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Abstract

:

Research into the incorporation of cerium into a diverse range of catalyst systems for a wide spectrum of process chemistries has expanded rapidly. This has been evidenced since about 1980 in the increasing number of both scientific research journals and patent publications that address the application of cerium as a component of a multi-metal oxide system and as a support material for metal catalysts. This review chronicles both the applied and fundamental research into cerium-containing oxide catalysts where cerium’s redox activity confers enhanced and new catalytic functionality. Application areas of cerium-containing catalysts include selective oxidation, combustion, NOx remediation, and the production of sustainable chemicals and materials via bio-based feedstocks, among others. The newfound interest in cerium-containing catalysts stems from the benefits achieved by cerium’s inclusion, which include selectivity, activity, and stability. These benefits arise because of cerium’s unique combination of chemical and thermal stability, its redox active properties, its ability to stabilize defect structures in multicomponent oxides, and its propensity to stabilize catalytically optimal oxidation states of other multivalent elements. This review surveys the origins and some of the current directions in the research and application of cerium oxide-based catalysts.
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1. Introduction


Virtually every naturally occurring element in the periodic table has found use in heterogeneous catalysis in scientific research and/or commercial applications, even uranium [1,2,3]. A select subset of elements appear frequently as key catalyst components in one or more catalyzed chemical transformation. Among the members of this subset are platinum and palladium (and recently gold as well has emerged in an increasingly diverse range of catalytic applications) that function as catalysts in their metallic states and are typically supported on a metal oxide—mostly silica and alumina-based, including zeolitic materials. CeO2 has also become an important support material for metal catalysts because of its ability to impart or promote one or more steps in the catalytic reaction mechanism. For catalysts that effect oxidative chemical transformations, either selective or total, the oxides of molybdenum and vanadium are the most widely cited. In addition, cerium oxide and cerium-containing mixed metal oxides have more recently been found to be potent and useful catalytic materials, especially since about 1980, and have been the subject of extensive literature reviews [4]. Notable among the first applications is the widespread use, and subsequent growth and commercialization, of cerium oxides, specifically cerium–zirconium–oxide solid solutions, in automobile exhaust catalysts as so-called three-way catalysts [5]. Additionally, among the earliest works of this time was that of the author and his co-workers who conducted fundamental and applied research into the incorporation of cerium into solid solutions of molybdate-based catalysts for the ammoxidation of propene to acrylonitrile [6]. This work will be described more in this review. The common link between many of these initial studies was the aspiration to exploit the redox capability, oxygen content variability, and surface oxygen activation of cerium oxides and cerium-containing oxide solid solutions.



By the 1990s and beyond, an exponential growth occurred in research (as evidenced by the number of scientific publications) and application (as evidenced by the number of patent publications) of cerium in oxide-based catalysts. This trend is documented in Figure 1, which shows the number of cerium oxide catalyst publications compared to the number of publications for the quintessential oxidation catalyst components of molybdenum and vanadium. The oxides of molybdenum and vanadium had been in wide use before 1980 as effective catalysts for a range of oxidation processes with various feedstocks that included low molecular weight alkenes and alkanes as well as several methyl-substituted aromatic feedstocks [7].



This review examines the expanding application of cerium oxide-containing catalysts with a focus on chemical transformation that exploit the specific redox chemistry of cerium—most notably in catalyzing oxidation reactions. This can entail cerium oxide as a specific catalytically active component or as a nominal support material. More frequently, it is the ability of cerium to form solid solutions with various metal oxide structures that permits the incorporation of its redox activity in close proximity to other elements that are key to catalyzing critical steps in the overall reaction mechanism. This review also examines other physical and chemical properties of cerium that have proven catalytically beneficial and have placed cerium as a key element in the pantheon of catalysis science and technology.




2. Application of Cerium in Oxidation Catalysts


2.1. General


Catalytic oxidation can be categorized either as partial oxidation (i.e., selective) or total oxidation (i.e., combustion) to CO2. The oxidation reaction can be effected by catalysts that function through several established reaction mechanisms. Total oxidation typically is initiated by the reaction with active surface adsorbed oxygen species, such as O− or O2−. This typically proceeds by the Eley–Rideal mechanism in which the adsorbed active oxygen species reacts with a reactant that is not chemisorbed on the catalyst surface but is present in the gas phase [8]. Selective oxidation typically proceeds by the Mars–van Krevelen mechanism [9], wherein lattice oxygen, O2−, is the catalytically active moiety responsible for activation of an adsorbed reactant and/or is the species inserted into the reactant and incorporated into the final product(s). This lattice oxygen is removed in the course of the reaction and the resulting oxygen vacancy is replenished by the diffusion of lattice oxygen from the bulk and then ultimately replaced at a separate, reoxidation site, where O2 is reduced to O2−. Cerium-containing oxides have been shown to be effective catalysts across both classes of oxidation mechanisms because of the combination of their unique capability to form surface oxygen vacancies and their proficient redox chemistry of shuttling between the two stable oxidation states of Ce3+ and Ce4+.




2.2. Selective Oxidation Applications


Although arguably the Haber–Bosch process for the industrial manufacture of ammonia is the most significant invention to benefit humankind and is a catalytic process at heart, selective oxidation and ammoxidation of propene to produce acrolein, acrylic acid, and acrylonitrile is no less a technological marvel of catalysis science. The follow-on science has produced some of the greatest advances in the understanding of catalytic phenomena.



Selective oxidation catalysis encompasses several commercially important chemical transformations. Based on commercial application and research interest, the most important reactions, shown below, are the oxidation of propene and propane (not commercial) to acrolein (1a, 1b), ammoxidation of propene and propane to acrylonitrile (2a, 2b), butane oxidation to malic anhydride (3), and methanol oxidation to formaldehyde (4).
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(1a)
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(1b)
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(2a)
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(2b)
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(3)
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(4)





The catalysts for these chemical processes were initially developed based on mixed metal oxides that contained molybdenum and/or vanadium. Thus, these basic catalytic processes were developed largely before the rapid growth of research into improving these oxide catalyst systems with the incorporation of cerium. Subsequently, significant benefits were realized in activity, yield, and selectivity. This review includes a discussion of these processes, and other oxidations, with respect to the improvements obtained via cerium incorporation into catalyst formulations.



2.2.1. Propene and Propane Selective Oxidation to Acrolein


Bismuth–molybdenum–oxide is the ubiquitous active component of catalysts for the selective oxidation of propene and isobutene to acrolein and methacrolein, respectively. It is the essential active phase for virtually all commercial catalysts for production of acrolein, which is then converted to acrylic acid in a second step using a compositionally different catalyst based on molybdenum-vanadium oxide. The addition of rare earth elements, especially cerium, as catalyst components has become increasingly prevalent in these formulations because it provides improved product yields and catalyst stability [10,11,12].



Bismuth molybdate exists in three crystallographic structures commonly denoted as α-Bi2Mo3O12, β-Bi2Mo2O9, and γ-Bi2MoO6. Their structures have been well characterized as well as their catalytic behavior for selective alkene oxidation [13,14,15]. The development of improved catalysts with higher activity and selectivity to partial oxidation products focused on promotion by transition metals, most notably iron, cobalt, and nickel [16,17,18]. Further improvements were achieved with the doping of the alkali metals potassium, cesium, and rubidium [19]. These promoter elements are present in the multicomponent catalyst in the following crystallographic phases:




	
Divalent M2+MoO4 molybdates of the α and/or β structure type in which M2+ is one or more of Ni2+, Co2+, Mg2+, Fe2+ typically as a single solid solution.



	
Trivalent Fe2Mo3O12.








Bismuth molybdate is invariably present as the α-Bi2Mo3O12 structure type.



Cerium was a relative newcomer to this development work. The primary role of cerium has been identified as augmenting the function of the redox active phases, which comprise iron in the Fe2+ and Fe3+ oxidation states [20]. The role of these phases is to maintain the active site components, bismuth and molybdenum, in their highest oxidation states that are most conducive to optimal acrolein yield. The redox elements are thought also to serve as the sites for gas phase oxygen reduction and the incorporation of lattice oxygen (reoxidation). These functionalities ensure the long-term operability and stability of the catalyst during the course of the surface reaction mechanism. The promoting effect of cerium in a bismuth molybdate catalyst for selective propene oxidation to acrolein is exemplified in Table 1.



The innate price advantage of propane compared to propene prompted extensive industrial research into a catalytic process to replace propene with propane for producing acrolein as the intermediate for acrylic acid manufacture. The earliest catalyst design strategy was to look at modifying the known bismuth molybdate catalyst by including elemental components, such as vanadium, that are known to be effective in activating an alkane. This creates a dual function catalyst that first converts propane to propene as a reaction intermediate and then relies on the bismuth molybdate component as a co-catalyst to convert the propene to acrolein. In such a catalyst system, the redox activity of cerium was also found to be of benefit [21]. The cerium addition translated into the higher overall activity of the catalyst, and it was interpreted that the presence of cerium provides more active lattice oxygens for oxidation as cerium replaces bismuth in the active phase of the catalyst.



Other multicomponent oxides have also been identified for selective propane oxidation. One such catalyst comprises Ag-Mo-P-O wherein cerium was found to be effective as a redox promoter [22,23]. In this case, the promotion of cerium was seen to manifest in the creation of reduced molybdenum sites that were viewed to be critical for the activation of propane via the following redox reaction.


Ce3+ + Mo6+ → Ce4+ + Mo5+



(5)







The same cost incentive mentioned above exists for developing a propane-based process for producing acrylonitrile. The catalyst research on a propane-based acrylonitrile process took a parallel path to the work on propane oxidation to acrolein with essentially identical oxide catalyst systems investigated for both processes. It was, however, only in the case of producing acrylonitrile that a successful and commercially viable process was eventually developed. The reason for this is severalfold. From a strictly technical and scientific perspective, the activation of an alkane versus an alkene by hydrogen abstraction on a catalyst surface is more energy intensive with respect to the strength of the C-H bond to be broken. Therefore, an alkane conversion process is typically expected to require either/or both harsher (higher temperature) conditions and catalysts that contain active elements with higher intrinsic oxidation activity than required for selective alkene oxidation. Because of the latter and because acrolein is more reactive (less stable to oxidative degradation) than acrylonitrile, such conditions and catalysts will typically result in consecutive oxidation of acrolein to CO and CO2 thus greatly limiting the potential for achieving the high yields and efficiency necessary for a commercial operation. A further impediment to a commercial propane-to-acrolein process is the fact that current industrial propene-to-acrolein process technology approaches 90% acrolein yields with the acrolein plus acrylic acid at more than 90% [24] effectively presenting an insurmountable hurdle to achieve the necessary acrolein yields for commercial competitiveness with propene-to-acrolein technology. So, most of the research and development effort has been focused on propane ammoxidation to acrylonitrile and it is in this context that cerium was identified as a beneficial component in the most successful oxide catalyst system as discussed below.




2.2.2. Selective Ammoxidation of Propene and Propane to Acrylonitrile


Catalytic selective ammoxidation entails a wide spectrum of commercially important chemical transformations that encompass the conversion of C3 and C4 alkenes and alkanes to corresponding unsaturated nitriles and the conversion of methyl substituted aromatics to the corresponding aromatic nitriles. The most important industrially, based on worldwide production of around seven million metric tons per year (7000 kt/a), is the production of acrylonitrile by the ammoxidation of propene via the SOHIO process [25].



The first scientifically and technically significant investigation of cerium in a selective oxidation catalyst was for propene ammoxidation to produce acrylonitrile. Although bismuth-phospho-molybdate was the first catalyst discovered, developed, and commercialized for the propene ammoxidation SOHIO Process [26,27], this revolutionary catalytic technology immediately sparked a global research effort to develop alternative catalysts for industrial application. Among the earliest of these alternative catalyst formulations was a cerium-containing mixed oxide catalyst with tellurium and molybdenum [28,29,30,31,32]. The characterization of this catalyst system revealed a complex mixture of known metal oxide phases but also several distinct cerium-containing phases. It was the presence of a unique ternary Te-Ce-Mo oxide (Ce4Mo10Te11O59), coexisting with separate cerium molybdate phases seen for the first time, that was responsible for its effectiveness in the selective ammoxidation of propene. The role of cerium in promoting the selective ammoxidation reaction was attributed to the co-existence of cerium with other catalytically active metals. Critical to the performance enhancements obtained with these catalysts is the ability of cerium to facilitate reoxidation of molybdenum.




Ce4+ + Mo5+ → Ce3+ + Mo6+



(6)





Maintaining molybdenum in its highest oxidation state under catalytic conditions is also necessary for catalyst stability. This provides structural integrity of the catalyst during the redox operation of the catalyst by preventing reductive phase formation and the resulting phase segregation that typically results in the degradation of catalytic activity and selectivity.



The incorporation of the redox properties of cerium into bismuth molybdate-based acrylonitrile catalysts proved to be highly successful from a commercial standpoint but also scientifically as much has been learned about the solid-state mechanism of selective (amm)oxidation catalysis from the work. Specifically, this work provided validation and new insights into two of the most successful catalyst design strategies used by researchers in the development of new and improved catalyst systems:




	1.

	
Solid solution/single phase formation within the catalytically active phase.




	2.

	
Synergistic phase interaction (most effectively via structural epitaxy).









The cerium doping of a bismuth molybdate oxidation catalyst was first reported in the 1980s with the disclosure of the “Bi9CeMo12O52” composition as an effective catalyst for propene ammoxidation [33]. Additional investigations into cerium addition to bismuth molybdate catalysts followed [34,35,36,37]. This culminated in the incorporation of cerium in numerous patents as a constituent of complex multicomponent catalysts designed for commercial application [38,39,40,41,42,43]. It was discovered that the bismuth molybdate scheelite structure is able to accommodate the redox-active element cerium. Enhanced catalytic activity and selectivity is enabled by the Ce3+/Ce4+ redox couple at the atomic level in the direct vicinity of catalytically essential components bismuth and molybdenum necessary for the activation of propene via α-H abstraction and subsequent oxygen/nitrogen insertion. Thus, the redox-active cerium promoter functions within the same structural phase as catalytically active components bismuth and molybdenum. The redox activity of cerium has also been invoked for preventing the sublimation of molybdenum from multiphasic molybdate catalysts during operation [44].



The bismuth–cerium molybdate solid solution active phase has been shown to be directly amenable to a range of promoter elements that, in the case of propene ammoxidation to acrylonitrile, increase product yield from around 65% to over 80%. The most effective promoters are tungsten, antimony, potassium, and cesium, as shown in Table 2.



The bismuth–cerium molybdate active phase has also been shown to be effective when in combination with the typical components of commercial acrylonitrile catalysts, including iron, cobalt, nickel, magnesium, and alkali metals. These are multiphasic oxides of the type described above for propene oxidation to acrolein and related compositions have been disclosed for the manufacture of acrylonitrile. The bismuth–cerium molybdate active phase can also be promoted by other multivalent rare earth cations, such as samarium, praseodymium, and neodymium, which have a similar cation size to cerium, via solid solution formation. The catalysts of this type have achieved acrylonitrile yields from propene of as high as 86% [46], as shown in Table 3.



As shown in Figure 2, the understanding of the solid-state mechanism of the single-phase model catalysts has augmented the understanding of the industrially important multiphase cerium-containing oxide selective ammoxidation catalyst systems as well [48].



Using this conceptual phase composition model as a catalyst design strategy, major commercial acrylonitrile producers have identified compositional spaces for catalysts to provide optimal yields of acrylonitrile from propene [49,50,51,52]. In most cases, these catalyst development efforts entailed the rigorous solid-state structural characterization of complex multicomponent oxides. Critical information regarding the quantification of phase compositions via Rietveld X-ray diffraction methods was obtained and related to the performance of the catalyst with respect to acrylonitrile yield from propene, as shown in Figure 3, for several cerium-containing multicomponent metal oxide catalysts.



The success in providing the best-performing, state-of-the-art cerium-containing commercial acrylonitrile catalysts is the validation of the practicality of this conceptual redox model.



For the development of catalysts and processes to replace propene with propane as a lower cost feedstock for commercial acrylonitrile manufacture, numerous mixed metal oxides have been explored in both industrial and academic laboratories. The catalyst system that was found to be the most conducive to retrofitting existing propene ammoxidation process technology appeared in a series of patent disclosures by Mitsubishi Chemical Company in the 1990s. These patent disclosures reported that a new type of catalyst formulation combined with a distinct preparation method produced a catalyst providing both high propane conversions (i.e., 80% to 90%) along with relatively high yields of acrylonitrile (i.e., up to 59%) [53]. The publication of these patent disclosures inspired numerous worldwide research programs that have produced a large number of published academic research articles describing fundamental studies of the catalyst formulations. Among the many findings of these research efforts was that cerium effectively promotes the increase in the yield of acrylonitrile from propane for a Mo-V-Te-Nb mixed oxide catalyst [54]. The conclusion from the work was that the promotion effect of cerium is in fact multidimensional. Cerium was shown to be a solid-state structural promoter by increasing the amount of the catalytically critical M1 phase [55,56,57] in the catalyst. The overall result is a relatively higher concentration of Te4+ on the catalyst surface. Tellurium has been found to be a critical component of the catalyst as it is likely responsible for the selective conversion of the intermediate propene produced from propane to acrylonitrile [58]. The Te4+ moiety in this oxide matrix has also been proposed from modeling studies as being responsible for the rate determining step of propane activation via hydrogen abstraction [59].



The Japanese chemical manufacturer Asahi exploited the breakthrough in the propane ammoxidation catalyst formulation by commercializing a cerium promoted variant for acrylonitrile manufacture. The successful scale up is evidenced from a patent publication with a catalyst formulation consisting of Mo1V0.21Nb0.09Sb0.25Ce0.005Ox/45 wt%-SiO2 and operation in a commercial scale 8 m diameter fluid-bed reactor with acrylonitrile yield from propane of 52% [60]. Asahi successfully constructed a new-build propane-to-acrylonitrile plant based on this catalyst type [61]. The highest acrylonitrile yield reported with the cerium-containing catalyst formulation apparently used in the Asahi plant is around 56% [62].



The 56% to 58% acrylonitrile yield from propane may indicate an economic advantage over an 85% acrylonitrile yield from propene depending on propane/propene pricing. However, based on an analysis of economic cases for propane versus propene as a commercial feedstock for acrylonitrile, a propane-to-acrylonitrile yield closer to 70% is more likely required for a complete retrofitting of existing propene-based commercial plants [63].




2.2.3. Butane Oxidation to Maleic Anhydride


One of the earliest studies to examine the possible benefit of cerium promotion in a VPO catalyst for butane oxidation to maleic anhydride concluded that the increased yield of maleic anhydride observed with the promoted catalyst (co-promoted with molybdenum) was due to added redox stability that prevented reduction in the catalytically active V4+ [64,65]. The VPOx active phase for the catalytic conversion of butane to maleic anhydride is unique in the selective oxidation field. It requires a precise method of catalyst preparation and activation to generate the correct catalytically active phase to produce maleic anhydride. It is not generally amenable to the addition of promoter elements as it does not form continuous solid solutions with other cation species. The scientific and technical literature has, thus, focused mostly on the preparative chemistry of the VPOx as it has been observed to have a significant impact on the catalytic properties of the operating catalyst. Nevertheless, the paucity of reported results with additives may provide an opportunity to explore the logical inference of redox promotion of the catalyst by the proper synthetic incorporation of multivalent elements, including cerium.




2.2.4. Oxidative Dehydrogenation


The production of alkenes from alkane feedstocks by oxidative dehydrogenation (ODH) in a continuous single-pass process that co-feeds oxygen (air) with the alkane offers the potential commercial advantage of both high conversion and high yield without the thermodynamic yield limitation for the alkene product of a non-oxidative process that produces H2 as a coproduct. A single-pass process would also simplify current commercial cyclic processes that entail two process steps of catalytic reaction followed by catalyst regeneration with an O2 containing gas. The single-pass, high-conversion process for alkane ODH has not reached commercial viability because of a fundamental limitation on alkene yield observed with catalysts studied to date. This is due to the consecutive oxidation of the alkene product to CO and CO2 in the surface reaction mechanism. As can be seen in the following reaction network, if k3 is a significant value compared to k1 and k2, there is a kinetic limitation to the amount of alkene that is possible at high alkane conversion levels.
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Although many transition metal oxides have been studied as catalysts for ODH, the primary focus has been on oxides containing vanadium and/or chromium because their oxides are known to be effective agents for the catalytic activation of alkanes via hydrogen abstraction in the initial rate determining step [66,67]. Building on this base of understanding, oxide-based catalysts promoted with cerium have been extensively evaluated for the oxidative dehydrogenation of C2-C4 alkanes [68].



The Mo-V-Te-Nb mixed oxide catalyst described above for the ammoxidation of propane to acrylonitrile is also extremely effective as a catalyst for the ODH of ethane to ethene. An extensive reaction and characterization study was reported on the effect of cerium addition to this catalyst system [69]. Cerium proved to be a powerful promoter element by increasing the activity of the catalyst and enhancing the yield of ethene from ethane, as shown in Figure 4. Not surprising for the incorporation of a promoter element to a catalyst is that there is an optimum in the level of the promoter that achieves the best overall performance in terms of activity and product yield.



The characterization study concluded that the performance improvement achieved by the addition of cerium was due to multiple effects by the additive:




	
Cerium is directly incorporated into the active phase as evidenced by the X-ray diffraction analysis showing a monotonic increase in unit cell volume of the active M1 crystal phase of MoVNbTeOx (PDF 00-058-0789) with increasing cerium content.



	
The redox activity of cerium promotes the stabilization of the high oxidation state of the active catalyst moiety—in this case, the V5+—by promoting the replacement of lattice oxygen in accordance with the operative Mars–van Krevelen mechanism for the reaction.



	
Cerium increases the amount of lattice oxygen available, and thus the reducibility of the catalyst, for the reaction, which is manifested in the enhanced activity of the catalyst.








The selective oxidative dehydrogenation of 1-butene to 1,3-butadiene has been shown to benefit from the addition of cerium to bismuth molybdate [70]. The characterization of the cerium-containing bismuth molybdate found that cerium enhances the catalytic performance by increasing oxygen mobility and adsorption of 1-butene. The observed ceric molybdate phase was seen as the oxygen donor phase with the bismuth molybdate phase the oxygen acceptor in the ODH reaction. The ODH of ethane to ethene has been shown to be similarly benefited by the presence of the C3+/Ce4+ redox couple in VOx/CeO2 catalysts in the context of the VCeO4 active phase to stabilize and re-oxidize the V5+-O-Ce3+ active site [71].




2.2.5. Other Selective Oxidation Reactions


The selective catalytic oxidation of methanol is a commercially important technology for the manufacture of formaldehyde. The most widely used process technology incorporates iron molybdate and vanadium oxide-based catalysts to effect the chemical transformation. Similar to other selective oxidation processes discussed herein, the catalytic mechanism involves a redox process within the oxide catalyst with the direct involvement of surface and lattice oxygens of the solid oxide catalyst. Thus, the facile charge transfer among the multivalent constituents of the catalyst, namely vanadium, iron and/or molybdenum, must occur. For this reason, cerium has been identified as a beneficial promoter by enhancing this requisite redox function in the catalyst.



In the case of ceria-supported vanadium oxide catalysts, ref. [72] characterization and computational studies show the promoting effect of cerium is as other oxidation catalysts, with the source of the promotion both structural and redox related. Specifically, electron transfer to the f electronic states of cerium to produce Ce3+ in the CeO2 support keeps the catalytically active vanadium surface site in the fully oxidized 5+ state [73,74]. In addition to the redox promotion, the increased activity of the ceria-supported catalyst was due to the resulting oxygen vacancies serving as sites for methanol adsorption and hydrogen transfer [75]. A structural-based promotion by ceria is evident from high-resolution photoelectron spectroscopy and infrared spectroscopic characterization, which show the reducible ceria support isolates and stabilizes the V=O species responsible for high activity and selectivity for hydrogen abstraction and oxidation of methanol to formaldehyde [76].



Increasingly, evidence is being produced that cerium oxide can also have a direct role in the surface mechanism of chemical transformations, such as direct hydrogen abstraction [77], structure sensitivity (with the CeO2 (111) crystal face providing highest selectivity [78]), and the stabilization of formate intermediate species during catalytic decomposition of methanol [79,80] (the CeO2 (100) crystal face being preferred [81]).



Another application of a cerium-containing oxide catalyst is for the selective ammoxidation of methanol to HCN [82]. Although most of the commercial HCN produced is a co-product of the propene ammoxidation process, on-purpose HCN production is an important commercial technology to augment the supply of this important chemical intermediate. This application further highlights the redox role of cerium to affect the efficiency of a bismuth molybdate active phase. As described above, other rare earth elements can isomorphously occupy the same crystalline site that bismuth occupies in the scheelite structure. As shown in Table 4, when lanthanum, which only exists as a 3+ cation, is incorporated into the structure, the overall yield of HCN is significantly less than when the redox active cerium cation (which can exist in the 3+ or 4+ oxidation states) is in a solid solution with bismuth in the molybdate scheelite structure.






3. Environmental Catalyst Applications


3.1. Combustion/Total Oxidation


As briefly mentioned above, catalysts for total oxidation typically function via a reaction mechanism involving the formation of surface-active oxygen species. The role of the catalyst is to create the sites conducive to the formation of these species [83]. In this role, cerium oxide has been found to be beneficial in creating such active sites due to the variable valance of cerium and the structural ability to accommodate oxygen vacancies. Cerium has been viewed for quite some time as an enabler for oxidation catalysis spanning a wide range of environmental remediation and renewable chemical applications [84,85].



3.1.1. CO Oxidation


The oxidation of CO to CO2 has been one of the major thrusts of the development of catalysts for environmental protection. The focus is mostly on exhaust from transportation vehicles but application to stationary sources of CO has also been an area for catalyst development. In the case of catalysts for automobile exhaust application, technology development around supported complex multi-noble metals has been well developed both scientifically and commercially. In the most recent generations of automobile exhaust catalyst applications, cerium has become a well-estabilished component of state-of-the-art commercial catalytic converters because of its excellent thermal stability, redox stabilization of active oxygen species for oxidation, and ability to promote the high dispersion of the catalytically active and expensive noble metals. The application of cerium oxides to the design of automobile catalytic converters has been well documented and reviewed [86]. From a physical properties standpoint, the benefit of cerium oxide stems largely from its relatively higher resistance to sintering. With cerium oxide, usually in combination with the equally refractory zirconium oxide in solid solution, these physical properties translate into the maintenance of a high surface area (support sintering) and the high dispersion of the supported metals (metal sintering) compared to other oxide support materials, such as silica and alumina.



Much of the understanding of these catalysts has stemmed from studies of the main chemical target for the application, such as oxidation of CO, and a significant amount of research has been devoted to cerium oxide-containing catalysts to understand the fundamental surface and solid state mechanisms for cerium’s role in the catalytic transformation to CO2. The oxidation of CO over ceria-asupported noble metal (Pt, Pd, Rh, Au, and Ag) catalysts is well known to proceed through lattice oxygens via the Mars–van Krevelen mechanism [87]. In the case of supported platinum catalysts after steam treatment, ceria support has been shown to be able not only to promote the high dispersion of the platinum and impart high thermal stability, but to also generate catalytically active sites through the stabilization of an atypical oxidation state for the supported metal, e.g., Pt2+. This significantly increases the catalytic activity and reduces the operating temperature of the catalyst by inducing the formation of highly active surface lattice oxygens for the oxidation of CO via a Mars–van Krevelen reaction mechanism [88].




3.1.2. Volatile Organic Compound (VOC) Oxidation


Catalysts for the remediation of low atmospheric concentrations of volatile organic compounds (VOC) at elevated temperature and pressure conditions as well as under ambient temperature conditions have increasingly incorporated cerium oxides because of the high redox activity of cerium and the excellent thermal and catalytic stability of ceria. The high temperature catalysts generally comprise noble metals, especially platinum, supported on ceria [89], while the low temperature catalyst variants are mixed oxides with ceria, although the supported noble metals platinum and gold with ceria can be effective under ambient conditions as well [90,91].



Formaldehyde has been a major focus of this process and catalyst development work because of its harmful effects on human health and strict workplace exposure regulations. Cerium has been incorporated along with other multivalent cations in a catalyst design strategy to augment the redox activity of the catalytically active species for the complete combustion to CO2. Manganese oxides are among the most potent active catalyst constiuents and the Ce3+/Ce4+ redox couple has been shown to work effectively to maintain the high catalytically active valence state of the Mn4+/Mn3+ redox couple via a proposed formation of an amorphous oxide solid solution of cerium and manganese [92,93]. Copper, as well, has been identified as an effective co-constituent with cerium for total oxidation processes because of its multivalent nature [94,95]. Interfacial effects are key to the catalysis as manganese and copper do not form continuous solid solutions with ceria and, thus, the dispersion of the manganese and copper on ceria is also critical. The ceria surface/interface typically contains neighboring Ce3+ and Ce4+ lattice sites. The catalytic site for oxidation is viewed as being at the interface of the binary oxide where partial metal lattice substitution is observed by Raman spectroscopy. This creates a so-called asymmetric oxygen vacancy site (ASOv) by the substitution of Cu+ for Ce4+, which in turn is the active site for gaseous oxygen reduction to create the active oxygen-containing site for oxidation [96], as depicted in Equation (8).


Cu+ − Ov − Ce3+ + O2 ↔ Cu2+ − O2−ads − Ce4+



(8)







In addition to formaldehyde and CO oxidation, cerium oxide as a catalyst and/or catalyst support has been reported to be beneficial in the total oxidation of a wide range of other VOC hazardous pollutants, including chlorohydrocarbons [97], ethylene oxide, peroxides, propane [98], acetaldehyde, acrolein, aromatic hydrocarbons [99] including by photooxidation [100], acrylonitrile [101,102], HCN [103], and soot/particulates from diesel engine exhaust. Preparation methods also have a significant impact on ceria-supported Pt for VOC oxidation with the use of a metal–organic framework (MOF) as a precursor material in the synthesis resulting in a Pt/CeO2 catalyst with enhanced Pt dispersion and higher turnover frequencies for toluene oxidation [104]. The loading of Pt on the ceria support is also a critical catalyst design paramater. Taking advantage of the strong Pt metal interaction with the ceria support, the metal loading can be optimized to maximize the catalytically active platinum species. Low loading results in the high dispersion of Pt metal, while very high loading results in the formation of less optimal metal clusters. An intermediate level optimizes the distance between Pt clusters and produces oxidized platinum clusters that are the key active sites for total oxidation. Maximizing these oxidized platinum active sites results in significantly reducing the light-off temperature for the reaction [105].



In summary, it is well estabilished that the oxidation of VOC on cerium-containing catalysts proceeds by the reaction of the adsorbed organic molecule with lattice oxygens according to the Mars–van Krevelen mechanism. This mechanism results in the reduction of Ce4+ to Ce3+ during the surface oxidation reaction. The Ce3+ then serves as the site for gaseous O2 reduction according to Equation (9) [106].


O2ads− → O2ads2− → 2Oads− → 2Olattice2−



(9)








3.1.3. Soot and Particulate Oxidation—Diesel Engine Exhaust Emission Control


The abatement of particulates and soot from diesel engine exhaust is an area of catalyst technology where cerium is uniquely suited [107]. Ceria has been shown to be a highly effective catalyst constituent for combustion of diesel particulate emissions both as a support for noble metals [108] and as a mixed oxide [109,110] as is well-established and practiced commercially as an oxide solid solution with zirconium [111]. In addition, ceria can form continuous solid solutions with altervalent cations, such as Pr3+ [112]. In the latter case, the fluorite structure of ceria forms a solid solution having the composition of CexPr1−xO2−δ for 0.3 < x < 1. A similar strategy has been used with oxide solid solutions containing Ce, Pr, and Zr, wherein the presence of both Pr3+ and Pr4+ were observed [113]. This, combined with the multivalence of cerium and praseodymium, produces structural oxygen vacancies that can be accurately tuned by the presence of praseodymium to promote lattice oxygen mobility within the framework of the Mars–van Krevelen mechanism. The practical advantage of mixed-metal oxide catalysts compared to supported noble metal catalysts is their lower catalyst cost and improved thermal stability because of reduced sintering and catalyst deactivation. The use of oxide solid solutions offers a powerful catalyst design strategy to tailor the chemical and catalytic properties of the cations that occupy the same crystallographic site in the structure to a fine degree. This, in turn, provides a way to modify the nature of the active sites of the catalyst, and especially, the type and activity of the surface lattice oxygen species within the framework of the Mars–van Krevelen oxidation mechanism. For example, the adjustments of the relative amounts of the elemental constituents having different electronegativities for the La1−yCeyCo1−xFexO3 perovskite solid solution, as well as incorporating the two redox active cations cerium and iron in the same single-phase structure, directly controls the amount of the temperature-programmed desorption-measured β-O2 responsible for the oxidation reaction [114].



An alternative approach to using solid cerium-containing materials in exhaust emission catalysts is the incorporation of the cerium catalyst as diesel fuel additive. The new technology has spawned several commercial fuel additive products, most notably Envirox™ [115,116] and one developed by Cerion™ [117], which consist of a nano-sized colloidal dispersion of ceria. The addition of nano-sized ceria to diesel fuel results in material reductions in the emission rates of CO, formaldehyde, acetaldehyde, and acrolein. Equally significant is the reduction in the emission of particulate soot. This remediation of diesel emissions is a direct result of the catalytic redox activity of ceria to reduce the ignition temperature for the combustion of the carbon-containing compounds and particulates in the exhaust gas. The technology for preparing these nano-sized cerium dispersions is largely proprietary [118,119]. Nevertheless, the science relies on the well-established ability of cerium to form chelates with known organic complexing and dispersion agents, especially with citrates and tartrates [120,121].





3.2. NOx Remediation


The selective catalytic reduction (SCR) of NOx (nitrogen oxides, mostly NO, NO2 and N2O) is fundamentally a redox reaction that is generally catalyzed by mixed metal oxides that comprise elements capable of multiple oxidation states and that promote high lattice oxygen mobility. The SCR of NO in the presence of excess oxygen according to Equation (10) proceeds via a combination of Eley–Rideal and Mars–van Krevelen catalytic mechanisms [122,123].


4NO + 4NH3 + O2 → 4N2 + 6H2O



(10)







The process is widely practiced industrially both at stationary (coal and natural gas-fueled power plants) and mobile (diesel-fueled vehicles) sources [124,125]. The most effective catalysts contain vanadium oxide (V2O5) with vanadium in the 5+ oxidation as the catalytically active surface moiety. The vanadium oxide is typically supported on TiO2 with various other elements added to promote the reaction mechanism, including cerium [126]. The reaction pathway proceeds by the pre-adsorption of ammonia on a V5+ active site followed by reaction with gas phase NO in the rate determining step (Eley–Rideal). The resulting surface complex then decomposes and desorbs as N2 and water that incorporates lattice oxygen from the vanadium oxide in the process (Mars–van Krevelen). The reduced V4+ is reoxidized to V5+ by the reduction of O2 to lattice oxygen (Mars–van Krevelen).



The introduction of cerium into the vanadium oxide-based catalyst provides multiple enhancements to the operative mechanisms [127]. The most notable is the ability of the Ce3+/Ce4+ redox couple to stabilize vanadium, when present at the structural or interfacial vicinity of cerium, in its most active oxidation state of 5+ for the SCR reaction. This is evidenced, in part, by an enrichment of Ce3+ on the surface of CeO2-containing catalysts [128]. Numerous kinetic, computational, and characterization studies have supported this critical role for cerium in vanadium-containing SCR catalysts [129]. Cerium’s catalytic role is driven by the availability of the cerium 4f state to accept electrons from reduced, V4+, vanadium [130]. Cerium also promotes vanadium oxide-based SCR catalysts by creating additional acidic sites on the CeO2 and/or CeVO4 phases present in the catalyst. The acidic sites are active for ammonia adsorption and the rate determining step of the reaction of adsorbed ammonia (on either a Brønsted or Lewis acid site) with NO from the gas phase [131,132]. The method of catalyst preparation and incorporation of cerium into the catalyst was also shown to greatly affect cerium promotion [133] with the following order found for efficacy: hydrothermal treatment > sol–gel > co-precipitation > impregnation > mechanical mixing [134]. This order was attributed to maximizing the interaction of the catalyst components to enhance overall surface and lattice oxygen mobility as well as creating the surface acid sites necessary for the adsorption of the reactants.



The replacement of vanadium with manganese [135,136,137,138,139,140] or copper [141] as the active component for SCR of NOx has received increasing attention because of the potential to function under lower temperature conditions than vanadium, which is a distinct economic process advantage. Here, cerium oxide has been shown to provide the same tangible benefits observed with vanadium oxide-based catalyst systems.





4. Bio-Based and Renewable Chemical Applications


4.1. General


Cerium has developed a unique niche as an impactful constituent of catalysts for the conversion of bio-based feedstocks to chemicals and fuels. In many bio-based conversion processes cerium oxide has been shown to be a powerful support material interacting synergistically with several catalytic metals, notably platinum and gold. The origin of this catalytic benefit has been found to be severalfold: the redox behavior of cerium and its ability to stabilize a variety of active oxygen species important for the catalytic process, the structure sensitivity of cerium and specific crystal phases of cerium oxide in stabilizing the optimal configuration for the supported metal, and the resulting defect structures of cerium oxides that arise as a result of its multiple valency and generation of oxygen vacancies in the structure which promote a high dispersion of the supported metal up to single atom isolation. Additionally, the catalyst preparation chemistry for supporting the metal on cerium oxide has been found to play an additional role in realizing a synergistic metal-support interaction [142].




4.2. Select Bio-Based Catalytic Processes


One example of the investigation of cerium as a catalytst constituent in the conversion of a bio-based feedstock is the valorization of glycerol. Glycerol has been a frequent choice as a bio-based feedstock for chemical manufacture because it is a byproduct of biodiesel manufacture and, thus, is viewed as being representative of a low-cost and abundant renewable feedstock. Glycerol has been identfied as a bio-based platform chemical with the potential to serve as a feedstock for a wide range of valuable chemical monomers, for example, acrolein for acrylic acid manufacture (piloted but not commercialized [143]), 1,2 propanediol (commercialized by ADM [144]), and hydroxyacetone (actively researched). The ability to prepare nanostructures of CeO2 in a range of morphologies (nanorods, nanocubes, and nanooctahedra) has afforded the study of structure sensitivity of ceria catalysts [145]. This has allowed for the attribution of specific catalytic functions for glycerol valorization to each of the typically exposed ceria crystal faces: (100) favors glycerol dehydration to acrolein, and (110) and (111) favor hydroxyacetone and 1,2 propanediol formation from glycerol [146].



Among other platform chemical processes identified as viable research and development targets for commercial replacement with a bio-based chemical process is the selective oxidation of glucose to gluconic acid and glucaric acid [147]. For glucose oxidation, supported gold catalysts have been identified as uniquely active and selective for producing gluconic acid from glucose [148,149]. More specifically, ceria has found a unique niche in this space by being an especially effective support for gold as a catalyst for glucose oxidation. Again, structure sensitivity plays a role in the catalytic behavior of ceria [150]. Another sustainable platform chemical target that has been explored using a MnOx/CeO2 catalyst is 2,5-furandicarboxylic acid (FDCA) by the selective oxidation of 5-hydroxymethylfurfural, which can be readily produced from bio-based sources including fructose-containing sugars. Cerium oxide-containing catalysts have been reported to be effective for this oxidation reaction [151]. FDCA is viewed as the basic monomer for a new family of furanic polymers and polyesters that can replace polyethene terephthalate (PET), especially in beverage bottles, and impart improved gas barrier properties. Cerium again promotes catalytic activity and enhances FDCA yield in an active and selective MnOx/CeO2 catalyst via its redox activity, which maintains the catalytically active surface site in the Mn4+ oxidation state. The enrichment of Ce3+ promotes reoxidation and lattice oxygen transfer on the catalyst surface [152]. This is the same promotion mechanism noted above for VOx/CeO2 redox catalysts.



A signficant hurdle to the incorporation of cerium into many bio-conversion catalysts is that many of these processes are required to operate in aqueous environments, which augurs the possiblity of deactivation by solubilization of cerium. The relatively basic cerium oxide accentuates the problem when the aqueous process produces acidic products as in the case of gluconic and glucaric acids, and/or is conducted under base-free conditions, which is in many cases preferable because of easier downstream separation and purification. Approaches to ameliorate the solubility of cerium in oxide catalysts have focused on preparation methods, especially those that can produce nano-structures of cerium oxide that are relatively more stable under the relatively mild reaction conditions required for a bio-based process.





5. Underpinnings for Cerium Oxide Catalysts


5.1. Chemical and Physical Properties of Cerium Oxides Relevant to Catalysis


Cerium redox chemistry and ceria oxygen storage capacity are at the heart of the inroads cerium has made as a key catalyst constituent, especially for oxidative chemical transformations. The 4f15d26s2 electron configuration of cerium and the accessibility of the f electron state allows for the existence of both the Ce3+ or Ce4+ oxidation states. A favorable redox potential, in turn, imparts facile redox activity at elevated temperatures (>600 K) that has made cerium oxides successful catalysts in oxidation reactions, fuel cells, oxygen pumps, solid-state electrolytes, and ionic conductors [153]. Numerous studies have been undertaken to understand the ability of cerium oxide to serve as a powerful and unique catalyst promoter for a wide range of chemical transformations described herein. These characterization studies generally have focused on two aspects of cerium oxide chemistry—its solid-state structural characteristics and its multivalent/redox properties. Cerium can impact the behavior of a catalytically active oxide phase either by (i) direct incorporation into the crystallographic structure of the active oxide phase or by (ii) close proximity and maximal contact (i.e., interfacial effect) with the catalytically active phase. Both have been shown to be effective mechanisms by which the redox properties of cerium can be integrated into the catalytic cycle driven by the components of the active phase.



The direct incorporation of cerium in an oxide crystal structure (i.e., solid solution) has been extensively studied for two crystal structure types—fluorite-related and scheelite-related—and both are well-established in use in catalytic applications. The first is the CexZr1−xO2 that forms the basis for the commercial automobile exhaust catalyst system described above. The formation of this solid solution is not surprising given the small difference in the ionic radii of Ce4+ and Zr4+—0.097 nm for the former and 0.084 nm for the latter. CeO2 crystallizes in the cubic fluorite structure while ZrO2 is polymorphic, having a monoclinic structure up to 1443 K, a tetragonal structure between 1443 K and 2643 K, and a cubic fluorite structure between 2643 K and its melting point at 2988 K. At temperatures below 1273 K (typically the maximum operating and/or catalyst synthesis temperature), the CexZr1−xO2 solid solution can be viewed as generally consisting of equilibrium mixtures of monoclinic Ce0.1sZr0.88O2 and cubic Ce0.84Zr0.16O2. However, detailed characterization studies point to the presence of two non-equilibrium tetragonal structures as well within this composition range [154]. Irrespective of the details of the phase diagram and phase composition under synthesis or reaction conditions, the key chemical aspect as it is related to catalytic behavior is that the solid solution provides a structural framework within which the redox activity of cerium can operate. In the case of CeO2/ZrO2 solid solutions, regardless of crystal structure, cerium’s catalytic role is to provide a high oxygen storage capacity and facile movement of lattice and surface oygen. Zirconium is not, per se, catalytically active but instead provides the thermal stability to mitigate sintering (loss of surface area) under the high temperature (600 K to 1300 K) reaction conditions that the catalyst system needs to function.



A different situation with respect to catalytic roles occurs with scheelite solid solutions containing cerium as catalysts for selective oxidation reactions. Bismuth–cerium–molybdenum-oxide exists as a defect scheelite structure [155,156] and forms a continuous solid solution across the composition range BixCe2−xMo3O12 with 0 ≤ x ≤ 2, where denotes a structural cation vacancy within the representative CaWO4 scheelite structure [157]. The partial phase diagram (see Figure 5) consists of two bismuth–cerium–molybdenum-oxide solid solutions: One solid solution consists of cerium dissolved in the α-Bi2Mo3O12 structure for x greater than about 1.8. The second solid solution has bismuth dissolved in the cerium molybdate structure when x is less than about one. The enhanced catalytic activity of the cerium-containing formulations for the selective ammoxidation of propene to acrylonitrile is attributed to the presence of the Ce3+/Ce4+ redox couple in the presence of the catalytically active Bi3+ that is responsible for rate determining α-H abstraction of adsorbed propene. The incorporation of the cerium redox couple into both the surface and the bulk structures facilitates lattice oxygen transfer to the bismuth- and molybdenum-containing active site as required by the operative Mars–van Krevelen mechanism for selective propene ammoxidation.



Thus, in contrast to the case of the CexZr1−xO2 solid solution where the zirconium serves as a structural host for the catalytically functioning cerium, the BixCe2−xMo3O12 solid solution incorporates the redox active promoter, cerium, into the same structural phase with the catalytically active components, bismuth and molybdenum. The further refinement of the structure by X-ray and neutron diffraction analyses along with Rietveld data analysis shows that both of the bismuth–cerium–molybdenum-oxide solid solutions are not conventional with the random distribution of bismuth and cerium in the large cation site of the scheelite structure. Instead, Ce3+ preferentially occupies one of the three crystallographic sites, which puts it in direct proximity to the catalytically active Bi3+ that is responsible for the rate determining step of hydrogen abstraction in the selective (amm)oxidation of propene [158]. This work has shown the importance of the site occupancy and oxygen coordination of the cerium in this defect scheelite structure in creating a highly effective active site for the mechanistic steps of activation, chemical transformation, and reoxidation in the catalytic cycle.



The role of interfacial effects are manifest when ceria is used as a support for a catalytically active metal. In the case of the copper/ceria catalysts used for methanol synthesis from CO2 for example, the interface between the copper and ceria contains the sites for for CO2 activation [159]. Maximizing the interfacial contact by synthesizing nano-sized ceria as the support increases catalytic activity by increasing the number of metal active sites. In the case of Pt/CeO2, the use of nano-structure ceria supports in contact with nano-sized Pt enhances the electron transfer from Pt to CeO2 and the transfer of activated oxygen from CeO2 to Pt [160]. This enhanced transfer only occurs for the nanoparticle ceria and Pt that are in direct contact. Ceria support, thus, plays a powerful role in controlling the catalytic behavior of the supported metal as a result of these interfacial effects.



Other studies have confirmed that the most catalytically active sites on ceria supported metal catalysts reside at the point of contact of the metal, support and the reaction atmosphere irrespective of the geometries of the metal or support [161]. Smaller metal particles provide the highest activity due to larger surface-to-volume ratios and thus increased boundary length between the metal and the ceria support. The correlation of calculations of metal/ceria interfacial contact with turnover frequency for CO oxidation on ceria-supported metal catalysts implies the active site location is at the interface between the metal and the ceria support, with the corner atoms (whch have the lowest coordination number) having the highest activity.



These structure–activity analyses provide a fundamental description of the structure sensitivity generally observed when altering the supported metal particle size and the morphology of the nano-ceria from nano-rods, -cubes, and -octahedra that were reviewed above. Such variations to the architecture of ceria supported metal catalysts are means to control the dispersion and thus the contact between the supported metal and the ceria support.




5.2. Cerium Availability for Catalytic Applications


The rare earth elements, as shown in Figure 6, are relatively abundant, with cerium being the most abundant among the group. Lanthanum and cerium are already widely used commercially in catalysts for the refining and automobile pollution sectors. Cerium is the most abundant of the rare earth elements and most readily purified chemically because of its unique characteristic among the group of having a stable 4+ oxidation state available. The availability of cerium is equivalent to that of other elements commonly used in industrial catalytic processes, including cobalt, nickel, and copper. The actual availability of cerium and the other rare earth elements is, thus, dependent only upon geography (location of accessible ore deposits) as well as the political, economic, and environmental impact costs of their extraction.





6. Conclusions and Future Prospects for Cerium Oxide Catalysts


In addition to their redox capability and thermal robustness, cerium oxides are uniquely positioned to play a leading role in the emerging field of high-entropy solid solution materials. Cerium is well-known to form a plethora of discreet and continuous oxide solid solution structures due to the extensive number of cations of similar size that it can isomorphously substitute in a solid lattice in either its trivalent or tetravalent state or both. The list of potential substitution candidates includes all the rare earth elements with atomic number 57 through 71, Zr4+, Y3+, Bi3+, Pb2+, Ca2+, and Na+. In principle, these elements can form solid solutions with Ce based on Vegard’s Law. Such solid solutions cover a wide spectrum of common structure types with rich solid state inorganic chemistry, including scheelite [162], perovskite [163], and fluorite [164]. The option for altervalent substitution with cerium provides an added dimension for tailoring the chemical, electronic, and acid-base properties of a solid for applications in, for example, catalysis, electrochemistry, photocatalysis, energy storage, and fuel cells. High-entropy single-phase solid solutions generally consist of metal alloys [165] or multi-metal oxides [166], borides, carbides, nitrides, sulfides, or silicides in which five or more elemental constituents in equimolar or near equimolar concentrations coexist within a single crystallographic structure. They have been found to provide new and improved chemical, mechanical, thermal, and electronic properties in a wide range of material applications, including electronics, ceramics, energy storage devices, magnets, and catalysts [167]. They are generally metastable compounds in that they require quenching after high-temperature synthesis to maintain a single-phase structure. In the case of catalyst applications, high-entropy solid solutions confer unique effects on a material’s properties by bringing together in a single structural environment a spectrum of elements, each with its own specific mechanistic function for the catalyzed reaction. They also create localized defect structures, such as oxygen vacancies, lattice distortions, and electronic interactions between disparate elements that either serve as the active site for the catalysis or augment a critical property, such as oxygen transfer and mobility in the lattice. The redox activity and defect chemistry of cerium makes it well suited for designing catalysts for the oxidative chemical transformations that were described in this review. More specifically, cerium has proven to be a key component of many new material applications, most notably within the context of scheelite-structured solid solutions [168]. The multiple valency of cerium also provides it the advantage of being able to control the relative content of Ce4+ and Ce3+ by modifying the atmosphere (oxygen-containing or oxygen-free) during the high temperature synthesis of the material. For example, the high-entropy scheelite solid solution (Ca0.5Ce0.5)(Nb0.25Ta0.25Mo0.25W0.25)O4 can combine multiple oxidation states for cerium, defects in the form of oxygen and cation vacancies, and distinct lattice distortions as a result of the random distribution of cations of varying size in the same crystallographic site of a single crystallographic structure, as shown in Figure 7.



The growth in the development and application of cerium-containing materials since about 1980 has truly been remarkable. Cerium has been applied to many of the major fields of fundamental and applied catalysis and continues to be exploited for its redox and defect structural properties in many emerging technology applications as well, including CO2 conversion [169], advanced fuel cell technologies [170], biomimetic catalysis [171], and the manufacture of sustainable aviation fuels [172,173]. The application of cerium oxide to catalysis, which started as a redox promoter and then as an “inert” support for metal catalysts, has grown into a dynamic field of rational catalyst design based on the increased understanding of cerium’s unique redox properties, structural versatility, and agency as a catalyst constituent.
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Figure 1. Publications per year on cerium, molybdenum, and vanadium-containing catalysts. Source: SciFinder. 
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Figure 2. Schematic representation of multifunctionality in single and multiphase in an ammoxidation catalyst system [48]. 
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Figure 3. Rietveld X-ray diffraction analysis of cerium-containing mixed metal oxide acrylonitrile catalyst where m-phase (Ce2(MoO4)3) and t-phase refer to the monoclinic and tetragonal forms of the scheelite structure, respectively [49]. 
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Figure 4. Ethane ODH with MoVTeNb Oxide catalyst with varying levels of cerium content. Source [69]. 
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Figure 5. Partial phase diagram of Bi1−xCexMo3O12 where x is shown on the x-axis. Source with permission [34]. 
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Figure 6. Natural abundance of elements. Source: https://en.m.wikipedia.org/wiki/Abundance_of_elements_in_Earth%27s_crust (accessed on 26 June 2022). 
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Figure 7. (a) Schematic diagram of lattice distortion effect in (Ca0.5Ce0.5) (Nb0.25Ta0.25Mo0.25W0.25)O4 high-entropy ceramics; (b) potential energy of ions in high-entropy and conventional ceramics. Source with permission: [168]. 
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Table 1. Promoting the effect of cerium addition to a bismuth molybdate catalyst for selective oxidation of propene to acrolein [20].
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	Wt.% Ce in

BiMoOxide
	% Propene

Conversion
	% Acrolein

Selectivity
	% Acrolein

Yield





	0
	81.6
	70.7
	57.7



	1
	78.2
	72.1
	56.4



	3
	78.6
	73.8
	58.0



	5
	82.7
	73.5
	60.8



	10
	86.0
	75.7
	65.1
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Table 2. Promoting effect of bismuth-cerium molybdate propene ammoxidation catalyst system (See reference for specific reaction conditions) [45].
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	Catalyst

Composition
	Reaction

Temperature (°C)
	% Propene

Conversion
	% Acrylonitrile

Yield





	Bi4Ce4Mo12Ox
	430
	100
	65.8



	
	460
	100
	71.5



	Bi4Ce4Mo10W2Ox
	430
	98.6
	69.5



	K0.1Bi4Ce4Mo12Ox
	460
	99.3
	79.8



	Cs0.02Bi4Ce4Mo12Ox
	445
	98.4
	74.4



	Cs0.04Bi4Ce4Mo8W4Ox
	460
	99.5
	81.8



	Cs0.04Bi4Ce4SbMo10W2Ox
	460
	97.9
	80.0
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Table 3. Examples of cerium in high-performing silica-supported industrial acrylonitrile oxide catalyst formulations.
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	Elements
	
	
	% Acrylonitrile Yield





	Cs
	Co
	Fe
	Bi
	
	Mo
	76.3 [47]



	Cs
	Co
	Fe
	Bi
	Ce
	Mo
	86.4 [47]



	Rb
	Co Ni Mg
	Fe
	Bi
	Ce
	Mo
	86.0 [47]



	Cs
	Co
	Fe
	Bi
	Pr
	Mo
	85.7 [47]



	Rb
	Ni Mg
	Fe Cr
	Bi
	Ce Sm
	Mo
	85.8 [46]
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Table 4. Comparison of cerium and lanthanum as promoters of bismuth molybdate for the selective ammoxidation of methanol to HCN [82].
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	Catalyst

Composition
	Reaction

Temperature (°C)
	% HCN

Yield





	K0.1Bi4Ce4Mo12Ox
	410
	75.2



	K0.1Bi4La4Mo12Ox
	410
	55.9
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