture based on organometallic reagents and solvents, adjusting the viscosity (~6 cp) and the calorimetric properties (~8000 cal g−1) to control the atomization and the flame behavior.




4.1.2. CuO Loading Using the ADP Method


The preparation of the CuO-loaded catalyst is as follows: an appropriate amount of the support material (e.g., 0.5 g) was stirred in a 0.03 M Cu(NO3)2 aqueous solution. The amount of solution was appropriately chosen to achieve the intended Cu-loading in wt% (5, 10 or 15 wt%). Ammonia (25% in water) was added in order to obtain a molar ratio of Cu/NH3 = 1/6. The vessel was sealed, so no ammonia was lost during the process. After stirring the solution for 48 h, the resulting mixture was dried at 60 °C until all the solvent was evaporated. Finally, calcination followed at 550 °C for 6 h with a heating rate of 1 °C min−1. For simplicity, the samples are denoted as shown in Table 1.





4.2. Physicochemical Characterization


N2-physisorption was carried out at 77 K with a Quantachrome Quadrasorb SI (AUTOSORB-1-Krypton version—Quantachrome Instruments, Boynton Beach, FL, USA) automated gas adsorption system. Prior to the measurements, the samples were outgassed at 200 °C for 16 h. The specific surface area was calculated using the Brunauer-Emmet-Teller (BET) equation. The Barrett–Joyner–Halenda (BJH) method was applied to estimate the pore size distribution. The total pore volume was determined at P/P0 = 0.95.



X-ray diffraction was performed using a Rigaku rotating anode X-ray generator (Rigaku Co., Tokyo, Japan) operating at 50 kV, 100 mA, Ni-filtered Cu Ka1 radiation and an R-AXIS IV image plate. Samples were sealed in Lindemann capillaries.



H2-temperature programmed reduction (TPR) measurements of the catalysts were performed on a Quantachrome iQ (AUTOSORB-1-Krypton version—Quantachrome Instruments, Boynton Beach, FL, USA). Prior to the measurement, about 20 mg of the sample was outgassed at 200 °C for 16 h. After cooling, the sample was first pretreated at 200 °C under a He flow for 1 h. Subsequently, the sample was reduced with 5% H2/Ar at a flow rate of 25 mL min−1 and the temperature was raised from 100 °C to 800 °C with a heating rate of 10 °C min−1. The hydrogen consumption was continuously monitored using a thermal conductivity detector (TCD). The final TCD signal was normalized by the catalyst weight used during the measurement.



UV–vis diffuse reflectance (UV–vis-DR) analysis was carried out on a Nicolet Evolution 500 spectrophotometer (Thermo Electron Corporation, Waltham, MA, USA) equipped with an integrating sphere. The spectra were taken in the range of 200–800 nm with a scan speed of 120 nm min−1. The samples were diluted to 2 wt% with dried KBr. Pure KBr was set as a background. Three consequent scans were taken and the average was calculated. The Kubelka–Munk function for materials of infinite thickness was applied to the reflectance measurements to obtain the coefficient of absorption [56].



The morphological investigation of the samples was conducted with a JEOL JSM 7401F Field Emission Scanning Electron Microscope (JSM 7401F, JEOL Ltd., Tokyo, Japan) equipped with Gentle Beam mode. The applied acceleration voltage was 2 kV. Samples were mounted on metallic (brass) substrates using a double-coated carbon-conductive tape. Backscattered images were acquired with SEM mode at a high accelerating voltage of 10 kV. Elemental mapping distributions of Cu, Al and O were acquired by EDS microanalysis, at acceleration voltage of 20 kV, using an Xplore-15 SDD detector (Oxford Instruments, Abingdon, UK) with a surface of 15 mm2.



STEM analysis was performed with a FEI Talos F200i field-emission (scanning) transmission electron microscope (Thermo Fisher Scientific Inc., Waltham, MA, USA) operating at 200 kV, equipped with a windowless energy-dispersive spectroscopy microanalyzer (6T/100 Bruker, Hamburg, Germany).



NH3-TPD experiments were carried out in a U-shaped quartz reactor using a 5% NH3 in He, at 50 mL min−1. Prior to the experiments, about 80 mg of sample was first activated by heating at 200 °C (5 °C min−1) for 2 h and then cooled to 120 °C with a He flow (50 mL min−1). Then, the sample was exposed to the NH3/He flow for 30 min. Physically adsorbed ammonia was removed by purging with He at 120 °C for 2 h. NH3 desorption (NH3-TPD) was performed in He flow up (50 mL min−1) from 120 °C to 800 °C, with a heating rate of 10 °C min−1, and monitored by online mass spectrometry. The evaluation of ammonia was recorded by following the m/z = 16.



X-ray photoelectron spectroscopy (XPS) was performed using a K-Alpha XPS system by Thermo Scientific (Thermo Fisher Scientific Inc., Waltham, MA, USA). Al-Kα radiation (1486.6 eV) was monochromatized by a twin crystal monochromator, resulting in a focused beam of 400 μm diameter at 3 mA × 12 kV. The whole energy band was scanned at 200 eV by operating the alpha hemispherical analyzer in constant energy mode, and narrow scans at 50 eV were used to measure the particular elements. To compensate charging, a system flood gun provided low-energy electrons and argon ions. The powder samples were pressed into small Inox cylinders before placement in the vacuum chamber. The analysis chamber was evacuated until a residual pressure of ca. 5 × 10−7 N m−2 was reached. The elemental surface composition was estimated by calculating the integrals of each peak after subtraction of the S-shaped background. The experimental curve was fitted to a combination of Lorentzian (30%) and Gaussian (70%) lines.



Inductively coupled plasma mass spectrometry (ICP-MS) was used to determine the Cu content in the samples using an Agilent 7500 series ICP-MS. Finally, 100 mg of the sample was digested overnight at 70 °C in 1 mL aqua regia and then diluted to the appropriate concentration range.




4.3. Catalytic Activity Measurements


The catalytic performance of the materials was tested in a fixed-bed continuous-flow stainless-steel reactor with a gas hourly space velocity of 60,000 h−1 and a total gas flow rate of 200 NmL min−1. Prior to the measurement, the catalytic powder was pelletized using an IR pelletizer and crushed in order to have a particle size between 250 µm and 350 µm. The pressure applied to the pelletizer was about 200 MPa. Afterwards, 200 mg of the sieved catalytic powder was pre-treated by passing atmospheric air (50 mL min−1) through the reactor at 500 °C (5 °C min−1) for 2 h. Subsequently, the reactor was cooled to 50 °C and the catalyst was then exposed to simulated vehicle exhaust gas under stoichiometric conditions as described in Table 5, followed by heating to 500 °C with a heating rate of 5 °C min−1. The conversion performance was recorded every 50 °C under steady-state conditions, at least 30 min after temperature stabilization. For the hydrocarbon conversion analysis, a Shimadzu GC-17A gas chromatograph equipped with an FID detector was used, while a Dräger X-am 7000 CO analyzer was utilized for the CO gas quantification. A ThermoScientific 42-HL NOx analyzer was applied to monitor the NO conversion during the catalytic reaction. The catalytic activity of the materials was calculated from the conversion of CO, CH4, C3H6, C3H8 and NO in the function of the reaction temperature. Light-off temperature (T50) of the different components was obtained by taking the reaction temperature where a 50% conversion was reached.





5. Conclusions


The present work underlines the importance of the catalytic support’s properties for active phase dispersion and speciation and, in turn, for three-way catalytic performance. To investigate this, a large number of Cu/Al2O3 samples were produced by applying a modified ammonia-driven deposition–precipitation (ADP) method to different alumina supports. By gradually increasing the copper amount from 5 to 15 wt%, monomeric and oligomeric copper species mainly transformed into copper aluminate phases or into bulk CuO depending on the support’s properties. As found, the alumina supports’ saturation levels leading to the segregation of a separate CuO crystalline phase mainly depends on the textural properties (surface area, acid sites) as well as the lattice distortion. Notably, the amorphous distorted mesoporous alumina used as a catalytic support shows a very high copper loading capacity, preventing formation of bulk CuO even at 15 wt% Cu loading. Instead, finely dispersed and strongly interacted Cu species in the form of surface and bulk-like CuAl2O4 phases are produced as a result of the abundant surface adsorption sites and the easy dissolution into the bulk matrix. The evolution of Cu species with the metal content controlled by the support’s structural properties greatly affects the catalytic activity. The high oxidation efficiency attained towards CO and C3H6 by the 15 wt% Cu-loaded materials on high-surface-area and low-crystallinity alumina supports is associated with the increased number of active sites and the interaction between the newly formed Cu phases, surface and bulk-like CuAl2O4 or surface aluminate and bulk CuO. The copper-containing catalysts developed herein, although unable to completely replace PGMs, could be integrated into current TWC formulations as oxidation catalysts, contributing to the minimization of scarce and expensive materials. Moreover, matching the ADP method with an amorphous mesoporous alumina support was proved to be an effective strategy towards the stabilization of Cu ions in a highly dispersed state. This provides useful insight not solely into the synthesis of new noble metal-free three-way catalysts, which are more prone to undesirable sintering phenomena, but also into other applications areas, such as antibacterial and photocatalytic.
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Figure 1. N2-physisorption isotherms (left) and pore size distributions (PSD) (right) of the alumina supports. 
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Figure 2. Low-angle (left) and wide-angle (right) XRD patterns of the different alumina supports. 
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Figure 3. SEM micrographs of the different parent alumina materials. (A) Al(1), (B) Al(2), (C) Al(3), (D) Al(4). 






Figure 3. SEM micrographs of the different parent alumina materials. (A) Al(1), (B) Al(2), (C) Al(3), (D) Al(4).



[image: Catalysts 12 00628 g003]







[image: Catalysts 12 00628 g004 550] 





Figure 4. NH3-TPD measurements of the different alumina materials. 






Figure 4. NH3-TPD measurements of the different alumina materials.



[image: Catalysts 12 00628 g004]







[image: Catalysts 12 00628 g005 550] 





Figure 5. Wide-angle XRD patterns of the (A) 5 wt%, (B) 10 wt% and (C) 15 wt% Cu-loaded samples. 
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Figure 6. SEM micrographs of (A) 5CuAl(1), (B) 5CuAl(2), (C) 5CuAl(3) and (D) 5CuAl(4) samples. 
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Figure 7. BSE images of (A) 15CuAl(1), (B) 15CuAl(2), (C) 15CuAl(3) and (D) 15CuAl(4) samples. 
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Figure 8. (A) SAED pattern, (B) HAADF STEM image and (C,D) EDS mapping images of 15CuAl(1) sample. 
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Figure 9. (A) HAADF STEM image and (B–D) EDS mapping images of 15CuAl(2) sample. 
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Figure 10. UV-VIS-DR spectra of (A) 5 wt% Cu-loaded aluminas, (B) 10 wt% Cu-loaded aluminas and (C) 15 wt% Cu-loaded aluminas. 
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Figure 11. XPS characterization of the Cu 2p3/2 transition for (A) 15 Cu Al(1), (B) 15 Cu Al(2), (C) 15 Cu Al(3), (D) 15 Cu Al(4) samples. 
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Figure 12. H2-TPR profiles of the Cu-loaded aluminas: (A) Cu Al(1), (B) Cu Al(2), (C) Cu Al(3) and (D) Cu Al(4) sample series. 
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Figure 13. Light-off temperature (T50) as a function of Cu loading. 
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Table 1. Overview of the samples.
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	Sample
	Method for Al2O3
	Cu wt%





	Al(1)
	Ethanol
	-



	5Cu Al(1)
	Ethanol
	5



	10Cu Al(1)
	Ethanol
	10



	15Cu Al(1)
	Ethanol
	15



	Al(2)
	Water
	-



	5Cu Al(2)
	Water
	5



	10Cu Al(2)
	Water
	10



	15Cu Al(2)
	Water
	15



	Al(3)
	Commercial
	-



	5Cu Al(3)
	Commercial
	5



	10Cu Al(3)
	Commercial
	10



	15Cu Al(3)
	Commercial
	15



	Al(4)
	FSP
	-



	5Cu Al(4)
	FSP
	5



	10Cu Al(4)
	FSP
	10



	15Cu Al(4)
	FSP
	15
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Table 2. Properties of the alumina supports: N2-sorption-derived data and desorbed NH3 amount from NH3-TPD. BET SSA = BET specific surface area, TPV = total pore volume, APD = average pore diameter.
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	Sample
	BET SSA

m2 g−1
	TPV

cc g−1
	APD

nm
	NH3 (m/z = 16)

µmol g−1





	Al(1)
	286
	0.45
	6.3
	66



	Al(2)
	324
	1.18
	18
	94



	Al(3)
	127
	0.42
	30
	32



	Al(4)
	112
	0.21
	3
	26
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Table 3. Porosity characteristics of the catalysts derived from N2-sorption and mean CuO crystallite size (nm) calculated from the XRD patterns with the Scherrer equation applied to the (111) diffraction peak of CuO.
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	Sample
	BET SSA

m2 g−1
	TPV

cc g−1
	APD

nm
	Mean Crystal Size nm





	5Cu Al(1)
	256
	0.27
	4.3
	-



	10Cu Al(1)
	250
	0.24
	3.9
	-



	15Cu Al(1)
	241
	0.25
	4.2
	-



	5Cu Al(2)
	288
	0.65
	8
	-



	10Cu Al(2)
	258
	0.75
	10
	-



	15Cu Al(2)
	265
	0.80
	13
	21



	5Cu Al(3)
	120
	0.39
	30
	-



	10Cu Al(3)
	105
	0.42
	31
	20



	15Cu Al(3)
	107
	0.44
	32
	20



	5Cu Al(4)
	100
	0.27
	10
	-



	10Cu Al(4)
	96
	0.34
	18
	19



	15Cu Al(4)
	79
	0.26
	13
	18
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Table 4. XPS data including a maximum of the peak, b % Cu0 derived from the deconvoluted peak at 932.8 eV, c surface content Cu derived from XPS data, d Cu content derived from ICP-MS data and e Cu to Al atomic ratio.






Table 4. XPS data including a maximum of the peak, b % Cu0 derived from the deconvoluted peak at 932.8 eV, c surface content Cu derived from XPS data, d Cu content derived from ICP-MS data and e Cu to Al atomic ratio.





	Sample
	Cu 2p3/2 BE (eV) a
	% Cu0 b
	Al 2p BE (eV) a
	Cu Surf. (wt%) c
	Cu

(wt%) d
	Cu/Al Atomic Ratio e





	15 Cu Al(1)
	934.88
	29
	74.48
	8.88
	13.5
	2.4



	15 Cu Al(2)
	934.58
	34
	74.08
	7.8
	14.9
	2



	15 Cu Al(3)
	933.08
	43
	74.18
	6.55
	14.4
	1.5



	15 Cu Al(4)
	933.28
	41
	74.08
	7.89
	14.2
	1.9
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Table 5. Composition of the reaction gas mixture in stoichiometric condition. N2 was used as balance gas.
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	Gas
	CO
	CH4
	C3H6
	C3H8
	CO2
	H2O
	H2
	O2
	NO





	Vol. %
	0.7
	0.0225
	0.0450
	0.0225
	15
	10
	0.233
	0.777
	0.1
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