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Abstract

:

The rational design and fabrication of highly-active and cost-efficient catalytic materials constitutes the main research pillar in catalysis field. In this context, the fine-tuning of size and shape at the nanometer scale can exert an intense impact not only on the inherent reactivity of catalyst’s counterparts but also on their interfacial interactions; it can also opening up new horizons for the development of highly active and robust materials. The present critical review, focusing mainly on our recent advances on the topic, aims to highlight the pivotal role of shape engineering in catalysis, exemplified by noble metal-free, CeO2-based transition metal catalysts (TMs/CeO2). The underlying mechanism of facet-dependent reactivity is initially discussed. The main implications of ceria nanoparticles’ shape engineering (rods, cubes, and polyhedra) in catalysis are next discussed, on the ground of some of the most pertinent heterogeneous reactions, such as CO2 hydrogenation, CO oxidation, and N2O decomposition. It is clearly revealed that shape functionalization can remarkably affect the intrinsic features and in turn the reactivity of ceria nanoparticles. More importantly, by combining ceria nanoparticles (CeO2 NPs) of specific architecture with various transition metals (e.g., Cu, Fe, Co, and Ni) remarkably active multifunctional composites can be obtained due mainly to the synergistic metalceria interactions. From the practical point of view, novel catalyst formulations with similar or even superior reactivity to that of noble metals can be obtained by co-adjusting the shape and composition of mixed oxides, such as Cu/ceria nanorods for CO oxidation and Ni/ceria nanorods for CO2 hydrogenation. The conclusions derived could provide the design principles of earth-abundant metal oxide catalysts for various real-life environmental and energy applications.
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1. Introduction


Catalysis has gained ongoing attention from academic and industrial community, since it is massively involved in numerous energy and environmental processes, including, among others, the manufacture of value-added fuels and chemicals, hydrocarbons processing, fuel cell applications, photocatalytic degradation, abatement of hazardous substances, etc. To this end, the development of cost-efficient catalysts with improved activity and durability constitutes the main research pillar in the field of catalysis [1,2,3,4,5,6,7,8].



Although, noble metals (NMs) hold an integral role in catalysis for chemical bond activation and formation, their scarcity and high cost constitutes a major and inherent drawback. In this regard, the development of catalysts by combining the low cost with the high activity is a major driving force in contemporary research [2,3,4,5,6,8,9,10]. In this regard, however, a critical question arises: Is it feasible to adjust the surface chemistry of earth-abundant but relatively inactive materials in order to exhibit similar or ever superior performance to that of NMs? On account to the enormous progress so far accomplished on nano-synthesis, surface/interface functionalization and catalyst promotion fields, the answer to this question is definitely yes, as recently demonstrated [11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27].



Metal oxides, composed of earth-abundant transition metals (TMs) have gained particular attention towards replacing the rare and costly NMs, owing to their unique characteristics, such as improved redox properties and thermal stability [2,3,5,6,9,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46]. More importantly, through admixing different metal oxides (MOs) in an exact proportion, mixed metal oxides (MMOs) can be obtained with unique physicochemical properties, which are mainly linked to interfacial phenomena. In particular, MOs-based transition metals have received particular attention due to the distinctive chemisorption ability of TMs, related to their partially filled d-shells [47,48]. Moreover, several reducible oxides (e.g., CeO2, ZnO, and TiO2), could serve as TMs supporting carriers, exerting a beneficial impact on the inherent activity through peculiar metal–support interactions [16,25,41,49,50,51,52,53,54].



Among the different MOs, cerium oxide or ceria has gained tremendous interest in heterogeneous catalysis due to its exceptional redox properties driven by the high oxygen mobility and the rapid redox interplay between Ce3+ and Ce4+ [2,9,21,23,55,56,57]. In addition to these physicochemical advantages of cerium oxide, its average 2020 price stands at very low levels (ca. 1815 USD/metric ton), with a relative cost trend of ZrO2 > ZnO > SiO2 > TiO2 > CeO2, revealing the economic benefits of ceria-based catalytic materials [58]. Furthermore, the cost of base middle–late 3d metals, such as Cu, Ni, is about 3 to 4 orders of magnitude lower as compared to NMs, rendering extremely attractive, from a financial perspective, the development of ceria-based transition metal catalysts. More importantly, the combination of reducible oxides (e.g., CeO2) with TMs (e.g., Fe, Co, Ni, and Cu) could offer novel catalyst formulations with exceptional properties, arising mainly from the multifaceted electronic and geometric interactions amongst the different counterparts [14,16,25,27,41,49,50,51,52,53,54,59,60]. In this respect, it was recently appraised on account of both experimental and theoretical studies that various interconnected phenomena could be at work at metal-support interface, which in turn exert a profound influence on the catalytic activity, including the following [14,25,27,41,59,60,61]:




	
Electronic perturbations linked to bonding interactions between TMs and ceria nanoparticles



	
Facilitation of oxygen vacancies’ formation resulting in enhanced reducibility and oxygen exchange kinetics



	
High intrinsic activity of interfacial sites








However, it is well-known today—thanks to the huge progress in cutting-edge characterization techniques—that the individual characteristics of catalyst’s counterparts can notably affect not only their own activity but also the interaction between them with great consequences in catalysis. More specifically, by adjusting the geometrical and electronic features of the different counterparts through suitable synthetic and promotional routes highly active materials are obtained [12,13,14,15,16,17,18,19,21,22,24,27,56,62,63,64,65,66,67,68,69,70,71,72,73,74]. Table 1 depicts at a glance, the main physicochemical modifications that can be induced by adjusting each of the aforementioned parameters.



The recent advances in relation to the role of shape, size and electronic modulation on inherent reactivity and interfacial interactions were recently reviewed on the basis of CuOx/CeO2 oxides [13]. It became evident that by appropriately adjusting the aforementioned parameters, highly active composites can be obtained with a comparable or even superior performance as compared to NMs-based composites. The present critical review focuses on the particular role of ceria shape on the physicochemical characteristics and the catalytic performance of bare CeO2, as well as of TMs/CeO2 composites, with particular emphasis on our recent efforts in the field. The synthesis procedure of bare CeO2 nanoparticles of well-defined morphology, i.e., nanocubes (NC), nanorods (NR), and nanopolyhedra (NP), as well as of the corresponding ceria-based TMs (Fe, Co, Ni, and Cu) is initially described. A thorough characterization study by applying various characterization techniques is next presented for single CeO2 and TMs/CeO2 samples so as to disclose the effect of ceria shape on the intrinsic properties and interfacial phenomena. Finally, the implications of ceria shape engineering will be exemplified on the basis of CO oxidation, N2O decomposition, and CO2 hydrogenation reactions over TMs/ceria catalysts.




2. Synthesis and Characterization of CeO2 NPs of Different Morphology


Concerning the preparation of ceria nanoparticles, numerous synthetic routes have been employed, such as thermal decomposition, precipitation, sol–gel, solution combustion, surfactant or template-assisted method, hydrothermal or alcohothermal method, microemulsion, sonochemical, microwave-assisted synthesis, etc. [75,76,77,78,79,80,81,82,83,84,85,86,87,88,89,90,91,92,93,94,95,96,97,98,99]. Among the different preparation techniques, the hydrothermal method has been widely employed, owing to the short reaction time, the simple precursor compounds utilized, the homogeneous morphology and the development of nanoparticles with well-defined shapes, such as wires, polyhedra, rods, and cubes [71,75,76,81,82,95,100,101,102,103,104,105,106,107,108,109,110,111,112,113,114] (Figure 1).



In our recent works [33,34,35,38,39,75], the hydrothermal method was successfully used in order to prepare three distinct ceria morphologies of well-defined shape, i.e., nanocubes (NC), nanorods (NR), and nanopolyhedra (NP), which are then employed as supporting carriers for various transition metal catalysts (Fe, Co, Ni, and Cu). Figure 2 schematically illustrates the procedure followed for the preparation of CeO2-NP, CeO2-NR and CeO2-NC. Briefly, suitable amounts of cerium nitrate hexahydrate (Ce(NO3)3·6H2O) and sodium hydroxide (NaOH) were firstly dissolved in deionized H2O, mixed under continuous stirring for 1 h, and finally aged at 180 °C for 24 h (for cubes) or at 90 °C (for rods and polyhedra). The precipitates obtained by centrifugation were washed several times with deionized H2O and finally with C2H5OH, to prevent agglomeration. The obtained precipitate was finally dried and calcined for 2 h, at 500 °C.



Ceria-based transition metals, i.e., Fe, Co, Ni, and Cu, were next prepared through wet impregnation, employing the corresponding aqueous nitrate precursors. In all cases the metal/Ce atomic ratio was kept constant at 0.25. Suspensions were dried at 90 °C and finally calcined for 2 h, at 500 °C. The as-prepared materials are denoted for convenience as M/CeO2-NX, where M = Cu, Co, Ni, and Fe, whereas NX stands for nanorods (NR), nanocubes (NC) and nanopolyhedra (NP).



Both bare CeO2-NX and M/CeO2-NX nanocomposites were characterized by various techniques in order to gain insight into the effect of ceria morphology, metal nature and metal–support interactions on the textural, morphological, structural, and redox properties. In particular, the following characterization methods were employed: N2 adsorption-desorption (BET method), X-ray diffraction (XRD), transmission electron microscopy (TEM), temperature programmed reduction (TPR), X-ray photoelectron spectroscopy (XPS), and in situ Raman spectroscopy, as described in detail elsewhere [34].




3. Ceria Shape Effects on the Structural Defects and Redox Properties


In this part, the impact of distinct morphology on the physicochemical characteristics of bare ceria nanoparticles is initially discussed. Figure 3 shows indicative TEM images of ceria nanorods, nanopolyhedra, and nanocubes. The CeO2-NR sample (Figure 3a,d) shows a rod-like morphology with a length from 25 to 200 nm. In the case of CeO2-NC (Figure 3c,f), a well-defined cube-like morphology is obtained (of about 20–30 nm), whereas nanopolyhedra of irregular size/shape are observed for CeO2-NP (Figure 3b,e).



For the sake of clarity, the main textural and structural characteristics of ceria nanoparticles are summarized in Table 2. The following order, in relation to BET area, was disclosed: NC (40 m2/g) < NR (92 m2/g) < NP (109 m2/g). The average crystallite diameter of CeO2 phase, calculated by applying Scherrer equation on the XRD diffractions, follows the reverse order, i.e., NP (9.5 nm) < NR (13.2 nm) < NC (19.2 nm). Among the different ceria nanostructures, ceria nanocubes exhibit the lowest BET surface area, along with the highest mean particle size.



H2-TPR was performed to explore the impact of ceria shape on the redox properties (Figure 4). The main TPR peaks at ca. 550 and 800 °C are attributed to ceria’s surface oxygen (Os) and bulk oxygen (Ob) reduction, respectively. Interestingly, significant quantitative and qualitative differences between the reduction profiles are observed, implying the pivotal role of morphology on the redox features of ceria nanoparticles. In particular, the surface-to-bulk (Os/Ob) ratio follows the order NR (1.13) > NP (0.94) > NC (0.71), which coincides with the oxygen storage capacity (OSC): NC (0.21 mmol/g) < NP (0.24 mmol/g) < NR (0.29 mmol/g). These results clearly showed that the rod-shaped ceria nanoparticles possess the highest population of weakly bound labile oxygen species. Moreover, ceria nanorods exhibit a low temperature reduction peak at 550 °C with a shoulder at ca. 450 °C, in opposition to other morphologies, which exhibit one main peak in the low temperature range. The latter is in agreement with the more facile reduction of {110} and {100} facets prevailing on ceria nanorods, as compared to {100} planes [76,112,114]. Hence, on the basis of the aforementioned results, it can be argued that, although ceria nanorods do not display the optimum textural properties (e.g., surface area), they possess the optimum redox characteristics in terms of population and facile reduction of loosely bound oxygen species, which is of paramount importance in several reaction processes obeying a redox mechanism, as further discussed below.



More recently, the effect of ceria’s exposed planes on the structural defects was more thoroughly investigated by in situ Raman spectroscopy, acquired under interchanging oxidized and reduced conditions [34]. Indicative results are depicted in Figure 5, where the in situ Raman spectra of bare ceria NR, NC and NP at 440 °C under oxidizing conditions are shown. The band at 457 cm−1 is characteristic of F2g mode of Fm3m fluorite cubic structure, whereas the band D band at ca. 600 cm−1 is ascribed to structural defects due to the perturbations in ceria lattice. Interestingly, the ID/IF2g ratio, which is a measure of lattice deformation and oxygen vacancies, follows the order NR > NP > NC in complete agreement with the reducibility order (vide infra). Hence, the relative population of structural defects and oxygen vacancies (Figure 5) coincides with ceria nanoparticle’s reducibility (Figure 4 and Table 2), which is linked to Ce4+ → Ce3+ partial reduction and oxygen atoms detachment.



In addition, XPS analysis is performed to disclose the impact of ceria shape on elementary chemical states. Figure 6a demonstrates the Ce 3d XPS spectra of ceria nanoparticles, which can be deconvoluted into eight components [31,42,43,108,113,117,118,119,120]. In particular, the peaks at 900.7 eV (u), 907.6 eV (u″) and 916.4 eV (u‴) correspond to the Ce 3d3/2 spin–orbit components, while the peaks at 882.2 eV (v), 888.8 eV (v″), and 898.2 eV (v‴) correspond to Ce 3d5/2 spin–orbit components. These pairs of peaks are attributed to Ce4+, whereas the residual spectral lines at 902.1 eV (u′) and 883.8 eV (v′) are ascribed to Ce3+ species. The Ce3+/Ce4+ ratio is calculated by the corresponding peak’s area and shown in Table 3. No significant differences were obtained among the samples of different morphology, varying between 0.32 and 0.33, in agreement with the relevant literature studies [107,121,122].



The O 1s XPS spectra of ceria nanoparticles are presented in Figure 6b, exhibiting two characteristic peaks. The low binding energy (BE) peak (OI) at 529.4 eV corresponds to lattice oxygen, while the high BE peak (OII), at 531.3 eV is attributed to chemisorbed oxygen species, involving also hydroxyl groups, carbonate species, and adsorbed water. Interestingly, the OI/OII ratio (Table 3) follows the order NC (1.99) < NP (2.04) < NR (2.13), perfectly matched with the order of reducibility (Figure 4 and Table 2) and structural defects (Figure 5).




4. Physicochemical Properties of Ceria-Based Transition Metal (Fe, Co, Ni, and Cu) Catalysts


Having already established the pivotal role of ceria shape on the surface chemistry and redox properties of bare ceria nanoparticles, in this section, we discuss the combined effect of metal entity (Fe, Co, Ni, and Cu), ceria morphology and interfacial interactions on the physicochemical properties of TMs/CeO2 oxides.



Figure 7 depicts representative TEM images of TMs (Fe, Co, Ni, and Cu)/CeO2 samples. It is evident in all cases that ceria’s morphology is not affected by the incorporation of transition metal to ceria, implying no morphological changes upon the addition of TMs into the ceria carrier. The main textural, structural, and redox characteristics of all TMs/CeO2 samples are summarized in Table 4.



Concerning the BET area of bare ceria nanoparticles, the following order is obtained, as has been already discussed: NP > NR > NC (Table 2). The incorporation of transition metals into ceria support results in all cases into a slight decrease in surface area. In relation to the ceria crystallite size, it follows, generally, the reverse order of the BET area, i.e., the lower the surface area the larger the ceria crystallite size. In general, and on the basis of the present textural characteristics, it could be stated that the surface area and ceria crystallite size is not significantly affected by the transition metal’s nature. The textural/structural properties of TMs/ceria catalysts are mainly determined by the support characteristics, as further corroborated by TEM analysis (Figure 7).



However, in complete contrast to textural/structural properties, the redox properties of TMs/ceria composites are notably affected upon metal incorporation to ceria carrier. In all cases, metal addition facilitates the surface oxygen reduction shifting the Os peak (Figure 4) to lower temperatures (not shown for brevity). In other words, the reduction of TMs/ceria composites is taking place at considerably lower temperatures in comparison to single metal and ceria oxides, indicating the beneficial impact of metal incorporation on surface oxygen reduction. In view of this fact, the metal–support interactions could be accounted for the enhanced reducibility and oxygen exchange kinetics of mixed oxides, as extensively discussed in previous studies [14,25,27,41,59,61]. The latter is further demonstrated by the estimation of OSC of TMs/CeO2 catalysts in the low temperature region, in which the reduction of both the metal oxide (MxOy) and CeO2 surface oxygen is taking place. The obtained OSC values (Table 4) always surpasses the theoretical values corresponding to nominal metal oxide (MxOy) content, revealing the metal-induced acceleration of ceria’s capping oxygen reduction. More importantly, regardless of the metal entity (Cu, Co, Fe, and Ni), the OSC generally follows the order NR > NP > NC (Table 4), clearly demonstrating the crucial role of ceria nanostructure toward determining the redox properties of TMs/CeO2 catalysts.




5. Implication in Catalysis


In this section the implications of shape engineering in catalysis are presented on the basis of ceria-based transition metals. In particular, the effect of ceria nanoparticles geometry on the catalytic behavior of TMs/CeO2 oxides is demonstrated on the grounds of indicative oxidation/reduction reactions, such as CO oxidation, nitrous oxide (N2O) decomposition and CO2 hydrogenation to value-added products. The main purpose of this section is to demonstrate the pivotal role of support morphology on catalysis based on our recent findings in the field [33,34,35,38,39,75], giving also particular emphasis to the establishment of reliable structure–performance relationships.



5.1. CO Oxidation


CO oxidation reaction has been widely studied in heterogeneous catalysis due to its involvement to various energy and environmental processes, such as the control of exhaust emissions from mobile and stationary sources, and fuel cell applications. Moreover, from the fundamental point of view, CO oxidation can be employed as a model reaction to disclose structure–performance relationships.



Ceria-based transition metal oxides have been extensively studied for CO oxidation, due mainly to their unique redox properties [2,3,9,56] and the peculiar metal–ceria synergistic interactions [16,41,123,124]. However, as previously mentioned, the distinct characteristics of both the active phase and ceria carrier (e.g., particle’s size and shape) can exert a major impact on the redox properties, as well as the metal–support interactions, which can be consequently reflected on the catalytic activity. In this perspective, we recently explored the impact of ceria shape (nanocubes, nanorods, and nanopolyhedra) on the CO oxidation activity of various transition metals (e.g., Fe and Cu) supported on ceria nanoparticles. Herein, we summarize and discuss the main findings, which are interpreted based on the aforementioned characterization studies.



Figure 8 depicts the CO oxidation performance of the different bare ceria nanoshapes (NR, NC, and NP) in comparison to that of transition metal-based catalysts, i.e., Fe/CeO2 and Cu/CeO2 samples. Regarding, at first, the CO conversion of bare ceria, it is evident that significant differences are obtained between the samples, demonstrating the key role of morphology. On the basis of T50, i.e., the required temperature for 50% conversion, the following order is observed for bare ceria: NR (320 °C) < NP (350 °C) < NC (385 °C). It is noteworthy that the conversion order of bare ceria samples totally coincides with their relative concentration in labile oxygen species (expressed by OSC) and oxygen vacancies (expressed by the ratio of ID/IF2g). The latter clearly reveals the major role of ceria shape towards determining the redox/structural properties and in consequence the catalytic behavior, as further discussed below.



Most significantly, the incorporation of transition metals (Fe and Cu) to ceria drastically improves the catalytic performance, not affecting, however, the activity order obtained for single CeO2 samples. This clearly implies the guided role of support morphology on the catalytic performance of ceria-based transition metal catalysts. Apparently, the rod-shaped samples exhibit the optimum catalytic efficiency, demonstrating complete CO conversion at 250 and 100 °C for Fe/CeO2 and Cu/CeO2 samples, respectively. It should be also mentioned that the optimum catalysts (Cu/CeO2-NR and Fe/CeO2-NR) attained a stable conversion performance in short-term stability tests (24 h). In view of this fact, BET and XRD analyses of the spent catalysts revealed no textural or structural modifications. In particular, ceria’s mean crystallite size was slightly increased to 13 nm in comparison to 11.6 nm of the fresh sample, while the BET surface area remained practically unaltered (72.8 m2/g in comparison to 75.4 m2/g of the fresh sample, Table 4) [34,38].



The superior reactivity of samples with rod-like shape was further verified by a kinetic study, under differential reaction conditions, which revealed the following order in relation to apparent activation energy (Ea): CeO2-NR (44.2 kJ/mol) < CeO2-NP (46.7 kJ/mol) < CeO2-NC (49.8 kJ/mol) [38]. A similar trend was acquired for TMs/ceria samples, indicating once again the pivotal role of ceria morphology towards determining the activity of ceria-based transition metal samples [38]. Moreover, the conversion performance of TMs/ceria samples prepared through the hydrothermal and consequent impregnation method surpasses, by far, the corresponding performance of mechanical mixtures (MxOy + CeO2-NR), clearly revealing the synergistic interactions between metal and support [38]. Finally, from a practical perspective, the catalytic performance of MxOy/CeO2-NR samples considerably surpasses the corresponding efficiency of typical precious metal oxidation catalysts, such as Pt/Al2O3 (half-conversion temperature of ca. 230 °C under similar reaction conditions), revealing the effectiveness of shape engineering towards the rational design of cost-efficient noble metal-free catalysts [13].



The establishment of reliable structure–property relationships is crucial on the way to rational design and fabrication of highly–active composites. In other words, and in relation to the present findings, it is of paramount importance to disclose reliable correlations between key physicochemical parameters and the CO oxidation of MxOy/CeO2 catalysts.



The aforementioned results can be well interpreted on the grounds of a Mars-van Krevelen mechanism, thoroughly described in our previous works [34,38,75]. Briefly, CO oxidation reaction proceeds through the following steps: (i) the chemisorption of CO on metal active sites followed by its migration to the metal–support interface, (ii) the activation of molecular oxygen to oxygen vacancies, (iii) the surface reaction between CO and active oxygen; and (iv) the replenishment of oxygen vacancies by gas phase oxygen. In view of this mechanistic scheme, the pivotal role of redox properties linked to oxygen vacancies and oxygen mobility is apparent. Indeed, perfect relationships between the reaction rate (rco, mmol s−1 g−1) and the following activity descriptors were disclosed: (i) population of oxygen vacancies expressed by ID/IF2g ratio, and (ii) oxygen storage capacity (OSC), as shown in Figure 9. Similar relationships have been obtained for Cu- and Fe-based samples, revealing the pivotal role of support morphology [34,38].



Apparently, the CO consumption rate follows the order NR > NP > NC, which perfectly matched with the order of OSC and oxygen vacancies (ID/IF2g). Hence, the improved OSC of nanorods with {100} and {110} exposed facets, linked with their abundance in oxygen vacancies, can be considered responsible for their enhanced CO oxidation performance. Correspondingly, both experimental and theoretical studies have revealed that the creation of anionic vacancies on ceria nanostructures is favored in the following order: {111} < {100} < {110} [22,24,65,112,125,126,127,128,129,130,131,132], which verifies the superiority of ceria nanorods during CO oxidation [105,133,134]. In a similar manner, it has been found that CO oxidation over CuOx/CeO2 catalysts is sensitive to the structures of both copper and ceria, while the CuOx–ceria interaction depends on ceria’s exposed facets, following the order: {110}-rods > {111}-polyhedra > {100}-cubes [135]. Similar effects have been reported for various noble metals (e.g., Au, Pd, and Pt) anchored on ceria nanorods during CO oxidation, water–gas shift (WGS) reaction, methanol steam reforming, etc. [68]; interfacial interactions in conjunction to the improved redox properties of ceria nanorods were mainly considered responsible for the enhanced catalytic efficiency [68].




5.2. N2O Decomposition


Nitrous oxide has been documented as a powerful greenhouse gas and ozone–depleting substance [136]. Noble metal-based catalysts are amongst the most efficient for the low-temperature deN2O process, being, however, highly expensive and sensitive to various off-gases in exhaust stream (e.g., O2). To this end, particular efforts have been lately devoted to the development of earth-abundant and highly–active NMs-free composites. The recent advances in the field of the rational design of NMs-free composites for N2O decomposition have been recently reviewed by our group [13,136]. It was revealed that the adjustment of local surface chemistry of earth-abundant metal oxides can lead to highly efficient catalyst formulations for real–life practical applications. Herein, in accordance to present article objectives, the ceria morphological effects on the deN2O process are presented on the basis of the latest advances in the field.



We recently explored the impact of ceria morphology (NR, NC, and NP) on the properties (vide supra) and the N2O decomposition behaviour of CoOx/CeO2 samples. Figure 10 depicts the deN2O profiles of bare CeO2 and Co/CeO2 materials of various morphologies. As in the case of CO oxidation (Figure 8), the following order is observed for single ceria oxides: NR > NP > NC. Cobalt addition drastically improves the deN2O efficiency, not affecting, however, the conversion trend observed for ceria carriers, revealing the significant role of ceria nanostructure on the N2O decomposition over TMs/CeO2 catalysts. It is also worth noticing that a similar trend was obtained under oxygen excess conditions (2.0 vol.%), whereas no loss in activity was observed in a short-term stability test (24 h) over the best catalyst (Co/CeO2-NR) [35].



The role of support morphology on the deN2O process could be corroborated on the ground of a redox-type mechanism, involving N2O dissociative adsorption on active cobalt sites followed by adsorbed oxygen species recombination towards the regeneration of active sites. The desorption of adsorbed oxygen either by recombining with neighboring oxygen atoms or by their interaction with N2O(ad) is considered as the rate-determining step (rds) [137]. In view of this mechanistic route, the redox properties of ceria and the cobalt–ceria interactions are considered to have a decisive role in the deN2O process. Indeed, a close correlation between the OSC of ceria nanoparticles and the deN2O activity was revealed (Figure 11), establishing reliable structure–activity relationships. CeO2-NR, followed by NP and NC, possesses the optimum oxygen storage capacity—linked to high population of oxygen vacancies and enhanced oxygen exchange kinetics—which is then reflected on the catalytic performance. Interestingly, the catalytic performance of Co/CeO2 samples mirrors that of bare ceria samples, being however much superior. The latter clearly reveals that the morphology of the support in conjunction to metal addition can boost the catalytic performance, offering highly active deN2O catalysts [13,136].



Similarly, Liu et al. [114] revealed that the copper-ceria synergetic interactions can improve the reducibility and in turn the deN2O performance. In complete agreement, Pintar and co-workers [112] revealed the superior performance of copper clusters located on ceria nanorods in comparison to nanopolyhedra and nanocubes (Figure 12). According to a thorough characterization study, ceria nanorods facilitate the regeneration of active sites, due to their improved oxygen exchange kinetics, thus favoring the regeneration of active sites. The above mentioned results clearly demonstrate the effectiveness of shape engineering on the way to develop highly active deN2O catalysts.




5.3. CO2 Hydrogenation


The unprecedented increase of CO2 levels in the atmosphere due to anthropogenic activities related mainly to fossil fuels combustion has led to serious environmental consequences. Among the different mitigation approaches, carbon dioxide conversion to value-added products via its reaction with “green” hydrogen, has gained particular attention [138,139,140,141]. A plethora of chemical compounds, such as methane, carbon monoxide, methanol, and various hydrocarbons and oxygenates can be obtained through CO2 hydrogenation [138,142,143]. This particular route can concurrently utilize CO2 emissions and the “green” hydrogen derived by the surplus power from non-intermittent Renewable Energy Sources (RES), providing, among others, CH4 or CO through the reverse water–gas shift (rWGS) reaction (Equation (1)) and Sabatier reaction (Equation (2)), respectively:


CO2 + 4H2 → CH4 + 2H2O, ∆H298K = −164.7 kJ/mol



(1)






CO2 + H2 → CO + H2O, ∆H298K = +41.3 kJ/mol



(2)







Although noble metal catalytic materials, such as Rh and Ru, show satisfactory hydrogenation activity, their scarcity and high cost hinders widespread applications [144,145,146,147]. In this regard, our recent efforts have concentrated on the rational design of NMs-free catalyst formulations. Particular emphasis was given to middle–late 3d transition metals (e.g., Cu, Ni, Co, and Fe), due to their ability to chemisorb and consequently activate the CO2 molecule [33,39]. Moreover, cerium oxide was selected as a supporting carrier due to its excellent redox/basic characteristics in conjunction to the synergistic interactions that can be developed between TMs and CeO2.



In line with the aforementioned fine-tuning aspects, ceria nanoparticles size/shape engineering at nanoscale could be of paramount importance. In view of this fact, and bearing in mind the crucial role of redox properties on CO2 hydrogenation process [148], ceria nanoparticles of rod-like shape, offering the optimal redox properties, were selected as supporting carriers in order to obtain TMs/CeO2-NR composites.



Figure 13a,b demonstrates the conversion of CO2 and the selectivity to methane, respectively, for bare CeO2-NR samples as well as for TMs (Fe, Co, Ni, and Cu)/CeO2-NR. It is obvious that there are significant differences between the samples, mostly depending on metal’s nature. Regarding CO2 conversion, the following order is obtained: CeO2 < Fe/CeO2 < Cu/CeO2 < Co/CeO2 < Ni/CeO2, signifying the pivotal role of metal–support combination. Ni/CeO2-NR exhibits by far the optimum performance, offering ca. 92% conversion at 300 °C. In other words, by combining Ni with ceria nanorods extremely active CO2 methanation catalysts can be obtained, which practically reach the equilibrium at very low temperatures of ca. 300 °C. More importantly, the high conversion performance of Ni catalysts is followed by 100% selectivity to CH4 (Figure 13b) in the entire temperature range studied. Interestingly, the Cu/CeO2-NR catalyst is totally selective to CO (rWGS reaction), reaching the equilibrium at temperatures higher than 400 °C. Hence, the combination of Ni with CeO2-NR favors the CO2 methanation reaction, whereas the rWGS reaction is favored over Cu/CeO2-NR. Moreover, stability experiments performed over the optimum catalytic materials (rod-shaped samples), revealed a stable performance without any deterioration of activity/selectivity [33,39].



The superior conversion and selectivity performance of Ni/CeO2-NR is additionally demonstrated by comparing it with the corresponding commercial ceria (CeO2-Com) and Ni/CeO2-Com of identical Ni/Ce atomic ratio (Ni/Ce = 0.25, corresponding to ca. 8 wt.% Ni loading; see Figure 14). Apparently, nickel–ceria nanorods are much superior as compared to the commercial ceria-supported sample (Ni/CeO2-Com), clearly revealing the major role of ceria support nanostructure. In particular, the Ni/CeO2-Com sample shows a CH4 yield at 300 °C of ca. 7%, as compared to 92% for as-prepared Ni/CeO2-NR. These findings are of particular importance, revealing that by appropriately adjusting the composition (e.g., ceria with various TMs) and structural defects (e.g., by modulating ceria support morphology), highly active composites can be obtained.



In line with the aforementioned findings, significant morphological effects were also revealed during the CO2 hydrogenation to CH3OH; the rod-shaped Cu/ceria samples have shown the highest methanol yield, ascribed mainly to the synergistic interactions between copper and ceria nanorods, as compared to nanocubes or nanoparticles [76]. Similarly, Cu/CeO2-NR shows the highest rWGS activity at atmospheric pressure as compared to nanospheres, since the formation of active intermediates is facilitated on the {110} facets of nanorods [84]. Moreover, among different morphologies (rods, cubes, octahedrons and polyhedrons), Pd supported on ceria nanorods has shown the highest activity and space–time yield of methanol, due to their abundance in oxygen vacancies [149]. In this point, it should be mentioned that CO2 hydrogenation catalysts of high activity and selectivity can be also obtained through the development of multicomponent systems [150,151]. For instance, highly active bimetallic composites supported on ceria nanoparticles (Cu-Ni/CeO2) of specific morphology (e.g., nanorods and nanotubes) can be obtained for the hydrogenation of carbon dioxide to methanol, due to the synergism between Cu-Ni alloy and ceria [150,151].



At this point, driven by the aforementioned superior reactivity of ceria-based nanocomposites in various processes, it should be underlined that the development of structured catalysts, such as monoliths or pellets, coated with the catalytically active nanocomposites is a prerequisite for industrial applications. The materials platform for real-life industrial applications can be obtained by bringing together the following into one structure: the (i) superior catalytic activity of ceria-based nanocomposites of specific architecture; (ii) appropriate adhesion, pore structure, and permeability of washcoat; and (iii) enhanced thermal stability, mechanical strength, and low pressure drop of ceramic or metallic substrates [152,153,154].





6. Conclusions and Perspectives


In this review, we appraised the facet-dependent reactivity of ceria nanoparticles, on the ground of ceria-based transition metal catalysts. Through the morphological control of ceria nanoparticles (e.g., rods, cubes, and polyhedra), the concept of “shape engineering” can be employed to obtain reliable structure–performance relationships, which in turn could provide the basis for the rational design and fabrication of cost–efficient and highly–active catalyst formulations.



By means of a complementary characterization study, the morphological effects of ceria on key activity descriptors were initially explored. It was revealed that ceria nanoparticles with a rod shape possess excellent redox properties, related to their abundance in oxygen vacancies and weakly bound labile oxygen species. In particular, the following trend in relation to oxygen storage capacity (OSC) was obtained for bare ceria nanoparticles: rods > polyhedra > cubes, well correlated with the energy formation of anionic vacancies, i.e., {111} > {100} > {110}.



More importantly, it was clearly revealed that the incorporation of different transition metals (e.g., Cu, Fe, Ni, and Co) to ceria nanoparticles considerably accelerates surface oxygen reduction via metal–support interactions, following, however, the identical trend obtained for bare ceria nanoparticles. The latter clearly demonstrates the pivotal role of ceria morphology toward determining the redox features of ceria-based mixed oxides.



For reactions obeying a redox-type mechanism, where the redox cycle between labile and molecular oxygen mainly determines the reaction rate, perfect quantitative relationships between catalytic performance—redox properties—and ceria morphology were disclosed. From the practical perspective, extremely active composites were developed by concurrently adjusting the shape and composition of ceria-based mixed oxides. For instance, Cu/CeO2-nanorods exhibit full CO conversion at ca. 100 °C, surpassing by far the CO oxidation ability of a typical oxidation catalyst, such as Pt/Al2O3. In a similar manner, extremely active composites for CO2 methanation were synthesized by combining Ni with CeO2 nanorods.



Besides the alteration of solid state properties by the manipulation of shape at nanoscale, the fine adjustment of electronic state (e.g., by alkali promotion) can provide an additional powerful tool towards regulating the chemisorption properties and consequently the reactivity of metal oxides. Hence, the modulation of electronic state, size and shape at the nanoscale could provide the design direction on the way to fabricate cost-efficient earth–abundant metal–oxide catalysts for several environmental and energy processes. In this direction, the development of facile and versatile synthesis routes towards the precise control of shape and size at nanoscale is of paramount importance.



Moreover, the shape engineering of reducible carriers, such as ceria, could provide a powerful tool in order to rationally design and develop single atom supported catalysts with the anticipated activity and stability. The fine-tuning of the single metal atoms-support interaction through metal anchoring on specific crystal planes, could lead to interfacial sites of exceptional activity and stability.



Furthermore, it should be mentioned that the development of composite systems, through the combination of reducible oxide supports with bimetallic or carbide-based materials could lead to multifunctional composites with enhanced properties and catalytic performance.



Taking however into account the interrelated and multifaceted effects of shape, size, and electronic state on the reactivity of metal sites as well as on their interfacial interactions, especially under reaction conditions, it is of great difficulty to accurately discriminate the particular role of each adjusting parameter. In this context, complementary experimental studies (both in situ and ex situ), along with computational calculations and model studies are still required to unveil the underlying mechanism of catalytic phenomena.



Last but not least, the fabrication of highly–active ceria-based nanocomposites of specific architecture in the form of structured catalysts, such as honeycomb cordierite monoliths or pellets, could offer the scaffold for real-life energy and environmental industrial applications.
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Figure 1. (a) Model shapes of rods and cubes. Reproduced with permission from Reference [115]. Copyright© 2018, Elsevier. (b) Model shapes illustrating an anisotropic growth process starting from a truncated cuboctahedron shape. Protecting the {111} facets by using a capping agent results in the growth of {100} facets until they disappear and only {111} facets remain on the surface (octahedral shape). The opposite would result in cubic nanoparticles NPs with only {100} facets. Reproduced with permission from Reference [116]. Copyright© 2015, Elsevier. 
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Figure 2. Schematic illustration of synthetic procedure of ceria nanoparticles of different shape (nanocubes = NC, nanorods = NR, and nanopolyhedra = NP). 
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Figure 3. Indicative transmission electron microscopy (TEM) images of ceria (a,d) nanorods, (b,e) nanopolyhedra, and (c,f) nanocubes. 
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Figure 4. H2-TPR profiles of ceria nanoparticles. 
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Figure 5. In situ Raman spectra for different ceria nanoshapes, i.e., NR, NP and NC. Inset depicts the ID/IF2g intensity ratio. Laser power, w = 25 mW; laser wavelength, λ0 = 491.5 nm; spectral slit width, 6 cm−1. Adapted from Reference [34]. Copyright© 2018, Elsevier. 
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Figure 6. Ce 3d (a) and O 1s (b) XPS spectra of ceria nanoparticles. 
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Figure 7. Indicative TEM images of TM/ceria (TM: Cu, Co, Fe, and Ni) nanoparticles: (a–c) Cu/CeO2, (d–f) Co/CeO2, (g–i) Fe/CeO2, and (j–l) Ni/CeO2 samples of (a,d,g,j) rod-like, (b,e,h,k) polyhedral and (c,f,i,l) cubic morphology. 
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Figure 8. Ceria nanoparticles morphological effects (nanorods = NR, nanocubes = NC, nanopolyhedra = NP) on the CO oxidation performance of bare CeO2, Cu/CeO2, and Fe/CeO2 samples. 
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Figure 9. Relationship between the CO oxidation performance (rCO, nmol s−1 g−1) of Cu/CeO2 samples and the oxygen storage capacity (OSC, mmol O2 g−1) as well as the abundance of oxygen vacancies (in terms of ID/IF2g ratio) of ceria nanorods (NR), nanopolyhedra (NP) and nanocubes (NC). 
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Figure 10. N2O conversion as a function of temperature for bare CeO2 and Co/CeO2 with nanorod (NR), nanopolyhedra (NP), and nanocubes (NC) morphology. Reaction conditions: 1000 ppm N2O, GHSV = 40,000 h−1. 
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Figure 11. Relationship between the deN2O performance and the OSC (mmol O2 g−1) of bare CeO2 and Co/CeO2 with nanorod (NR), nanopolyhedra (NP) and nanocubes (NC) morphology. 
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Figure 12. N2O decomposition rate of CuOx/CeO2 samples of different morphology at 375 °C. Adapted from Reference [112]. Copyright© 2015, American Chemical Society. 
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Figure 13. CO2 conversion (a) and selectivity to CH4 (b) for bare CeO2-NR and various metal-based catalysts (Fe, Cu, Co, Ni). Reaction conditions: Weight Hourly Space Velocity (WHSV) = 30,000 mL g−1 h−1, H2:CO2 = 4:1, P = 1 atm [39]. Dotted lines represent the corresponding equilibrium for rWGS and Sabatier reactions. 
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Figure 14. Methane Yield (defined as CO2 conversion x selectivity to CH4) for CeO2-NR, commercial ceria (CeO2-Com) and the corresponding Ni-based samples. Reaction conditions: Weight Hourly Space Velocity = 30,000 mL g−1 h−1, H2:CO2 = 4:1, P = 1 atm [39]. 
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Table 1. Adjusted parameters and their implications in the physicochemical characteristics of metal oxides.
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	Adjusted Parameter
	Main Implications in Physicοchemical Properties





	Composition

(e.g., binary or ternary MOs)
	surface area;

structural characteristics



	Size

(e.g., metal particles of nanometer size)
	surface area; electronic environment;

coordination environment;

structural defects



	Shape

(e.g., nanorods and nanocubes)
	energy formation of anionic vacancies;

redox features



	Electronic state

(e.g., alkali addition)
	work function;

redox characteristics



	Chemical state

(e.g., incorporation of rGO)
	redox properties; structural defects;

electronic environment
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Table 2. Textural, structural and redox properties of bare ceria nanoparticles.






Table 2. Textural, structural and redox properties of bare ceria nanoparticles.





	

	
BET Analysis

	
XRD Analysis

	
TPR Analysis




	
Sample

	
BET Surface Area

(m2/g)

	
Pore Volume

(cm3/g)

	
Average Crystallite Diameter,

DXRD (nm) 1

	
OSC

(mmol O2/g) 2






	
CeO2-NC

	
40

	
0.12

	
19.2

	
0.21




	
CeO2-NR

	
92

	
0.71

	
13.2

	
0.29




	
CeO2-NP

	
109

	
1.04

	
9.5

	
0.24








1 Calculated applying Scherrer equation. 2 Calculated by integration of the temperature programmed reduction (TPR) peaks in the low-temperature range (surface oxygen reduction). OSC, oxygen storage capacity.
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Table 3. Surface properties of ceria nanoparticles.






Table 3. Surface properties of ceria nanoparticles.





	
Samples

	
XPS Analysis




	
OI/OII

	
Ce3+/Ce4+






	
CeO2-NC

	
1.99

	
0.33




	
CeO2-NP

	
2.04

	
0.32




	
CeO2-NR

	
2.13

	
0.33
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Table 4. Textural, structural and redox characteristics of ceria-supported transition metal catalysts.






Table 4. Textural, structural and redox characteristics of ceria-supported transition metal catalysts.





	
Sample

	
BET Analysis

	
XRD Analysis

	
TPR Analysis




	
BET Surface Area (m2/g)

	
Pore Volume (cm3/g)

	
Average Crystallite Diameter, DXRD (nm)

	
OSC (mmol O2/g)




	
CeO2

	
CuO/Co3O4/Fe2O3/NiO






	
Cu/CeO2-NC

	
34.3

	
0.29

	
19.2

	
52

	
0.75




	
Cu/CeO2-NR

	
75.4

	
0.40

	
11.6

	
43

	
0.90




	
Cu/CeO2-NP

	
90.7

	
0.29

	
9.6

	
31

	
0.83




	
Co/CeO2-NC

	
27.9

	
0.15

	
24

	
19

	
1.03




	
Co/CeO2-NR

	
71.8

	
0.31

	
14

	
16

	
1.19




	
Co/CeO2-NP

	
70.5

	
0.17

	
11

	
15

	
1.20




	
Fe/CeO2-NC

	
32.2

	
0.19

	
16.8

	
52.3

	
0.67




	
Fe/CeO2-NR

	
68.6

	
0.19

	
9.7

	
7.2

	
0.75




	
Fe/CeO2-NP

	
64.2

	
0.12

	
8.5

	
16.5

	
0.70




	
Ni/CeO2-NC

	
31.8

	
0.21

	
22

	
16.5

	
0.78




	
Ni/CeO2-NR

	
72.0

	
0.38

	
14

	
23

	
0.92




	
Ni/CeO2-NP

	
73.0

	
0.27

	
12

	
23

	
0.86
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