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Abstract

:

Ceria has been widely studied either as catalyst itself or support of various active phases in many catalytic reactions, due to its unique redox and surface properties in conjunction to its lower cost, compared to noble metal-based catalytic systems. The rational design of catalytic materials, through appropriate tailoring of the particles’ shape and size, in order to acquire highly efficient nanocatalysts, is of major significance. Iron is considered to be one of the cheapest transition metals while its interaction with ceria support and their shape-dependent catalytic activity has not been fully investigated. In this work, we report on ceria nanostructures morphological effects (cubes, polyhedra, rods) on the textural, structural, surface, redox properties and, consequently, on the CO oxidation performance of the iron-ceria mixed oxides (Fe2O3/CeO2). A full characterization study involving N2 adsorption at –196 °C, X-ray diffraction (XRD), transmission electron microscopy (TEM), scanning electron microscopy-energy dispersive X-ray spectroscopy (SEM-EDS), temperature programmed reduction (TPR), and X-ray photoelectron spectroscopy (XPS) was performed. The results clearly revealed the key role of support morphology on the physicochemical properties and the catalytic behavior of the iron-ceria binary system, with the rod-shaped sample exhibiting the highest catalytic performance, both in terms of conversion and specific activity, due to its improved reducibility and oxygen mobility, along with its abundance in Fe2+ species.
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1. Introduction


Ceria (CeO2), or cerium oxide, has been extensively used in a variety of catalytic applications such as oxidation processes, steam reforming, water-gas shift reaction, reduction of NOx, among others [1,2,3]. Ceria’s unique properties, such as improved thermal stability, high oxygen storage capacity (OSC), and oxygen mobility render it an exceptional component for ceria-based catalytic materials [2,4,5,6]. Actually, its ability to switch between the oxidation states Ce3+ and Ce4+, supplemented by the formation of surface defects, such as oxygen vacancies, is accounted for its enhanced redox properties [2,3,7,8]. Such a behavior is identified in other oxide systems such as manganese oxides [9,10,11] and perovskites [12,13], but ceria still remains one of the best redox materials [14].



Recent studies [14,15,16,17,18,19,20,21,22,23] have focused on the synthesis of nanostructured materials with well-defined morphology. By tailoring particles’ shape and size, certain crystal facets can be exposed, leading to different structural and redox properties, hence, resulting in improved catalytic activity [8,15,17,19]. In fact, it has been shown that the anionic vacancies energy formation strongly depends on the exposed facets, following the order: {111} > {100} > {110}.



In addition, as the crystallite size decreases, materials in the nanoscale exhibit a plethora of oxygen defects and enhanced catalytic performance [7]. It has been revealed that there is a strong dependence between support morphology and catalytic activity, a fact showing the significance of the fine-tuning of ceria with predefined textural and structural characteristics [17,18,21,22].



Several reports [22,24,25,26,27,28,29] have shown that the introduction of transition metal oxides into the ceria lattice improves the catalytic performance of the mixed oxides compared to bare ones because of the “synergistic” effect induced by the interactions between the oxide phases, a phenomenon that has not been fully comprehended. In this regard, it is of great importance to develop cost-effective and highly efficient catalysts based on iron oxide (Fe2O3), which is considered to be one of the cheapest metal oxides [30]. Among the various catalytic systems, iron-ceria mixed oxides have been studied in several catalytic reactions, such as oxidation processes [30,31,32,33,34], reduction processes [35,36], decomposition reactions [37,38], soot combustion [39,40], etc.



However, the Fe2O3/CeO2 binary system has not been extensively investigated in relation to the support shape dependence of catalytic activity, which is a highly engaging topic. To fully address this, most of the studies concern the effect of iron content [39,41], calcination temperature [42], or the distribution of iron ions in solid solutions [43] of Fe-doped CeO2 catalysts. Moreover, others have focused on the improvement of OSC and oxygen mobility of iron-doped ceria catalysts [44]. In a similar manner, Bao et al. [31] investigated the oxidation of CO in Fe2O3/CeO2 catalysts from the perspective of solid solution formation and surface oxygen vacancies.



Only a few studies have focused on the Fe2O3/CeO2 system from the perspective of ceria shape effect. For instance, Torrente-Murciano et al. [45] have shown that the control of support morphology in the hydrogenation of CO2 to hydrocarbons leads to the exposure of different crystal facets, resulting in enhanced metal-support interactions, a fact corroborated by the reducibility studies. The structure-dependent catalytic performance of iron-ceria nanorods and nanopolyhedra for NO reduction has been studied, and this dependence was mainly attributed to the exposed facets of ceria nanoshapes, along with the synergistic effect between iron and ceria [35]. Furthermore, the support role on the decomposition of sulfuric acid has been studied through the development of a series of supported iron oxide-based catalysts [37]. Also, Sudarsanam et al. [40] studied the role of support morphology in copper-ceria and iron-ceria nanorods for diesel soot combustion, and revealed an abundance in oxygen vacancies in both catalytic systems, with copper-ceria nanorods, however, exhibiting the best catalytic performance, which was ascribed to the high reducibility of ceria and the large amount of acid sites.



Despite the various studies regarding the iron-ceria mixed oxides, there is still plenty of room to elaborate on the morphology dependence of catalytic activity. In the present work, three different ceria nanostructures (nanorods (ΝR), nanopolyhedra (NP), nanocubes (NC)) were hydrothermally synthesized and used as supports for the iron oxide phase (Fe2O3/CeO2). For comparison purposes, two additional samples were investigated: bare iron oxide sample prepared by thermal decomposition (Fe2O3-D) and iron-ceria mixed oxide prepared by a physical mixture of Fe2O3-D and CeO2-NR (Fe2O3-D + CeO2-NR). Several characterization techniques, namely N2 adsorption at –196 °C (Brunauer–Emmett–Teller (BET) method), X-ray diffraction (XRD), transmission electron microscopy (TEM), temperature programmed reduction using H2 (H2-TPR), and X-ray photoelectron spectroscopy (XPS), have been employed in order to gain insight into the effect of support morphology on the textural, structural, redox, surface properties and, consequently, on the catalytic performance of the iron-ceria binary system. The oxidation of CO was employed as probe reaction in order to disclose structure–activity relationships.




2. Results and Discussion


2.1. Textural and Structural Characteristics (BET/XRD)


The main textural/structural characteristics of bare ceria and Fe2O3/CeO2 samples are summarized in Table 1. On the basis of the BET surface area, the following order was obtained for the bare ceria samples: CeO2-NP (87.9 m2/g) > CeO2-NR (79.3 m2/g) > CeO2-NC (37.3 m2/g). A decrease in the surface area was observed by the addition of iron into the ceria support, with the Fe2O3/CeO2-NR sample exhibiting the highest BET surface area (68.6 m2/g), accompanied by Fe2O3/CeO2-NP (64.2 m2/g) and Fe2O3/CeO2-NC (32.2 m2/g).



Figure 1a shows the Barrett–Joyner–Halenda (BJH) desorption pore size distribution (PSD) of as-prepared samples. The corresponding adsorption–desorption isotherms are depicted in Figure 1b. In all cases, maxima at pore diameters higher than 3 nm are obtained, implying the presence of mesopores which can be further corroborated by the existence of adsorption–desorption isotherms of type IV with hysteresis loop at a relative pressure above 0.5 (Figure 1b) [33,35,46,47]. As observed in Table 1 and Figure 1a, the incorporation of iron into the ceria lattice results in a decrease in pore volume and average pore diameter, with the sample of rod-like morphology exhibiting the highest reduction percentages (60% and 53%, respectively), while nanocubes and nanopolyhedra show a much lower percentage decrease, namely 27% and 29% in pore volume and 15% and 3.8% in average pore diameter, respectively.



The obtained order in BET surface can be mainly interpreted on the basis of the different pore volume and pore size distribution of ceria and iron-ceria samples. In particular, CeO2-NR and CeO2-NP possess a pore volume of 0.48 and 0.17 cm3/g, respectively, exhibiting, however, a completely different pore size distribution (mean pore size at 24.2 and 7.9 nm, respectively, Figure 1a). On the other hand, CeO2-NC exhibits an intermediate pore volume (0.26 cm3/g) along with a higher mean pore size (27.4 nm). These differences in pore volume and pore size distribution, linked to different ceria morphologies, can be mainly accounted for the observed variations in BET surface area. Moreover, it is worth noticing that the BET surface area follows, in general, the reverse order of the crystallite size of both CeO2 and Fe2O3 phases (Table 1), i.e., the larger the crystallite size the lower the BET surface area.



The XRD patterns of all samples are demonstrated in Figure 2. The main peaks can be indexed to (111), (200), (220), (311), (222), (400), (331), (420), (422), (511), and (440) planes which are attributed to ceria face-centered cubic fluorite structure (Fm3m symmetry, no. 225) [48,49,50]. In the Fe2O3-D sample, the peaks observed correspond to (012), (104), (110), (006), (113), (202), (024), (116), (018), (122), (214), (300), (208), (119), (220), (036), (312), (134), (226), (042), (232), (324), and (410) planes of the hematite phase [51]. There are two very small peaks at 2θ values ~35.96 and 54.26° in Fe2O3/CeO2 samples which correspond to the hematite (Fe2O3) phase (JCPDS card 33-0664) [40,52]. However, the peak at 2θ 41.03° present in the Fe2O3-D sample, which is attributed to the hematite phase [40], is not observed in the mixed oxides. The peaks are characteristic of the cerianite and hematite phases in accordance with the nominal composition of the mixed oxides (Table 1). By applying the Williamson–Hall plot after Rietveld refinement of diffractograms, the average crystallite sizes of cerianite and hematite phases were calculated (Table 1). In particular, the CeO2 crystallite size is 27.0, 15.0, and 11.0 nm for CeO2-NC, CeO2-NR, and CeO2-NP, respectively, following the same order in Fe2O3/CeO2 samples, i.e., 16.8, 9.7, and 8.5 nm for Fe2O3/CeO2-NC, Fe2O3/CeO2-NR, and Fe2O3/CeO2-NP, respectively. Taking into account the crystallite size of iron oxide phase, the following order was obtained: Fe2O3/CeO2-NC (52.3 nm) > Fe2O3/CeO2-NP (16.5 nm) > Fe2O3/CeO2-NR (7.2 nm). The lower crystallite size of ceria in Fe2O3/CeO2 samples as compared to bare ceria samples should be mentioned. The addition of iron ions through the wet impregnation method and the subsequent calcination of iron-ceria composites could be considered responsible for the decrease of ceria crystallite size. In a similar manner, the high dispersibility of the iron-ceria mixed oxides and/or the formation of solid solutions have been considered as contributing factors to this decrease in ceria crystallite size [53,54,55,56,57].




2.2. Morphological Characteristics (TEM, SEM-EDS)


Transmission electron microscopy analyses were performed so as to further investigate the morphological features of the various ceria nanostructures. The TEM images of bare ceria samples as well as those of iron-ceria mixed oxides are presented in Figure 3a–c and Figure 3d–f, respectively. CeO2-NR displays ceria in the rod-like morphology (Figure 3a) with 25–200 nm in length. Nanopolyhedra of irregular shapes and cubes are shown in Figure 3b and c, respectively. As it can be observed by the TEM images of iron-ceria mixed oxides (Figure 3d–f), the support morphology remains unaffected by the addition of iron to the ceria carrier. Scanning electron microscopy analyses along with energy dispersive X-ray spectrometry (EDS) were performed in addition to obtain the elemental mapping images of the Fe2O3/CeO2 samples (Figure 4). The SEM images of Fe2O3/CeO2-NR, Fe2O3/CeO2-NP, and Fe2O3/CeO2-NC are depicted in Figure 4a,e,i, respectively, while the corresponding elemental mapping images are shown in Figure 4b–d, Figure 4f–h, and Figure 4j–l, respectively. As it is obvious from SEM-EDS analysis, there is a uniform distribution of all elements (Ce, Fe, O) in the iron-ceria mixed oxides. Noteworthy, the Fe2O3/CeO2-NR sample (Figure 4b–c) exhibits a higher amount of cerium than compared to iron, while iron-ceria nanopolyhedra (Figure 4f–g) and iron-ceria nanocubes (Figure 4j–k) exhibit a larger population in iron. To further gain insight into the surface elemental composition of the iron-ceria samples, XPS analysis was performed in addition, which corroborated the above findings (see below).




2.3. Redox Properties (H2-TPR)


The effect of support morphology on the reducibility of the samples was investigated by TPR experiments. The reduction profiles of bare ceria samples are depicted in Figure 5 and they include two broad peaks centered at 526–551 °C and 789–813 °C, which are attributed to the surface oxygen (Os) and bulk oxygen (Ob) ceria reduction, respectively [58,59]. As observed in Figure 5, in ceria nanocubes, the Os peak is smaller in comparison with ceria nanorods and nanopolyhedra due to the smaller amount of easily reducible oxygen available in the cubic sample, a fact closely related to the exposed crystal facets, as it has been reported in previous studies [45,60]. In Table 2, the hydrogen consumption that corresponds to ceria surface and bulk oxygen reduction is presented. Regarding the ratio of surface to bulk oxygen for the bare ceria samples, the following order is obtained: CeO2-NR (1.13) > CeO2-NP (0.94) > CeO2-NC (0.71), indicating the higher reducibility of the rod-shaped sample which possesses the largest population of weakly bound oxygen species. It is of note that the catalytic conversion follows the same trend with the surface-to-bulk ratio, signifying the interrelationship between the reducibility and the catalytic performance, as will be further discussed in the sequence.



Figure 5 also shows the reduction profiles of Fe2O3/CeO2 samples, as well as that of bare Fe2O3-D material. The main TPR peaks accompanied by the corresponding H2 consumption (mmol H2/g) are presented in Table 2. The Fe2O3-D sample exhibits a sharp peak at 379 °C along with a broader peak at ~638 °C, consisting of two overlapping bands, which are ascribed to the stepwise reduction of hematite to magnetite and magnetite to metallic iron, respectively, i.e., Fe2O3 → Fe3O4 and Fe3O4 → Fe0 [44,58]. However, the number of steps (two or three) involved in the reduction of pure iron oxide has not been fully clarified [61], as it is considered to be dependent on the amount ratio of hydrogen to water present in the reduction process, an issue addressed by Zielinski et al. [62]. It should be also mentioned that the reduction of FeO (wustite) to Fe0 cannot be easily observed because of the metastable nature of FeO as well as its disproportion to Fe3O4 and metallic iron (4FeO → Fe3O4 + Fe) at a temperature below 619 °C [38].



The Fe2O3/CeO2-NC and Fe2O3/CeO2-NR samples exhibit four reduction peaks in the range of ~377–390 °C (peak α), 465–469 °C (peak β), 588–599 °C (peak γ), and 759 °C (peak δ), whereas Fe2O3/CeO2-NP shows three reduction peaks centered at ~384 °C (peak α), 581 °C (peak γ), and 759 °C (peak δ), as the second and third peaks could have been merged, therefore justifying the absence of peak β [63]. The peaks at 465–469 °C (peak β) and 759 °C (peak δ) are attributed to the ceria surface oxygen and bulk oxygen reduction, respectively, while the peaks at ~377–390 °C (peak α) and 581–599 °C (peak γ) are ascribed to the iron species reduction, namely Fe2O3 → Fe3O4 and Fe3O4 → Fe0, respectively [40,44]. In particular, the two aforementioned peaks could be referring to dispersed and clustered Fe2O3, accordingly [64]. Interestingly, the high-temperature peak δ (759 °C) that corresponds to ceria bulk oxygen reduction remains unaffected by the addition of iron, which can be attributed to the preferred existence of iron at the outermost shell of the nanoparticles [50]. It should also be noted that the addition of iron to ceria supports results into a downward shift of surface ceria TPR peaks, implying the pronounced effect of iron-ceria interactions on the reducibility [35,38].



According to the hydrogen consumed (Table 2), iron-ceria nanorods exhibit the highest value of H2 consumption (3.42 mmol H2/g) followed by nanopolyhedra (2.93 mmol H2/g) and nanocubes (2.47 mmol H2/g) perfectly matched to the catalytic conversion order (see below). It is also worth noticing that the amount of H2 required for the reduction of Fe2O3/CeO2 samples always surpasses the theoretical amount of H2 for the complete reduction of Fe2O3 to Fe (~2 mmol H2/g, on the basis of a Fe nominal loading of 7.5 wt.%). The latter reveals the facilitation of ceria capping oxygen reduction in the presence of iron, further corroborating the above findings and the synergistic function of metal and support. The H2 excess uptake (mmol/g, Table 2), reflecting the extent of ceria oxygen reduction, follows the sequence Fe2O3/CeO2-NR (1.42) > Fe2O3/CeO2-NP (0.93) > Fe2O3/CeO2-NC (0.47), in line to supports’ reducibility.




2.4. Surface Properties (XPS)


In order to further investigate the impact of support morphology on the chemical composition and oxidation state of the samples, XPS analysis was performed. The Ce 3d XPS spectra of the samples are shown in Figure 6a. The Ce3d core level spectra were deconvoluted into eight components consisting of three pairs of spin-orbit doublets of Ce4+ and two peaks corresponding to Ce3+ [44,59,65]. In particular, the Ce 3d3/2 spin-obit components represented by the u lines include three characteristic peaks labeled as u (900.7 eV), u′′ (907.6 eV), and u′′′ (916.4 eV). The Ce 3d5/2 spin-orbit components represented by the v lines, contain three peaks labeled as v (882.2 eV), v′′ (888.8 eV), and v′′′ (898.2 eV). The aforementioned three pairs of peaks are ascribed to Ce4+ while the two lines denoted as u’ (902.1 eV) and v’ (883.8 eV) are attributed to Ce3+. The proportion of Ce3+ ions with regard to the total cerium is calculated from the area ratio of the sum of the Ce3+ species to that of the total cerium species [66]. Table 3 summarizes the results derived by XPS analysis for all the samples. Bare ceria supports show similar amounts of the Ce3+ species between 23.3 and 25.3%. With regard to the iron-ceria samples, the population of Ce3+ ions is slightly higher than bare ceria samples, varying between 25.3 and 28.5%, without, however, exhibiting significant alterations between the samples of different morphology. In a similar manner, it has been shown that the relative amount of reduced Ce3+ species is similar among CuO/CeO2 samples of different morphology [67,68].



Figure 6b shows the O 1s XPS spectra of the samples, which consist of two peaks. In general, the peak at lower binding energy (529.4 eV) corresponds to lattice oxygen (OI) of the metal oxide phases, such as O2−, whereas the peak at higher binding energy (531.5 eV) is ascribed to chemisorbed oxygen (OII) including adsorbed oxygen (O−/O22−), adsorbed water, hydroxyl (OH−), and carbonate (CO32−) species [40,69,70]. Upon iron addition, a slight shift in the OI band (Figure 5b) to higher binding energy occurs, which can be attributed to the electronegative effect of iron on the environment surrounding the cerium-oxygen bond [40,44]. As can be observed from Table 3, the following order, in terms of OI/OII ratio, is obtained for bare ceria samples: CeO2-NR (2.13) > CeO2-NP (2.04) > CeO2-NC (1.99), which is well-correlated with the catalytic performance order (see below). The latter indicates the key role of lattice oxygen on the CO oxidation, as discussed in the sequence. Interestingly, exactly the same trend is obtained for iron-ceria samples, i.e., Fe2O3/CeO2-NR (2.52) > Fe2O3/CeO2-NP (2.25) > Fe2O3/CeO2-NC (1.84) (Table 3), indicating the key role of support on the OI/OII ratio. These results, in conjunction to TPR studies, demonstrate that the samples with the rod-like morphology exhibit the highest concentration of easily reduced oxygen species, offering the optimum reducibility and oxygen kinetics.



Figure 6c shows the Fe 2p XPS spectra of Fe2O3-D and Fe2O3/CeO2 samples. All samples exhibit two main peaks around 710.8 eV and 724.1 eV, corresponding to Fe 2p3/2 and Fe 2p1/2, respectively, as well as two satellite peaks at 717.9 and 732.6 eV which indicate the existence of Fe3+, in agreement with the XRD results (Figure 2) [40]. However, it is worth noticing that the peak observed at 709.6-710.5 eV could be assigned to Fe2+ species [71], which is suggested to be formed by the interaction between the two oxide phases, through an interfacial redox process: xFe2O3 + (2 − y)CeO2−x → xFe2O3 − y + (2 − y)CeO2 [72,73,74]. Taking into account the Fe2+ (%) amount (Table 3), calculated by curve fitting including the satellite peaks (Figure 6c), the following order is obtained for the Fe2O3/CeO2 samples of different morphology: Fe2O3/CeO2-NR (14.4) > Fe2O3/CeO2-NP (13.3) > Fe2O3/CeO2-NC (13.1), which again coincides with the catalytic conversion order as described in the sequence and it is indicative of the interfacial interaction between the two oxide phases [72]. It should be pointed out that the aforementioned Fe2+ (%) amount order is in full compliance with the order of Os/Ob ratio and the reducibility of the mixed oxides (Table 2), disclosing the interrelationship between electronic and redox properties induced by iron-ceria interactions.



The surface atomic ratio Fe/(Fe + Ce) of the Fe2O3/CeO2 samples is presented in Table 3. Obviously, the surface atomic ratio of the rod-shaped sample is near to the nominal one (0.2), indicating a uniform distribution of iron and cerium species over the entire sample. However, nanopolyhedra and nanocubes exhibit higher values of surface atomic ratio than the nominal composition, namely 0.34 and 0.43, respectively, indicating an enrichment of the catalyst’s surface in iron species or equally an impoverishment of catalyst’s surface to cerium species. These results further corroborate the SEM-EDS analysis (Figure 4), as previously discussed.




2.5. Catalytic Evaluation Studies


In order to gain insight into the morphological effect of ceria support on the catalytic performance of the Fe2O3/CeO2 binary system, the oxidation of CO was investigated, as a model reaction. Figure 7 shows the CO conversion as a function of temperature of bare ceria carriers of different morphology as well as of the corresponding Fe2O3/CeO2 samples. For comparison purposes, the catalytic performance of bare Fe2O3 as well as of a mechanical mixture of Fe2O3-D + CeO2-NR (see experimental section) was investigated in parallel to reveal the individual or synergistic effect of catalyst’s counterparts. Bare ceria carriers demonstrate inferior performance with, however, significant alterations between the samples of different morphology. In particular, in terms of half-conversion temperature (T50), the following trend is obtained for bare ceria samples: CeO2-NR (307 °C) > CeO2-NP (323 °C) > CeO2-NC (369 °C). Notably, the incorporation of iron into the ceria lattice clearly enhances the catalytic performance without, however, affecting the CO conversion order of bare ceria carriers: Fe2O3/CeO2-NR (166 °C) > Fe2O3/CeO2-NP (182 °C) > Fe2O3/CeO2-NC (219 °C) > Fe2O3-D + CeO2-NR (272 °C) > Fe2O3-D (277 °C). It is also worth noticing that the preparation method significantly affects the catalytic performance. Specifically, the hydrothermal method, which results in the development of ceria nanoparticles of different morphology, in conjunction to the addition of iron through the wet impregnation method, leads to highly active iron-ceria composites, as compared to the iron-ceria mixed oxide prepared by mechanical mixing (Fe2O3-D + CeO2-NR, green line in Figure 7). More specifically, the conversion profile of Fe2O3/CeO2-NR has been shifted by more than 100 °C to lower temperatures as compared to that of bare Fe2O3-D, CeO2-NR, and Fe2O3-D + CeO2-NR mechanical mixture, clearly revealing the synergistic interaction between CeO2 and Fe2O3 induced by the preparation procedure followed. At this point it should be noted that a stable conversion performance (~80%) was attained at 200 °C during a short term (24 h) stability experiment over the most active Fe2O3/CeO2-NR sample (not shown for brevity).



To more closely gain insight into the intrinsic reactivity of as-prepared samples, the reaction rate under differential conditions (Gas Hourly Space Velocity (GHSV) = 40,000 h−1, mcat = 100 mg, XCO < 15%) was obtained in the form of Arrhenius plots (Figure 8), and the corresponding activation energies (Ea) are summarized in Table 4. The superiority of Fe2O3/CeO2 samples as compared to bare CeO2 and Fe2O3 at a given temperature is again obvious (Figure 8), clearly revealing the synergistic iron-ceria interactions. Moreover, the same activity order to the CO conversion performance (Figure 7) is obtained, further validating the aforementioned structure–activity relationships. In relation to the activation energies, the bare nanorod sample (CeO2-NR) exhibits the lowest activation energy (44.2 kJ·mol−1), followed by nanopolyhedra (46.7 kJ·mol−1) and nanocubes (49.8 kJ·mol−1), a trend identical to their CO conversion performance. A similar trend is shown for the mixed oxides, with Fe2O3/CeO2-NR showing the lowest activation energy among Fe2O3 supported samples, followed by the Fe2O3/CeO2-NP and Fe2O3/CeO2-NC samples. On the other hand, the bare Fe2O3 sample exhibits a much higher activation energy (63.3 kJ mol−1) compared to bare ceria and iron-ceria samples, indicating a higher energy barrier for CO oxidation over Fe2O3. In view of this fact, the higher activation energy of iron supported ceria samples (53.5–58.6 kJ mol−1) compared to bare ceria samples (44.2–49.8 kJ mol−1) can receive a consistent explanation. However, it is worth noticing that iron-ceria catalysts demonstrate the highest activity (Figure 8, Table 4), despite their higher Ea, implying a more facile reaction path most probably induced by the iron-ceria interfacial sites. These findings clearly reveal the pivotal role of ceria support morphology in conjunction with iron-ceria interface towards determining the activation energy and the catalytic activity of Fe2O3/CeO2 samples.



The enhanced textural properties (BET surface area and pore volume) of the Fe2O3/CeO2-NR sample in comparison with the Fe2O3/CeO2-NP and Fe2O3/CeO2-NC samples should be also mentioned, which could be further accounted for its enhanced CO conversion performance. In order to further elucidate the relationship between CO oxidation activity and the aforementioned textural properties, the specific activity, normalized both per unit of catalyst mass (nmol g−1 s−1) and surface area (nmol m−2 s−1) was calculated under differential reaction conditions (XCO < 15%, T = 125 °C, GHSV = 40,000 h−1). These specific parameters can reflect more accurately the impact of intrinsic properties of the Fe2O3/CeO2 mixed oxides on the catalytic performance. The results are summarized in Table 5. It is evident that Fe2O3/CeO2-NR exhibits the best catalytic performance (both in terms of conversion and specific activity) as compared to the other two iron-ceria polymorphs, revealing the pivotal role of the exposed crystal planes and the redox characteristics, rather than that of textural characteristics, on the CO oxidation performance. Similar conclusions have been already drawn in our previous work on CO oxidation over CuO/CeO2 mixed oxides [18].



Summarizing, the nanorod-shaped sample (Fe2O3/CeO2-NR) exhibits the best catalytic performance, followed by nanopolyhedra (Fe2O3/CeO2-NP) and nanocubes (Fe2O3/CeO2-NC). The same order, however much inferior, is observed for the bare ceria samples as well, demonstrating the fundamental role of support morphology. This enhanced catalytic behavior of the nanorod sample can be mainly attributed, on the basis of the present findings, to its improved reducibility and oxygen mobility, enforced by the strong interaction between ceria nanorods and iron species, along with the abundance of ceria nanorods in oxygen vacancies. The latter has been clearly established by in situ Raman spectroscopy, revealing the following trend in the relative abundance of structural defects: CeO2-NR > CeO2-NP > CeO2-NC [18].



More specifically, the oxidation of CO over ceria-based materials follows a Mars-van Krevelen-type of mechanism, in which the reaction includes alternating reduction/oxidation steps that result in the formation of surface oxygen vacancies, which is considered to be a reactivity descriptor on doped ceria surfaces [75], and their subsequent refill by gas phase oxygen [31]. In view of this fact, it has been shown that there is a close relationship between the fundamental steps of the above mentioned mechanism and the oxygen species of ceria’s {111} crystal plane [75] and this could also be the case for the nanorod sample, which shows abundance in lattice oxygen (Table 3) and easily reduced (Table 2) species. The aforementioned mechanism reveals the significance of the support’s redox properties, as the synergism observed in the Fe2O3/CeO2 samples is mainly due to the Ce4+/Ce3+ and Fe3+/Fe2+ redox couples [50]. In a similar manner, Luo et al. [74] have shown that high ratios of Fe2+/Fe3+ and Ce3+/Ce4+ favor the conversion of CO in the inverse CeO2-Fe2O3 catalysts. In general, the Fe2+/Fe3+ pairs are considered catalytic centers for the oxidation of CO as the coexistence of Fe2+/Fe3+ and Ce4+/Ce3+ pairs facilitate the electron transfer between the mixed sites Fe2+-Ce4+ and/or Fe3+-Ce3+, leading to enhanced CO oxidation activity [74,76], while the presence of Fe2+ and Ce3+ ions is related to the formation of oxygen vacancies [74]. Moreover, Chen et al. [77] have shown by DFT computational studies of CO oxidation over iron-modified ceria {111} surfaces that the CO molecule is adsorbed to the iron adatom which is then oxidized by the lattice oxygen, resulting in the desorption of CO2 and the formation of oxygen vacancies, which is considered to be the rate-determining step.



In conclusion, the enhanced catalytic behavior of the Fe2O3/CeO2 sample of rod-like morphology could be mainly attributed to its superior reducibility and oxygen kinetics, closely related to the abundance in weakly bound oxygen species (Table 2) and Fe2+ ions (Table 3). In view of this fact, the above statements regarding structure–function relationships can be further corroborated by the perfect relationship between the catalytic performance and the surface-to-bulk ratio (Os/Ob) (Figure 9), as it has been similarly reported by our group [18] for CO oxidation in copper-ceria samples. Furthermore, it is worth pointing out that the CO oxidation performance follows the same order, namely nanorods > nanopolyhedra > nanocubes, regardless of the active phase used, as the above mentioned trend was also observed in CuO/CeO2 nanoparticles of the same morphology, clearly reflecting the key role of support morphology on the catalytic behavior [18].





3. Materials and Methods


3.1. Materials Synthesis


In the present work, all chemicals were of analytical reagent grade. Ce(NO3)3·6H2O (purity ≥ 99.0%, Fluka, Bucharest, Romania) and Fe(NO3)3·9H2O (≥ 98%, Sigma-Aldrich, St. Louis, MO, USA) were the precursors used for the synthesis of bare ceria and iron-ceria samples. NaOH (purity ≥ 98%, Sigma-Aldrich, St. Louis, MO, USA) and absolute ethanol (≥ 98%, Honeywell, Charlotte, North Carolina, USA) were also used during preparation procedures. Firstly, the bare ceria samples were prepared by the hydrothermal method as thoroughly described in our previous work [18]. In brief, appropriate amounts of Ce(NO3)3·6H2O and NaOH were dissolved in double deionized water, mixed under vigorous stirring for 1 h and aged for 24 h, at 90 °C for ceria nanorods and nanopolyhedra and at 180 °C for ceria nanocubes. Subsequently, centrifugation was used for the recovery of the solid products which were extensively washed with double deionized water until pH 7 for the removal of any co-precipitated salts, as well as absolute ethanol in order to avoid the agglomeration of the nanoparticles. Finally, the resulting precipitate was dried at 90 °C for 12 h and calcined at 500 °C for 2 h under air flow (heating ramp 5 °C/min). The bare ceria samples are denoted as CeO2-NX, where NX corresponds to NR–nanorods, NP–nanopolyhedra, and NC–nanocubes.



The Fe2O3/CeO2-NX mixed catalysts were prepared by the wet impregnation method, employing an aqueous solution of Fe(NO3)3·9H2O, in order to obtain an atomic ratio Fe/(Fe+Ce) of 0.2, which corresponds to a Fe loading of 7.5 wt.%. This particular ratio was dictated from our previous studies over a series of MOx/CeO2 catalysts where the M/(M + Ce) atomic content is always kept constant to 0.2 [18,78]. Moreover, relevant literature studies over FeOx/CeO2 catalysts revealed that optimum redox/surface properties can be obtained at similar metal contents, e.g., [40,50]. Heating of the resulting suspensions under stirring until water evaporation, drying at 90 °C for 12 h, and final calcination at 500 °C for 2 h under air flow (heating ramp 5 °C/min) occurred.



For comparison purposes, two additional samples were synthesized. A bare iron oxide sample denoted as Fe2O3-D was prepared by thermal decomposition of Fe(NO3)3·9H2O at 500 °C for 2 h, and an iron-ceria mixed oxide was prepared as a physical mixture of 7.5 wt.% Fe2O3-D and 92.5 wt.% CeO2-NR, as it was mixed in agate by hand.




3.2. Materials Characterization


The porosity of the materials was evaluated by the N2-adsorption isotherms at –196 °C, using an ASAP 2010 (Micromeritics, Norcross, GA, USA) apparatus (from ReQuimTe Analyses Laboratory, Universidade Nova de Lisboa, Portugal). Samples were previously degassed at 300 °C for 6 h. The specific surface area was calculated by the Brunauer-Emmett-Teller (BET) equation [79].



Structural characterization was carried out by means of XRD in a PAN’alytical X’Pert MPD (PANanalytical, Almelo, Netherlands) equipped with a X’Celerator detector and secondary monochromator (Cu Kα λ = 0.154 nm, 50 kV, 40 mA; data recorded at a 0.017° step size, 100 s/step) in University of Trás-os-Montes e Alto Douro. The collected spectra were analyzed by Rietveld refinement using PowderCell software (by Werner Kraus and Gert Nolze, http://www.ccp14.ac.uk), allowing the determination of crystallite sizes by means of the Williamson–Hall plot.



The samples were imaged by TEM. The analyses were performed on a Leo 906E apparatus (Austin, TX, USA), at 120 kV in University of Trás-os-Montes e Alto Douro. Samples were prepared ultrasonically dispersion and a 400 mesh formvar/carbon copper grid (Agar Scientific, Essex, UK) was dipped into the solution for the TEM analysis.



The surface morphology was also investigated by Scanning Electron Microscopy (SEM, JEOL JSM-6390LV, JEOL Ltd., Akishima, Tokyo, Japan), operating at 20 keV, equipped with an energy dispersive X-ray spectrometry (EDS) system. The powders were placed on double-sided adhesive tape and sputtered with Au for 39 seconds in order to create a coating with a thickness of 10 nm, approximately. The specimens were observed under two different detection modes: secondary and backscattered electrons.



The redox properties were assessed by TPR experiments in an AMI-200 Catalyst Characterization Instrument (Altamira Instruments, Pittsburgh, PA, USA), employing H2 as a reducing agent. In a typical H2-TPR experiment, 50 mg of the sample (grain size 180–355 μm) was heated up to 1100 °C (10 °C/min), under H2 flow (1.5 cm3) balanced with He (29 cm3). The amount of H2 consumed (mmol g−1) was calculated by taking into account the integrated area of TPR peaks, calibrated against a known amount of CuO standard sample [80,81].



The surface composition and the chemical state of each element were determined by XPS analyses, performed on a VG Scientific ESCALAB 200A spectrometer using Al Kα radiation (1486.6 eV) in CEMUP. The charge effect was corrected using the C1s peak as a reference (binding energy of 285 eV). The CASAXPS software (http://www.casaxps.com/) was used for data analysis.




3.3. Catalytic Evaluation Studies


Catalytic oxidation of CO was performed in a quartz fixed-bed tubular microreactor (12.95 mm i.d.) at atmospheric pressure, loaded with 0.10 g of catalyst. The reaction stream consisted of 2000 ppm of CO and 1 vol.% O2 balanced with He in a total feed stream of 80 mL min−1 which was controlled by EL-Flow Bronkhorst Mass Flow controllers (Bronkhorst High-Tech B.V., Ruurlo, Netherlands) and homogenized by a mixing chamber. The catalyst temperature was recorded using a K-Type thermocouple placed in the catalyst bed and the gas hour space velocity (GHSV) of the feed stream was 40,000 h−1.



Prior to catalytic experiments, all samples were treated under a 20 cm3/min flow of 20 vol.% O2 in He heating up to 480 °C with 10 degrees/min. Samples remained at 480 °C for 30 min and then the temperature was decreased to 25 °C with the same rate. Final purge with He flow was carried out in order to remove physiosorbed species.



Catalytic evaluation measurements were carried out every 20 degrees up to 500 °C. CO and CO2 in the effluent gas were analyzed by gas chromatography (GC) using a fast response micro GC Varian CP-4900 equipped with 2 fully equipped channels with separated TCD detectors, injectors and 2 capillary columns (Molecular Sieve 5X and PoraPlot Q), all provided from Varian B.V., Middelburg, Netherlands. The conversion of CO (XCO) was calculated from the difference in CO concentration between the inlet and outlet gas streams, according to the equation:


XCO(%)=[CO]in−[CO]out[CO]in×100



(1)







The specific reaction rate (r, mol m−2 s−1) of the CO conversion was also estimated under differential reaction conditions (XCO < 15%, T=125oC, W/F = 0.075 g s cm−3) using the following formula:


r(mol m−2 s−1) = XCO×[CO]in×F(cm3min)100×60(smin)×Vm(cm3mol)×mcat(g)×SBET(m2g)



(2)




where F and Vm are the total flow rate and gas molar volume, respectively, at standard ambient temperature and pressure conditions (298 K and 1 bar), mcat is the catalyst’s mass, and SBET is the surface area.





4. Conclusions


In the present work, ceria nanostructures of different morphology (cubes, polyhedra, rods) were synthesized by the hydrothermal method and used as carriers for the iron oxide phase. The bare ceria samples, as well as the iron-ceria mixed oxides, were catalytically evaluated in the oxidation of CO. Regarding the CO conversion performance, the same trend was observed in both bare ceria and Fe2O3/CeO2 mixed oxides, namely nanorods > nanopolyhedra > nanocubes, demonstrating the crucial role of support morphology, with iron addition, however, significantly enhancing the catalytic behavior. In terms of half-conversion temperature (T50), iron-ceria nanorods (Fe2O3/CeO2-NR) exhibit the best catalytic performance (T50 = 166 °C), attributed mainly to their enhanced reducibility and oxygen kinetics linked to their abundance in loosely bound oxygen species, their highest amount in lattice oxygen, and their largest amount of Fe2+. The present findings demonstrate that the co-doping of cheap and abundant transition metals (such as iron) on a reducible carrier (such as ceria), along with the fine-tuning of their morphology, should be considered as a novel approach towards developing highly active, noble metal-free, catalysts.
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Figure 1. (a) Barrett–Joyner–Halenda (BJH) desorption pore size distribution (PSD) and (b) adsorption–desorption isotherms of bare CeO2 and Fe2O3/CeO2 samples. 
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Figure 2. XRD patterns of bare CeO2, Fe2O3-D, and Fe2O3/CeO2 samples. 
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Figure 3. TEM images of the samples: (a) CeO2-NR, (b) CeO2-NP, (c) CeO2-NC, (d) Fe2O3/CeO2-NR, (e) Fe2O3/CeO2-NP, and (f) Fe2O3/CeO2-NC. 
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Figure 4. SEM-EDS elemental mapping images of the samples: (a–d) Fe2O3/CeO2-NR, (e–h) Fe2O3/CeO2-NP, (i-l) Fe2O3/CeO2-NC. 
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Figure 5. H2-TPR profiles of bare CeO2, Fe2O3-D, and Fe2O3/CeO2 samples. 
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Figure 6. XPS spectra of (a) Ce 3d, (b) O 1s, and (c) Fe 2p of bare CeO2, Fe2O3-D, and Fe2O3/CeO2 samples. 
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Figure 7. CO conversion as a function of temperature for bare CeO2 and Fe2O3/CeO2 samples of different morphology (NR, NC, and NP, as indicated in each curve). Reaction conditions: 2000 ppm CO, 1 vol.% O2, Gas Hourly Space Velocity (GHSV) = 40,000 h−1. 
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Figure 8. Arrhenius plots for CO conversion as a function of temperature for Ceria and Fe2O3/Ceria samples of different morphology (NR, NC, and NP, as indicated). Reaction conditions: 2000 ppm CO, 1 vol.% O2, GHSV = 40,000 h−1. 
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Figure 9. Relationship between the half-conversion temperature (T50) and the surface-to-bulk oxygen ratio (Os/Ob). 
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Table 1. Textural/structural characteristics of bare CeO2, Fe2O3-D, and Fe2O3/CeO2 samples.
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Sample

	
BET Analysis

	
XRD Analysis




	
BET Surface Area (m2/g)

	
Pore Volume (cm3/g)

	
Average Pore Diameter (nm)

	
Crystallite Size (nm), DXRD1




	
CeO2

	
Fe2O3






	
CeO2-NR

	
79.3

	
0.48

	
24.2

	
15.0

	
-




	
CeO2-NP

	
87.9

	
0.17

	
7.9

	
11.0

	
-




	
CeO2-NC

	
37.3

	
0.26

	
27.4

	
27.0

	
-




	
Fe2O3/CeO2-NR

	
68.6

	
0.19

	
11.3

	
9.7

	
7.2




	
Fe2O3/CeO2-NP

	
64.2

	
0.12

	
7.6

	
8.5

	
16.5




	
Fe2O3/CeO2-NC

	
32.2

	
0.19

	
23.3

	
16.8

	
52.3




	
Fe2O3-D

	
27.0

	
0.15

	
22.3

	
-

	
23.3








1 Calculated applying the Williamson–Hall plot after Rietveld refinement of diffractograms.
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