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Abstract

:

The copper–ceria (CuOx/CeO2) system has been extensively investigated in several catalytic processes, given its distinctive properties and considerable low cost compared to noble metal-based catalysts. The fine-tuning of key parameters, e.g., the particle size and shape of individual counterparts, can significantly affect the physicochemical properties and subsequently the catalytic performance of the binary oxide. To this end, the present work focuses on the morphology effects of ceria nanoparticles, i.e., nanopolyhedra (P), nanocubes (C), and nanorods (R), on the water–gas shift (WGS) performance of CuOx/CeO2 catalysts. Various characterization techniques were employed to unveil the effect of shape on the structural, redox and surface properties. According to the acquired results, the support morphology affects to a different extent the reducibility and mobility of oxygen species, following the trend: R > P > C. This consequently influences copper–ceria interactions and the stabilization of partially reduced copper species (Cu+) through the Cu2+/Cu+ and Ce4+/Ce3+ redox cycles. Regarding the WGS performance, bare ceria supports exhibit no activity, while the addition of copper to the different ceria nanostructures alters significantly this behaviour. The CuOx/CeO2 sample of rod-like morphology demonstrates the best catalytic activity and stability, approaching the thermodynamic equilibrium conversion at 350 °C. The greater abundance in loosely bound oxygen species, oxygen vacancies and highly dispersed Cu+ species can be mainly accounted for its superior catalytic performance.
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1. Introduction


Hydrogen production is considered an interesting alternative in the overall energy demand scheme. Concerning the hydrogen economy, polymer electrolyte membrane fuel cells (PEMFCs) ought to play a major role in future years [1,2,3]. In this regard, it is important that CO impurities are eliminated in order for the anode electrodes to be protected. Hence, the water–gas shift (WGS: CO + H2O ↔ CO2 + H2) is a reaction of particular importance in various reforming processes towards the production of hydrogen-rich gas streams for numerous applications [4].



Several catalysts have been employed so far for WGS [1]. Traditionally, copper–zinc and iron–chromium catalysts are employed for the low- and high-temperature WGS processes, respectively [2,5], exhibiting, however, various disadvantages, such as poor catalytic performance and strict pretreatment protocols, among other things [6]. Therefore, the research efforts are currently being focused on the facile preparation of more active and stable catalysts for WGS.



Ceria (CeO2) has been broadly examined in many catalytic reactions, given its remarkable redox properties, high oxygen storage capacity (OSC) and oxygen mobility, as well as its improved thermal stability [7,8]. The fine-tuning of the shape and size of ceria towards the production of catalytic materials with certain textural and structural features can have a significant influence on redox and surface properties with great implications in catalytic performance [7,9,10,11,12,13,14,15].



More importantly, by combining ceria with various transition metals, the catalytic performance can be significantly enhanced, due to the synergistic metal–support interactions [16,17,18,19]. To this end, the copper–ceria catalytic system has been extensively investigated in heterogeneous catalysis due to its low cost, in comparison to noble metal-based catalysts, as well as its unique catalytic properties. The superior catalytic performance of this binary system can be mainly ascribed to the synergy between the two oxide components, as it has been comprehensively reviewed by Konsolakis [19]. In view of the above, the rational design of CuOx/CeO2 mixed oxides, e.g., on the basis of shape/size fine-tuning, alkali promotion, etc., can tremendously affect metal sites’ local environment and in turn the metal–support interfacial reactivity [20]. In this regard, DFT calculations showed that doping the Cu(111) surface with boron (B) single atoms can adjust the active sites’ local coordination environment, reducing the barrier of activation energy of the rate-determining step during WGS [21].



Regarding the CuOx/CeO2 catalyzed WGS reaction, two mechanisms were suggested, i.e., the redox or regenerative and the associative or formate mechanism [22,23,24]. In the first mechanism, CO adsorbs on copper and gets oxidized by ceria’s oxygen, followed by support re-oxidation by H2O. In the second one, CO is adsorbed on metal sites and reacts with the surface hydroxyl groups on ceria, followed by the intermediate (formate) decomposition to hydrogen and carbon dioxide [22,23,24]. In a recent study of Chen et al. [23], it was found that the interfacial perimeter is closely interrelated with the catalytic activity, with the chemical environment of Cu+‒Ov‒Ce3+ being involved in the low-temperature WGS. Moreover, the tightly attached Cu-[Ox]-Ce species, likely linked to ceria’s oxygen vacancies, were shown to be the active species by Flytzani-Stephanopoulos and colleagues [25], with the CuOx nanoparticles and the weakly bound copper oxide clusters behaving as spectators. In this respect, the activation of water at the Cu–Ce interface is thought to be the rate-determining step [23,26]. In a similar manner, the superior CO oxidation performance of CuOx/CeO2 nanorods, as compared to nanopolyhedra and nanocubes, was recently revealed, which is mainly ascribed to their abundance in oxygen defects as well as to the synergistic interfacial interactions [27].



The key role of support morphology in the WGS activity of CuOx/CeO2 catalysts was demonstrated by employing different nanoceria shapes, such as spheres, rods, cubes and octahedra [28,29]. In particular, Ren et al. [28] investigated the impact of CeO2 morphology (nanooctahedrons, nanorods, nanocubes) on the WGS activity of CuOx/CeO2 catalysts, revealing the superiority of nanooctahedrons in comparison to the other nanostructures, due mainly to their abundance in CuOx species interacting strongly with ceria. In a similar manner, Yao et al. [29] explored the effect of support morphology (nanospheres, nanorods, nanocubes) on the WGS performance of CuOx/CeO2 catalysts, demonstrating the superiority of nanospheres, owing to their abundance in defects and imperfections favouring strong metal–support interactions. In general, different ceria nanoshapes exhibit different defect chemistry, leading to diverse behaviour during the interaction with CO and water [30]. It should also be mentioned that the shape of copper can significantly affect the WGS activity. For instance, it was revealed that copper in a cubic shape exhibited higher WGS activity than that in an octahedral shape [31].



Despite the extensive work in the field, no definitive conclusions have been drawn in relation to the influence of ceria shape on the redox properties and WGS activity of CuOx/CeO2 catalysts. The latter is mainly attributed to the fact that besides the support morphology, various other factors, such as metal loading, synthesis procedure and pretreatment protocols can notably affect the intrinsic reactivity and metal–support interactions [19,20,32].



In view of these aspects and motivated by our previous experience in the field of ceria shape effects in catalysis [27,32], we extended our research efforts to WGS reaction. In particular, three different ceria nanoshapes (polyhedra, cubes and rods) were hydrothermally prepared and used as supports for the copper oxide phase. A thorough characterization study was performed, including N2 adsorption-desorption at −196 °C, X-ray diffraction, transmission electron microscopy, H2-temperature programmed reduction, inductively coupled plasma atomic emission spectroscopy, X-ray photoelectron spectroscopy and UV-Vis spectroscopy, to obtain information on the morphology effects of ceria nanostructures on surface chemistry and WGS activity of CuOx/CeO2 mixed oxides.




2. Results and Discussion


2.1. Morphological Characterization (TEM)


Transmission electron microscopy (TEM) images were obtained in order to explore the morphological characteristics of the as-prepared samples. Bare ceria supports are presented in Figure 1a–c. The formation of ceria nanoparticles of rod-like, polyhedral and cubic shape through the hydrothermal method is evident in Figure 1a–c, respectively. Particularly, the length of the rods varies between 25 and 200 nm and their width ranges from 10 to 18 nm. Ceria nanopolyhedra demonstrate irregular shapes with their sizes varying between 5 and 11 nm, while the size of ceria nanocubes ranges from 15 to 30 nm. The TEM images of CuOx/CeO2 materials are depicted in Figure 1d–f; higher-magnification images are also shown in Figure 1g–i. Obviously the support morphology remains unaffected by copper addition into ceria carriers, whereas no agglomeration of the different phases is evident. These findings are in accordance with the XRD results, as further discussed below.




2.2. Structural and Textural Characterization (XRD/BET)


The structural and textural properties of the samples are summarized in Table 1. Bare ceria materials exhibit larger BET surface areas, as compared to the mixed ones, following the order: CeO2 (P) (109 m2/g) > CeO2 (R) (92 m2/g) > CeO2 (C) (40 m2/g). Incorporating copper into ceria supports (through impregnation and subsequent calcination) reduces the BET surface area in all samples, with nanopolyhedra still exhibiting the highest value. Specifically, the copper–ceria samples demonstrate the following sequence in relation to surface area: Cu/CeO2 (P) (91 m2/g) > Cu/CeO2 (R) (75 m2/g) > Cu/CeO2 (C) (34 m2/g).



Figure 2a shows the pore size distribution (PSD) of pure ceria and CuOx/CeO2 samples. In all cases, maxima at pore diameters higher than 3 nm are obtained, indicating the mesoporosity of the as-prepared samples [33]. As is obvious from the adsorption–desorption isotherms (Figure 2b), the materials demonstrate type IV isotherms with a hysteresis loop at a relative pressure >0.5, further confirming the mesoporous structure of the materials [34,35]. As shown in Table 1, the addition of copper reduces the pore volume and the average pore size for nanorods (R) and nanopolyhedra (P), while an increase in these values is observed for nanocubes (C). The CeO2 (P) sample possesses the highest average pore size (38.1 nm), followed by CeO2 (R) (30.9 nm) and CeO2 (C) (12.5 nm). Regarding the CuOx/CeO2 samples, a different trend is observed, as the Cu/CeO2 (C) sample exhibits the highest average pore size (33.4 nm), followed by Cu/CeO2 (R) (21.2 nm) and Cu/CeO2 (P) (12.7 nm). The observed differences in pore features in conjunction to the crystallite size of CuO and CeO2 phases (Table 1) can be mainly considered for the observed differences in SBET, as further discussed below.



The XRD diffractograms of as-prepared samples are depicted in Figure 3. The main peaks can be indexed to (111), (200), (220), (311), (222), (400), (331) and (420) planes of a ceria face-centred cubic fluorite structure (Fm3m symmetry, no. 225) [36]. The mixed oxides exhibit XRD peaks at 2θ = 35.3°, 38.2° and 62°, which are attributed to CuO crystal phase. The peaks observed at 2θ = 42–44° in the Cu/CeO2 (C) sample are attributed to interferences from the stainless-steel sample holder. Scherrer’s equation (Equation (3)) was applied, within the approximation degree induced by the method, for the evaluation of the primary crystallite size of CuO and CeO2 phases (Table 1). The mean particle size of ceria is 19.2, 13.2 and 9.5 nm for CeO2 (C), CeO2 (R) and CeO2 (P), respectively, being in the range of TEM analysis (Figure 1). It is worth mentioning that adding CuO into CeO2 does not alter its main features (see TEM analysis above), with ceria’s mean particle size remaining almost unchanged in nanocubes and nanopolyhedra, while it changes slightly in nanorods. Regarding the average size of CuO, it follows the order: Cu/CeO2 (C) (52 nm) > Cu/CeO2 (R) (43 nm) > Cu/CeO2 (P) (31 nm), which coincides with the order of bare ceria. It should be also noted that the crystallite size of both CuO and CeO2 follows the reverse order of the BET surface area (Table 1).




2.3. Electronic Properties (UV-Vis)


To better understand the electronic states and coordination environment of the materials, UV-Vis spectroscopy was performed. Figure 4 depicts the UV-Vis spectra as well as the band gap energy of bare ceria nanoparticles. In particular, two bands at ~286 nm and 344 nm are found, corresponding to the O2- to Ce4+ charge transfer and inter band transitions, respectively [28,37]. In terms of band gap, the following order is acquired for single ceria nanoparticles of different morphology: CeO2 (P) (2.99 eV) < CeO2 (R) (3.02 eV) < CeO2 (C) (3.14 eV). Ceria nanocubes exhibit the highest band gap energy value, whereas the other two ceria nanostructures (polyhedra and rods) show similar values. The latter could be related with the inferior reducibility and oxygen mobility of ceria nanocubes, as compared to the other morphologies, as further discussed below. In this respect, it has been reported that low band gap energy values of ceria nanoparticles could be linked with their abundance in oxygen vacancies and partially reduced Ce3+ species [38]. The latter is further verified in the present work on the basis of XPS analysis (vide infra).




2.4. Redox Properties (H2-TPR)


The morphological effects of CeO2 on reducibility were explored by TPR experiments, using H2 as reducing gas. The reduction profiles of pure CeO2 and CuOx/CeO2 samples are shown in Figure 5. The quantitative results, in terms of H2 consumption (mmol H2/g) and TPR peak temperature, are summarized in Table 2. Pure ceria exhibits two broad peaks at ca. 550 °C (Os) and 800 °C (Ob), corresponding to the reduction of surface and bulk oxygen, respectively [39,40]. The reduction profile of bare CuO, included for comparison purposes, exhibits one reduction peak at 380–390 °C.



Importantly, the reduction of mixed oxides takes place at significantly lower temperatures than pure CeO2 and CuO, implying a synergistic interaction between copper and ceria, which leads to enhanced reducibility. In particular, mixed oxides show two reduction peaks at 176–228 °C and one broad but less intense peak at ca. 793 °C, which is related to the reduction of ceria sub-surface oxygen [41]. The peak at lower temperatures around 176–194 °C (peak a) is due to the reduction of finely dispersed CuOx species strongly interacting with the surface of CeO2 [42,43,44], whereas the peak at higher temperatures (peak b) can be related to larger CuO clusters formed on the surface of CeO2 [45].



To provide a quantitative insight into the effect of ceria morphology and metal–support interactions on the redox characteristics of the mixed oxides, the hydrogen consumed in the lower temperature interval, which is related to the reduction of ceria surface oxygen (Os peak) and CuOx species, was estimated in both pure ceria and CuOx/CeO2 materials (Table 2). Bare ceria nanorods exhibit the largest surface/bulk oxygen (Os/Ob) ratio (1.13), followed by ceria nanopolyhedra (0.94) and ceria nanocubes (0.71), indicating that ceria nanorods possess the highest population in weakly bonded oxygen, which consequently enhances oxygen mobility and reducibility. At this point, it ought to be mentioned that these findings are in complete agreement with the abundant defects and oxygen vacancies of ceria nanorods, as recently confirmed by Raman analysis performed in our previous work [27]. Regarding the H2 consumption of CuOx/CeO2 samples, the following sequence is obtained: Cu/CeO2 (R) (1.80 mmol H2/g) > Cu/CeO2 (P) (1.65 mmol H2/g) > Cu/CeO2 (C) (1.50 mmol H2/g), evidencing the superior reducibility of Cu/CeO2 (R). Importantly, the hydrogen consumption of the mixed oxides surpasses the theoretical one (~1.34 mmol H2/g for a nominal Cu loading of ca. 8.5 wt.%), implying that the reduction of CeO2 capping oxygen is facilitated in the presence of copper, further corroborating the above arguments. At this point, it should be mentioned that ICP analysis in the CuOx/CeO2 samples revealed an actual copper loading of 8.4 ± 0.2 wt.% for all samples, which is very close to the nominal one (see Materials Synthesis).




2.5. Surface Analysis (XPS)


The morphological effect of ceria supports on the surface chemistry of pure CeO2 and CuOx/CeO2 materials was evaluated by XPS analysis. Figure 6a depicts the XPS Ce 3d spectra, deconvoluted into eight components, comprising of the spin-orbit lines u and v, as clearly described in our previous work [27]. In brief, the u lines correspond to Ce 3d3/2, with three peaks: u, u″ and u‴ (at 900.7, 907.6 and 916.4 eV, respectively). The v lines (Ce 3d5/2) include three peaks: v, v″ and v‴ (at 882.2, 888.8, and 898.2 eV, respectively). The above-mentioned six peaks are due to Ce4+, with the two remaining spectral lines (u′ at 902.1 eV and v′ at 883.8 eV) being characteristic of Ce3+ species. The ratio of Ce3+ to total cerium is obtained from the corresponding areas’ ratio [43]. As seen in Table 3, CeO2 (C) shows the lowest population of Ce3+ species, followed by CeO2 (R) and CeO2 (P), confirming the UV-Vis results (vide supra).



Figure 6b depicts the O 1s XPS spectra. The peak at 529.4 eV (OI) is assigned to lattice oxygen, whereas the peak at 531.3 eV (OII) is ascribed to oxygen chemisorbed, involving adsorbed O2 (O−/O22−), adsorbed H2O, OH− and CO32− species. In terms of the OI/OII ratio, for pure ceria supports, the following order is found: CeO2 (R) (2.13) > CeO2 (P) (2.04) > CeO2 (C) (1.99). Additionally, CuOx/CeO2 samples demonstrate the exact same trend, i.e., nanorods > nanopolyhedra > nanocubes, indicating the pivotal role of support morphology on oxygen species abundance. These findings, together with the TPR results, clearly imply that the rod-shaped materials exhibit the greatest abundance in labile oxygen species, leading to the superior reducibility and mobility of oxygen species.



The Cu 2p XPS spectra of the as-prepared Cu/CeO2 samples are shown in Figure 6c, along with the spectrum of CuO (used as reference for comparison). All samples have two major peaks, namely Cu 2p1/2 (953.7 eV) and Cu2p3/2 (933.8 eV), along with shake-up satellites at 943 eV, characteristic of Cu2+ species [18,43,46], as further substantiated by the spectrum of CuO.



Due to difficulties in the resolution of the Cu+/Cu2O and Cu2+/CuO species, the relative amount of Cu+ was obtained by the following equation (Equation (1)) [46,47,48]:


%Cu+ = (A − (A1/B)B)/(A + B) × 100



(1)




where A: area of the main Cu 2p3/2 peak; B: area of the shake-up peak; and A1/B: ratio of main/shake-up peaks for CuO (1.89).



The relative content of Cu+ in the CuOx/CeO2 samples is presented in Table 3. The Cu/CeO2 (R) sample exhibits the largest amount of partially reduced copper species (16.1%), followed by nanopolyhedra (13.0%) and nanocubes (11.8%). This order totally coincides with the Os/Ob ratio and reducibility order (Table 2), demonstrating the interrelationship between chemical state and redox properties. Specifically, the interaction between CuOx species and ceria nanorods could lead to the stabilization of Cu+ species, leading to improved catalytic activity, as will be discussed in the sequence. Concerning the distribution of copper to the outer surface of CuOx/CeO2 samples, Cu/CeO2 (C) and Cu/CeO2 (R) show similar values of Cu/Ce surface atomic ratio, i.e., 0.16 and 0.18, respectively (Table 3), which is slightly lower than the nominal ratio (0.25). However, nanopolyhedra exhibit a Cu/Ce atomic ratio (0.35) higher that the nominal one, indicating the enrichment of catalyst surface to copper. These findings are in agreement with relevant literature studies [49], implying the significant effect of ceria morphology on the surface distribution of copper species.




2.6. Water–Gas Shift Reaction


The conversion of CO with temperature during the WGS reaction for CuOx/CeO2 materials is presented in Figure 7. At this point, it should be mentioned that pure ceria supports exhibit no catalytic activity in the whole temperature range investigated and therefore, they are not included in the figure. However, the impregnation of copper into ceria alters this behaviour considerably. It is clear that the support morphology affects the catalytic performance to a different extent. The rod-shaped sample shows the best catalytic behaviour in almost all temperature range tested, approaching the thermodynamic CO conversion at 350 °C. It ought to be mentioned that Cu/CeO2 (P) loses its activity when it reaches 300 °C (i.e., equilibrium limitations associated with the exothermic WGS reaction prevailing over kinetic aspects), while Cu/CeO2 (C) remains active throughout the entire temperature range investigated. Moreover, the stability of CuOx/CeO2 samples was tested at 350 °C for 22 h of time-on-stream (Figure 8). It is noteworthy that Cu/CeO2 (R) exhibits superior stability (~82% CO conversion after 22 h), in contrast to the other two samples, which demonstrate a gradual deactivation. The latter could be tentatively ascribed to the agglomeration of Cu particles after WGSR, which in turn could result in a decline of catalytic performance, in agreement with relevant studies [50,51]. In view of this fact, the XRD results for the used samples (not shown for brevity) revealed the formation of Cu phase with an average crystallite size following the order: 100 nm (P) > 70 nm (C) > 55 nm (R), in consistence with the deactivation sequence (Figure 7). Moreover, XPS analysis of the used samples revealed a Cu/Ce atomic ratio of 0.49, 0.41 and 0.36 for nanorods, nanocubes and nanopolyhedra, respectively, which is about threefold, twofold and onefold compared to that of the as-prepared samples (Table 3). Interestingly, this order is inversely proportional to the copper crystallite size whereas coincides with the deactivation sequence, implying the key role of support morphology on the distribution of copper species. In view of this fact, the improved WGS stability of the rod-shaped sample could be attributed, inter alia, to their abundance in active copper sites on the catalyst surface under reaction conditions, as further discussed below.



In particular, the superior WGS performance of Cu/CeO2 (R) sample can be interpreted based on a well-established redox mechanism, which includes the following steps [22,23,24]:




	
CO adsorption on the Cu+ active sites;



	
Oxidation of CO from surface oxygen towards the formation of CO2 and oxygen vacancy;



	
Dissociation of H2O on the oxygen vacancy and production of H2;



	
Re-oxidation of the support from H2O.








In the above-mentioned mechanism, it is considered that the activation of water in the copper–ceria interface is the rate-determining step [23,26]. Moreover, on the ground of this mechanistic scheme, the formation of active oxygen species could be facilitated by the improved reducibility and oxygen mobility, whereas the synergistic interactions between copper and ceria can result in the stabilization of partially reduced Cu+ phases through the following redox equilibrium:


Ce4+ + Cu+ ↔ Ce3+ + Cu2+



(2)







At this point, it is worth mentioning that different conclusions with regard to the effect of ceria morphology on the WGS performance of CuOx/CeO2 catalysts, have been previously drawn [28,29]. For instance, ceria nanooctahedrons were found to exhibit superior WGS activity by Ren et al. [28], as compared to nanorods and nanocubes, due to their abundance in highly dispersed copper species strongly interacting with ceria. However, in another study by Yao et al. [29], it was revealed that ceria nanospheres exhibit the best WGS activity/stability in comparison with nanorods and nanocubes due to their abundance in defects and imperfections, facilitating strong metal–support interactions and influenced copper dispersion and particle size. Interestingly, irrespective of ceria’s morphology, a close relationship between the catalytic activity and the relative abundance in oxygen vacancies and partially reduced copper species (Cuδ+) was disclosed in both studies [28,29], in agreement with the present findings. The latter is of particular importance, revealing that the high WGS performance is closely related with the relative population of oxygen vacancies and the extent of metal–support interactions. However, various factors, such as support morphology, metal content, and synthesis procedure can exert a profound influence on intrinsic characteristics and metal–support interactions [19,20,32]. In view of this fact, the difference between the present work and the previous ones, in relation to the optimum ceria morphology, could be ascribed to the different loading, preparation procedure and pretreatment protocols. The key role of these parameters towards controlling the metal–support interactions and in turn the catalytic performance has been thoroughly reviewed [19,20,32].



On the basis of the present characterization studies, the rod-shaped samples (R), exposing {110}/{100} planes, exhibit the highest concentration of oxygen vacancies and defects, leading to enhanced oxygen kinetics and reducibility. Furthermore, the formation of surface active copper species (Cu+) is facilitated on ceria nanorods by Cu2+/Cu+ and Ce4+/Ce3+ redox equilibria (Equation (2)) [28]. Hence, the superior catalytic activity/stability of CeO2 nanorods can be tentatively attributed to their abundance in oxygen vacancies and highly dispersed Cu+ species [23,26,52]. It should be noted, however, that further kinetic and operando studies are required for both as-prepared and used samples to better understand the improved WGS activity and stability of CuOx/CeO2 materials of rod-like morphology.





3. Materials and Methods


3.1. Reagents


All chemicals used were of analytical reagent grade. Ce(NO3)3·6H2O (purity ≥ 99.0%, Fluka), Cu(NO3)2·2.5H2O (purity 98.0%, Fluka, Bucharest, Romania) were precursors of the ceria and copper–ceria materials prepared. Ethanol (purity 99.8%, ACROS Organics, Geel, Belgium), NaOH (purity ≥ 98%, Sigma-Aldrich, Taufkirchen, Germany) and double deionized water (DI) were also used for the synthesis.




3.2. Materials Synthesis


Initially, pure ceria nanoparticles of different morphology were obtained by a hydrothermal method by modifying the experimental conditions (NaOH concentration and/or aging temperature), as explicitly described in a previous work [27]. Then, the CuOx/CeO2 binary oxides were obtained by wet impregnation so as to yield a Cu/Ce ratio (atomic) of 0.25, which corresponds to ca. 8.5 wt.% Cu [27]. The single ceria materials are hereafter called as CeO2 (P), CeO2 (R), CeO2 (C), referring to nanopolyhedra, nanorods and nanocubes, respectively. The general term “CuOx” is used throughout the text to denote the multivalence states of copper. The CuOx/CeO2 mixed oxides of different nanostructure are designated, for clarity’s sake, as Cu/CeO2 (P), Cu/CeO2 (R), Cu/CeO2 (C).




3.3. Materials Characterization


The obtained materials were characterized by several techniques, including N2 adsorption-desorption at −196 °C, X-ray diffraction (XRD, Siemens D500, Munich, Germany), H2-temperature programmed reduction (TPR, AMI-200 Catalyst Characterization Instrument, Altamira Instruments, Pittsburgh, PA, USA), transmission electron microscopy (TEM, Leo 906 E apparatus, Austin, TX, USA) and X-ray photoelectron spectroscopy (XPS, Kratos AXIS Ultra HSA, Manchester, United Kingdom), as elaborated in our previous works [27,53]. Additionally, the samples were characterized by ultraviolet-visible spectroscopy (UV-Vis) on a Perkin Elmer LAMBDA 950 in the wavelength range of 250–2500 nm. The actual metal loading was determined by Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) in a Perkin-Elmer Optima 4300DV apparatus. In particular, Scherrer’s equation (Equation (3)) was employed to determine the primary particle size of a given crystal phase based on the most intense diffraction peak of CeO2 (2θ: 28.5° and 47.6°) and CuO (2θ: ~35.3° and 38.2°) patterns:


   D  XRD   =   Κ · λ   β ·  cos θ       



(3)




where K is the Scherrer constant; λ is the wavelength of the X-ray in nm; β is the line broadening; θ is the Bragg angle [54].




3.4. Catalytic Evaluation Studies


Activity measurements were carried out in a fixed-bed reactor. This reactor consisted of a stainless-steel tube with a length of 60 mm and 10 mm o.d., loaded with 0.2 g of catalyst diluted with glass beads and framed in both ends by two discs of stainless-steel mesh.



Prior to the WGS tests, the catalyst was reduced at 200 °C for 1 h using a mixture of 10 vol.% of H2 in N2. After reduction, 100 mL/min of N2 was used for 30 min to sweep H2 from the system. The catalytic tests were performed with a total flow rate of 100 mlN/min, a feed composition of 5 vol.% CO, 15 vol.% H2O (CO:H2O = 3) balanced with N2 (weight hourly space velocity: WHSV = 30,000 mL/g/h) at atmospheric pressure, and temperatures ranging from 200 to 350 °C.



The gases were fed by means of mass flow controllers (Bronkhorst High-Tech B.V., Ruurlo, Netherlands). A Controlled Evaporation and Mixing (CEM, Bronkhorst High-Tech B.V., Ruurlo, Netherlands) unit was used to evaporate the water while mixing the generated steam with the feed gases. The reactor was placed in the middle of a three zone cylindrical electric oven (from Termolab, Águeda, Portugal), each one equipped with a separate PID programmable temperature controller (from Shimaden, Tokyo, Japan). The temperature of the bed was measured using a type K thermocouple inserted in direct contact with the catalyst bed. The steam present in the outlet stream was condensed using a Peltier cooler placed at the reactor output. More details about the set-up are available at [55].



The dry product gases were analysed with an Agilent (model 7820A) gas chromatograph equipped with two detectors (TCD and FID, California, United States) and two columns (Plot Q (30 m × 0.32 mm) and Plot 5A (30 m × 0.32 mm)). The H2 was analysed by TCD with argon as carrier gas to achieve a better response for hydrogen owing to the higher difference in thermal conductivity. The carbon balance was close to 100% in all the tests carried out in this work.



The catalytic activity was expressed as a percentage of CO conversion calculated as:


     X  CO    ( % )  =    F  CO   in   −      F    CO   out      F  CO   in      ×    100  



(4)




where    F  CO   in     and    F  CO   out     stand for the CO molar flow rate at the reactor inlet and outlet, respectively. The CO conversion in the equilibrium was determined by the Gibbs free energy minimization method with the Aspen plus software as described elsewhere [56].





4. Conclusions


Three different ceria nanoshapes (nanopolyhedra (P), nanocubes (C) and nanorods (R)) were used as supports for Cu catalysts in the WGS reaction. A thorough characterization study was employed to better understand the morphology effects of CeO2 on the physicochemical properties and the WGS activity of CuOx/CeO2 mixed oxides. The data unequivocally show the importance of the support morphology on the redox/surface properties and thus on the catalytic activity. Bare ceria supports are inactive in all temperature range tested, whereas addition of copper into ceria alters this behaviour significantly, according to the order: Cu/CeO2 (R) > Cu/CeO2 (C) > Cu/CeO2 (P). The superior catalytic performance of CuOx/CeO2 nanorods, in terms of conversion/stability, could be mainly ascribed to their abundance in labile oxygen species and surface copper species, resulting in enhanced reducibility, oxygen exchange kinetics and highly active copper species (Cu+), on account of a redox-type mechanism.
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Figure 1. TΕΜ results of as-prepared materials: (a) CeO2 (R), (b) CeO2 (P), (c) CeO2 (C), (d,g) Cu/CeO2 (R), (e,h) Cu/CeO2 (P) and (f,i) Cu/CeO2 (C). 
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Figure 2. (a) The BJH (Barret-Joyner-Halenda) desorption pore size distribution (PSD) and (b) the adsorption–desorption isotherms of pure CeO2 and CuOx/CeO2 samples of different morphology. 
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Figure 3. XRD diffractograms of pure CeO2 and CuOx/CeO2 samples. 
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Figure 4. (a) Absorbance spectra and (b) (F(R)*hv)2 diagram as a function of photon energy based on Kubelka-Munk model for ceria samples of different morphology (nanocubes (C), nanopolyhedra (P), nanorods (R)). 
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Figure 5. H2-TPR profiles of pure ceria, CuO, and CuOx/CeO2 materials. 
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Figure 6. XPS spectra of (a) Ce 3d, (b) O 1s and (c) Cu 2p of pure CeO2 and CuOx/CeO2 samples. 
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Figure 7. Conversion of CO with temperature for the CuOx/CeO2 samples. Reaction conditions: H2O:CO = 3, WHSV = 30,000 mL/g/h, P = 1 bar. 
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Figure 8. The conversion of CO as a function of time for the CuOx/CeO2 samples. 
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Table 1. Structural and textural properties of pure CeO2 and CuOx/CeO2 samples.
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Sample

	
N2 Adsorption-Desorption

	
XRD




	
BET Surface Area

(m2/g)

	
Pore Volume (cm3/g)

	
Average Pore Size (nm)

	
Average Crystallite Diameter,

DXRD (nm) 1




	
CeO2

	
CuO






	
CeO2 (C)

	
40

	
0.12

	
12.5

	
19.2

	
-




	
CeO2 (R)

	
92

	
0.71

	
30.9

	
13.2

	
-




	
CeO2 (P)

	
109

	
1.04

	
38.1

	
9.5

	
-




	
Cu/CeO2 (C)

	
34

	
0.29

	
33.4

	
19.2

	
52




	
Cu/CeO2 (R)

	
75

	
0.40

	
21.2

	
11.6

	
43




	
Cu/CeO2 (P)

	
91

	
0.29

	
12.7

	
9.6

	
31








1 Calculated applying Scherrer’s equation (Equation (3) in the “Materials Characterization” section).
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Table 2. Redox properties of pure CeO2 and CuOx/CeO2 samples.
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Sample

	
H2 Consumption

(mmol H2/g) 1

	
TPR Peak Temperature

(°C)






	
CeO2 (C)

	
0.41

	
589

	
809




	
CeO2 (R)

	
0.59

	
545

	
788




	
CeO2 (P)

	
0.48

	
555

	
804




	
Cu/CeO2 (C)

	
1.50

	
194

	
228




	
Cu/CeO2 (R)

	
1.80

	
181

	
217




	
Cu/CeO2 (P)

	
1.65

	
176

	
201








1 Estimated by the quantification of H2 uptake in the 100–700 °C range of the H2-TPR profiles.
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Table 3. XPS data of pure CeO2 and CuOx/CeO2 materials.
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	Sample
	OI/OIΙ
	Ce3+ (%)
	Cu+ (%)
	Cu/Ce Atomic Ratio





	CeO2 (C)
	1.99
	23.3
	-
	



	CeO2 (P)
	2.04
	25.3
	-
	



	CeO2 (R)
	2.13
	24.3
	-
	



	Cu/CeO2 (C)
	1.89
	21.9
	11.8
	0.16



	Cu/CeO2 (P)
	1.96
	23.3
	13.0
	0.35



	Cu/CeO2 (R)
	2.02
	23.9
	16.1
	0.18
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