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Abstract
	Nanocrystalline Ceria-based mixed oxides are a promising and emerging era of nanostructured heterogeneous catalysts. Due to their simple synthesis methods, fine-tunable physicochemical features, and broad catalytic efficiency, they have received great attention in both fundamental and practical research in recent years. Ceria-based mixed oxide, in particular, can store and release oxygen in reaction to its immediate environment, as well as the ability to recreate its surface by redox cycling in the 3+/4+ states of ceria. This perspective encompasses selective oxidation of doped ceria, ceria-based mixed metal oxide, and ceria-supported catalyst. Firstly, we discussed the general characteristic of the ceria catalyst and briefly explained the ceria-based mixed oxide properties that enhance the selective oxidation and redox reactions. In the promotion of catalytic reactions in the case of CO oxidation, oxidative coupling of CH4, oxidation of hydrocarbon, oxidative dehydrogenation, and redox reactions were deliberated in the later sections. This short review also devotes itself to addressing the structure-activity relationship and nature of active sites on ceria-based catalysts towards various catalytic transformations.
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1. Introduction
Catalysis has long been a crucial scientific knowledge with significant functions in energy transformation and ecological sustainability, such as the generation of high-quality fuels and chemicals and the disintegration of harmful wastes [1]. In an effort to meet the present demand for efficient catalysts with outstanding selectivity and long-term stability, functionalization and advanced manufacture of catalytic materials have drawn a lot of attention [2]. Heterogeneous catalysts have demonstrated good redox properties in recent decades, which has aided in improving the synergistic effect [3]. Heterogeneous catalysis is preferred over homogeneous catalysis because of its easy separation and reusability. Various synthetic processes are used to make the heterogeneous catalyst, notably sol-gel [4], co-precipitation [5], chemical vapour deposition [6], solvothermal [7], hydrothermal [8], microwave [9] and etc.,. The term rare earth elements designate a group of seventeen transition metals from the periodic table, such as the fifteen lanthanides, scandium, and yttrium. Cerium (Ce), which makes up roughly 0.0046% of the rock, is perhaps the most common element in the entire rare earth group on Earth [10]. Ceria is made up of cerium, which belongs to the lanthanide group's 4f-block element, and oxygen, which belongs to the 2p block and it has a fluorite-like structure  [11]. Cerium can also be found in both the 3+ and 4+ states, unlike many other rare earth metals. Consequently, in its bulk form, cerium oxide can be both CeO2 and Ce2O3. Also on the surface of cerium oxide nanoparticles at the nanoscale, however, is a mixture of cerium in the 3+ and 4+ forms. The number of 3+ sites increases and oxygen atoms has been lost as the nanoparticle diameter decreases (oxygen vacancies) the overall CeO2-x structure illustrates this [12-13]. The excellent redox characteristics of cerium oxide, also known as ceria, have attracted a lot of attention in heterogeneous catalysis because of its high oxygen mobility as well as the quick redox interaction among Ce3+ and Ce4+ [14]. The creation of ceria-based transition metal catalysts is highly appealing financially because the expense of base intermediate 3d metals, such Cu and Ni, is roughly 3 to 4 orders of magnitude lower than that of noble metals. More significantly, the mixture of transition metals (such as Fe, Co, Ni, and Cu) and reducible oxides (such as CeO2) may result in innovative catalyst mixtures with superior properties. These interactions, which primarily result from the complex electronic and geometric interactions between the various counterparts, are what make this combination so promising [15,16]. Due to their distinct qualities, including enhanced redox capabilities and thermal stability, metal oxides made of earth-abundant transition metals have drawn a lot of attention as potential replacements for rare and expensive noble metals [17]. Most significantly, mixed metal oxides with distinct physicochemical properties can be created by mixing several metal oxides in a precise ratio. These features are mostly related to interfacial processes [18]. 
The three alternative configurations of the ceria-containing catalyst are a) Conventional: The Metal/oxide type creation is the most common arrangement, which is used in industrial applications. One of the downsides of the typical structure is the bulk ceria used in the confined chemical action. b) Inverse  The creation of oxide/metal is the inverse arrangement. Ceria has a well-defined single crystal structure for inverse configuration and steam decomposition, and the interaction between metal and oxide is particularly effective. c) Mixed metal oxide configurations: The creation of [oxide + metal]/oxide type with excellent catalytic activity and conversion reaction behaviour is known as the mixed metal oxide configuration. Mixed metal-oxide configurations are used in oxidation processes [19]. On either side, the low thermal sustainability for ceria-based nanomaterials with well-defined geometry at a high temperature can restrict their actual applicability. For example, Three-way catalytic system (TWCs) often run at temperatures up to 1100 °C. The commercial production of nanocrystals in TWCs will also be noticeably restricted, despite the fact that the examination of oxygen storage capacity on nano-structured ceria is of significant interest from a scientific point of view. The TWCs in ceria-based systems often covers exhaust gas in vehicles to boost catalytic activity. Ceria curbs carbon monoxide, hydrocarbon, and nitrogen monoxide emissions from the TWC system, as well as lower the oxygen storage capacity of aluminum, rhodium, and palladium. The capacity of ceria to store and release oxygen is well recognized; it is dependent on the metal's oxidation state, reaction conditions, and catalytic behavior, which varies with temperature and pressure. In the case of the TWC system, the mixed metal oxide configuration dominates the other variants [20]. Ceria’s oxygen storage capacity is used to improve the conversion process for both oxidation and reduction reactions are suitable for cerium-based material whereas the oxidation and reduction reaction depends on the cerium oxidation state and it helps oxygen storage ability, and catalytic efficiency increases from the ceria molecule. The movement of oxygen in cerium-dioxide molecules is highly swift as the temperature exceeds, and the temperature motion of the oxygen molecule eventually diminishes. As a result, the temperature is crucial in ceria-based oxidative reactions [21-23].
Ceria-based materials have widely used selective oxidation reactions such as styrene, cyclohexane, ethanol, cyclohexane, p-cymene and glycerol etc.. Provas reported Co-CeO2 nanowire preparation with the high surface area from cerium ammonium carbonate precursor and PEG synthesis by a simple hydrothermal method. Co-CeO2 has a very high vacancy of oxygen at Ce3+ and is more effective for styrene epoxidation. The conversion rate of the styrene molecule is 96% and the selectivity of the styrene oxide is 69% also CeO2 molecule oxidant can be recycled with no significant loss of catalytic activity [24]. Agasti prepared by CeO2@GNF in thermal decomposition method, graphite carbon nanofiber (GNF) present in the inner particle of CeO2 and GNF enhances cyclohexene oxidation and also increases allylic oxidation selectivity and conversion cycle compared to CeO2. The high return of 2-cyclohexanone is obtained in this process. The nanoreactor CeO2@GNF separates and recycles for at least five cycles without sacrificing performance [25]. Differing behaviors of golden nano-particle deposits in metal oxides boost the operation, oxidization, and esterification of ethanol [26]. Pires studied silicate molecules prepared with cerium in the sol-gel process for the use of cyclohexane oxidation. The phase of conversion reached 10% and efficient peroxide was greater than 100% because oxygen is shown to be a strong oxidizer. One of the positive results of this combination is the high catalytic activity of acetone with porous material [27]. Ru / CeO2 catalyst has used in selective oxidation of p-Cymene because the oxygen vacancy is very high and has very good catalytic efficiency for the cerium loading ruthenium compound, Ru loaded into cerium molecule is very good oxidants, P-cymene conversion of tertiary cymene hydroperoxide is 55% and p-cymene selectivity is 91% [28]. Rh nanowire improves the catalytic efficiency of the conversion of methane. The importance of this work is the improvement of a 6.5% increase in oxygen output in comparison to normal CeO2 [29]. Ceria-based nanorod provides good catalytic performance for the selective oxidation of glycerol. Reduced Ce3+ species involve good oxidation of glycerol in this method. Cerium content is used to enhance the catalytic activity via the selective oxidation process, whereas glycerol oxidation is highly intrinsic [30]. Overall, the cerium-based mixed oxide is the best catalyst for the selective oxidation process whereas, the approach was very effective for the petroleum and biodiesel industry. The effective product of the petroleum and biodiesel industry is transferred by the selective oxidation process and the byproduct is easily modified by the selective oxidation cycle. Some organic molecules are used to enhance the catalyst in the conversion process but it depends on the catalyst for selective oxidation. It uses two different methods of selective oxidation reaction. One reaction involves the dehydration mechanism and the other method is the insertion of the oxygen. The choice of catalyst, reaction time, and temperature plays a vital role in the selective oxidation reaction because they alter the catalytic efficiency and catalytic activity. An excessive amount of yields are generated in the selective oxidation process from the ceria-based catalyst and this depends on the catalyst and the reaction condition. The selective oxidation reaction improves the catalytic efficiency since it involves the cerium catalyst as the oxygen-storage ability. The oxidations of the cerium mixed metal oxides are very high and the selective oxidative conversion of the mixed metal oxide is very effective. For the selective oxidation reaction over the last two decades, hydrocarbons and carbon monoxide have been used. This material makes catalytic selectiveness more effective and enhanced. The selective oxidation process was facilitated by porous content.
 The purpose of the current brief overview is to give the reader a broad and comprehensive understanding of the characteristics of ceria-based materials and the applications spanning from the oxidation process. Following a discussion of the key structural characteristics of pure ceria and its solid solution with other metal oxides, the review will describe the fundamentals of redox chemistry and its derived properties, such as oxygen storage capacity. Considering that they play a significant role in the application-focused report into nanostructured ceria catalyst.
2. Properties of Ceria
Ceria is a rare earth element that may be found in a wide range of applications today. It is particularly important since it has a variety of properties, including oxygen vacancy and storage, as well as magnetic properties since ceria has a fluorite-like structure and a face-centered cubic cell in shown in Figure 1. So that a molecule of oxygen facilitates the redox reaction, cerium-based metal oxide compounds offer good redox properties. The catalytic efficiency is improved due to the migration of electrons from the oxygen molecule to the oxidation state. Because of the beneficial effects of cerium oxygen concentration, ceria molecules mix effectively with transition metals. Ceria molecule exhibits special physical and chemical properties by adding the mixed metal oxide and when doped with Pt or Zn has high catalytic activity from the ceria-based molecule [31-32]. In a comparable oxidizing environment, one or two metals coupled with cerium can improve stability and catalyst action, whereas catalysis relies on co-metal confinement [33]. In a TWC system, cerium-based catalytic material simultaneously works the oxidation and reduction processes, and the power of oxygen storage from temperature reduction and reoxidation is already programmed [34].

Redox property of cerium-based material,
CeO2→ CeO2-y + y/2 O2
The ceria-based material in the CO-CO2 mixture consistently regulates oxygen molecule pressure, whilst the pure cerium-based compound is ideal for redox property, and the substance coupled with calcined ceria improves its stability [35]. Four steps may be necessary for the cerium reduction property. The initial step is to store high levels of oxygen in CeO2 to help the hydroxyl group turn into a hydrogen molecule. 2) Anionic oxygen reduction molecule cation dependent on cerium. 3) Help to stabilize hydrogen molecules by assisting with water molecular desorption. 4) Eventually, the void surface bulk material disposed of Ce4+ is typically in a stable state of oxidation and the redox property of cerium material depends on the reaction condition (such as temperature and pressure). During the oxidation reaction, surface areas play a significant role because the oxygen storage ability is dependent on cerium from the catalyst's high surface area whereas, in Ce3+, the electron is incorporated into the oxygen molecule to assist the cycle of reduction which means that the redox properties of materials based on Cerium are part of oxidation 3 + and 4 + but the reduction process is assisted by Ce3+ and the oxidation procedure by Ce4+. The reversible process is the redox property of cerium-based material [36].
3. Oxidation Reaction
	The present chemical industry heavily relies on selective oxidation processes. The foremost process in the chemical industry, after polymerization, is oxidation, which accounts for around 30% of overall production. Selective oxidation catalysis is used to manufacture a wide range of important compounds and intermediates, including organic acids, alcohols, epoxides, aldehydes, and ketones. Some of the most well-known examples of selective oxidation processes in the current chemical industry are the selective oxidation of propane, ethylbenzene, benzyl alcohol, glycerol, etc., Additionally, the establishment of environmentally friendly and long-lasting chemical processes depends on selective oxidation catalysis. As an illustration, consider the selective oxidation of hydrocarbons. On the one hand, it is necessary to increase selectivity in the chemical sector to prevent the development of non-selective products, especially CO2. For this, the catalyst and the procedure used in the current chemical industry need to be further optimised. The development of novel oxidation techniques that adhere to the principles of green chemistry, however, is strongly encouraged. Since it is one of the vital processes in organic chemistry, the catalytic oxidation of alcohols to aldehydes or ketones is a great example of green oxidation. Alcohols have traditionally been oxidised using oxidising agents like permanganate and dichromate, but these stoichiometric oxidants are expensive, toxic, and more importantly to produce a lot of heavy metal waste. In order to construct green and sustainable chemical processes, heterogeneous catalytic systems that use air or O2- as an oxidant, which is affordable and safe, and yield water as the only byproduct, are being developed.
3.1 Oxidation of carbon monoxide
	The goal of heterogeneous catalysis is to remove hazardous carbon monoxide (CO) from vehicle exhaust gases. Noble-metal catalysts, particularly platinum group metals, are excellent at catalyzing CO oxidation. Due to their capacity to produce active oxygen species, reducible oxides such as Fe2O3 and TiO2 are usually regarded as attractive catalysts for CO oxidation. In general, the CO elimination reaction is more effective than the noble metals and base metals. For example, copper was highly active in the CO oxidation reaction and Fe2O3, ceria, and titanium oxide were activated to more oxygen species during the reaction. CO removal is done using the oxidation reaction from the fuel, automobile industry, and chemical boilers and one of the best ways to remove carbon monoxide was converted to carbon dioxide by using a ceria-based catalyst. The Mars–van Krevelen (MVK) mechanism, which involves CO removing surface lattice oxygen and gas phase oxygen annihilating vacancies, is hypothesized to be responsible for CO oxidation in ceria. Ceria catalysts are used in three-way catalytic converters to oxidize CO as their principal function. Oxygen storage capacity (OSC) and low redox potential between Ce3+ and Ce4+ are the major reasons for the importance of ceria in pollution abatement and other technologies. Pure CeO2 is often unstable at high temperatures and eventually deactivates but doped with other cations into ceria lattice showing better performance owing to doping-generated structural flaws or newly created mixed oxide phases. In general, in ceria-based material, the CO oxidation cycle is well known because the catalytic property is strengthened by the Pt or Al-containing ceria content. The carbon monoxide temperature of 200 °C–300 °C is potent in the oxidation cycle [37-41]. 
 The precious metal catalyst used in the CO oxidation cycle helps to remove a small number of impurities. In recent years, Cu-CeO2 has been used for the CO oxidation reaction because Cu is helping to enhance the cycle of oxidation. Likewise, Au, Ni, and Pd when combined with ceria-based materials in CO oxidation reactions boost the catalytic efficiency [37]. Cu3+ and Cu2+ have very high catalytic activity containing the ceria molecule because Cu is a large molecule of oxygen content and the Ceria content is proven to be effective in oxygen storage. It was along with cerium and copper has a rich state of oxygen content. The composition of this type was a successful method of CO oxidation.
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CO oxidation process was increased with copper content from two different types of phases like CuO/ CuyCe1-yO2-x and CuyCe1-yO2-x which indicates that the catalyst was dispersed in copper, not in copper oxide. It was identified with copper substituted cerium material was used to develop the surface oxygen vacancy because copper segregated nanoparticles to improve the oxygen vacancy and also copper-containing ceria to get good catalytic performance. The copper-containing Ce3+ surface enhances the oxygen void and copper ion escapes from Cu2+and Cu3+. Sm doped ceria material was highly reduced in cerium 3+ ion. Unsurprisingly copper has a weak cross-section while cerium is present in the tail and copper is present in the center of the surface. CuO / CeO2 in three separate ways as co-precipitation, impregnation, and mechanical mixing, and these three methods were correlated. The impregnation method of CuO / CeO2 mentioned highly catalytic, and the mechanical mixing method was the least successful in catalyzing the cycle of CO-oxidation. The ceria containing material from the impregnation method showed a high surface area in the above reaction and in the impregnation method copper oxide was dispersed well and has very good oxygen vacancy behavior. This type of synthesized material had a very good synergetic effect between the copper oxide and ceria species because copper and cerium were generating more interfacial sites [38]. The catalytic active site usually helps to increase the surface area whenever potential CO oxidation process in Ce-based material in the subsequently adsorbed superoxide. During this reaction, the CO2ads that were transformed into CO2gas became irreversible. 
Mechanism of CO oxidation in the oxygen system
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In this case, the oxygen gas-phase molecule formed a double-loaded oxygen vacancy, and the absence of a metal compound greatly reduced CO oxidation. Different composition of metal/ceria was prepared and is used as a catalyst for the reaction to develop CO oxidation, CO2 hydrogenation, water gas shift, and methane and alcohol reforming reactions. Catalytic studies confirm the metal/ceria composition for X-ray photoelectrons, X-ray absorption spectroscopy and infrared, scanning tunneling spectroscopy, and the morphology mixture involves the cleavage of C-O, C-H, and C-C bonds and in the last two decades, the CO oxidation process was used for pollution control. A noble metal catalyst, platinum was combined with a cerium molecule to improve the catalytic activity because the strong interaction between the platinum and ceria molecule in this type of interaction affects the platinum and modifies the CO molecule [39] shown in Figure 2.
Table 1 reports the selection of ceria based materials investigated for oxidation of CO and PROX reactions.It compared the stability, strength, and catalytic activity of different types of cerium material, low temperatures were mainly used in these reactions to increase the catalytic activity of the cerium content [40]. Ceria and two oxygen ions were part of a deficiency because ceria had distinctive oxygen-carrying properties and the best material from this process involved normal oxygen delivery in a reductive system. Ceria had improved the activity through the preparation of certain morphologically exposed ceria nanostructures and certain crystallographic planes to produce higher catalytic activity. The ceria nano-rods demonstrated that the enormous catalytic results in the conversion of carbon monoxide. Ceria exposure planes had surface defects such as starting points, wells, and a very high degree of irregularity. The composition and movement of reactive oxygen were significantly improved in ceria nano-rodes due to the existence of oxygen vacancies in fragments by Figure 3.CuO-CeO2 by four different methods like co-precipitation, urea nitrate combustion, impregnation, and citrate hydrothermal.CuO‐CeO2 had the best catalytic efficiency for selective CO oxidation when prepared using the combustion method of urea-nitrates, closely followed by the citrate-hydrothermal method whereas, the co-precipitation and impregnation showed relatively lower catalytic efficiency. The CuO-CeO2 XRD patterns developed with citrate hydrothermal and urea-nitrate combustion methods did not display any CuO reflection, showing that in those specimens copper oxide exists in a strongly divided or amorphous state. There was no CuO representation on XRD patterns of the CuO–CeO2 samples, which were formed by citrate-hydrothermal and urea nitrate combustion methods, suggesting that the copper oxide phase was strongly divided or amorphous inside the same samples. The most successful and selective sample was produced with the urea-nitrate combustion process. While the specimen was similarly involved, it was rather less selective using the citrate-hydrothermal process. For instance, both samples showed the same behavior at 150 °C (97.5% CO conversion), the selectivity of which was equal to 94%, and the citrate-hydrothermal samples were prepared respectively. The impregnated samples were much less involved in co-precipitation and to a larger level. Besides, the complete elimination of CO from any of these two samples was not achievable under certain experimental conditions [41]. Ce-Fe mixed-oxide support for depositing active phases capable of improving oxygen exchange capacity in the entire system, it has a lot of appeals, allowing for increased CO oxidation capacities. The incorporation of Fe into the CeO2 matrix enhances, as well as electronic transfer and reducibility. Solids with low iron concentration do not have adequate reversibility of oxygen exchange, and even those with high Fe do not have sufficient reversibility, which is essential for the activation of oxygen species required during CO oxidation [42]. 
3.2 Preferential oxidation (PROX) reaction
One of the most efficient and cost-effective techniques of eliminating CO from the reformate stream before it is injected into the proton exchange membrane fuel cell is the PROX reaction. The PROX catalyst has a strong oxidation rate and good selectivity for CO oxidation, as well as the ability to endure significant CO2 and H2O concentrations. The PROX reaction was first employed with Pt, Ru, and Rh noble metals supported on inert porous materials like alumina. Due to their inability to selectively oxidize CO, these catalysts are not suited. Since the reaction follows an MVK mechanism, the oxygen lattice has been discovered to play a significant function. Ceria provides particularly effective support for this chemical process. The oxygen is provided by the support because the gold nanoparticles are coated with CO. Reduced Ce(III) cations are produced, which transformed back to Ce(III) ions in the feed using oxygen. As a result, the reaction requires a lot of assistance [50-53].Two different synthesis methods of CuO/CeO2 are prepared like hydrothermal and precipitation methods. The hydrothermal synthesis type of catalyst has achieved high catalytic activity compared to the precipitation method. Because the hydrothermal type of catalyst has good CuO dispersion, high surface area, and small particle size. In this type of catalyst high oxygen mobility in the PROX reaction mechanism. The hydrothermal type of catalyst has more stability at 24h and high tolerant to carbon dioxide and water [52]. CuOx/Ce0.8Zr0.2O2 catalyst was attributed to the synergistic effect and very good dispersion in the copper species and very high interaction with the copper oxide due to the cubic fluorite type of catalyst. And then copper oxide species strongly interacted with the ceria-zirconia catalyst. While increasing the GHSV from 12,000 to 36,000 h-1, no substantial changes are found in CO conversion and O2 selectivity. It was stabilized for 72h in the absence of CO2 and H2O and this type of catalyst was stable for 32h in the presence of carbon dioxide and water [56]. Ceria-based gold nano particles have the most essential things because gold most active than copper but the selectivity of the product is very low. If combine copper and gold nano particle in the ceria material observe the CO2 and H2O added to the reactant. The CO2 deactivation of Au-CuOx/CeO2 is reversible, and this catalyst is almost cruel to the presence of steam [57]. If lower copper and ceria ratio was very high catalytic activity because copper dispersion phase very well in the lowest ratio of copper and ceria. So copper oxide interacts more strongly with ceria’s most active sites. It was found that a Cu/Ce ratio of 1/8 produced the most finely dispersed CuO nanoparticles on CeO2, which were the most active in CO oxidation. As Cu/Ce ratios decrease, a solid Cu2+ solution in ceria is formed that performs poorly in the PROX process [58]. Ceria-based bimetallic Au–Cu nanostructures and their surface compositions about Cu/Au atomic ratios and thermal treatment atmosphere. A lower ratio of copper and gold has good catalytic activity. As a result of these changes also in the bimetallic framework of the largest emerging and the fall in copper, reduced catalysts may be more effective at catalysis. A reduction in Cu/Au ratio enhances CO conversion and CO2 yield in comparison to monometallic, however higher catalytic activity is only evident for the 1/3 Cu/Au ratio of the calcinated samples.
3.3 Oxidation of hydrocarbon
The selective oxidation of hydrocarbons is one of the most important and necessary organic processes in today's chemical industry. It is particularly difficult to oxidize saturated sp3 hybridized carbon of these hydrocarbons to the necessary oxygenated products due to their high economic worth and industrial use. Petrochemical feedstocks have been converted into valuable chemicals such as diols, epoxides, alcohols, and carbonyl compounds using catalytic oxidation as a technology. Polycyclic aromatic hydrocarbons are employed in the hydrocarbon oxidation reaction but polycyclic aromatic hydrocarbons are known to cause other health problems, whereas ceria material has recently been demonstrated to exhibit outstanding catalytic activity for the hydrocarbon oxidation reaction and it was consumed very less health problems. The Hydrocarbon oxidation reaction depends on the pore size, surface area, and oxygen species, and the C-H bond is activated by the oxidation of the hydrocarbon reaction and strengthened CO2 formation in Figure 4. The content used in the selectiveness of product yields from ceria dependent on hydrocarbons is nearly 100%. The low oxidation temperatures in C-H bonding have the coal, pharmaceutical, and polymer industries [62-63,67-70]. 
Table 2 reports a selection of ceria-based materials investigated for hydrocarbon oxidation reactions.The mechanism of the hydrocarbon reaction it was triggered by CH4 and lattice oxygen releases methane into a C-H bond, which forms stable species of hydroxide. The oxidative dehydration reaction is triggered by the gaseous oxygen molecule and is also involved in the alkenes oxidation reaction presenting the superoxide O2 molecule. The cerium doped material produced a more sensitive activation of methane than the CO activation [65]. Alkene was converted into aldehyde and alcohol in which carbon monoxide was observed as a byproduct of the hydrocarbon oxidation reaction. The gas-phase molecular oxidation is one of the key advantages of the reaction at low temperatures, different species of oxygen such as peroxide, superoxide, and oxygen react in very mild temperatures leading to very high catalytic activity during hydrocarbon reaction. Halogen is used in hydrocarbon oxidation to combine the solid phase catalyst and the hydrocarbon-oxidation reaction had high catalytic activity by hydrogen bromide catalyst with 75 % of the yield in the reaction. C-H bond requires a carbon-hydrogen linkage involved in this reaction because hydrocarbon oxidation includes chain linkages. The overall chain linkage was very stable and had a very high yield rate. Free radical responded to shaped peroxide molecule with oxygen species. The carbon skeleton was too easily broken down because of hydrocarbon oxidation reaction, the acid-base sites were the most significant [82]. Nanostructured CeO2 in the shape dependant activity in the hydrocarbon oxidation reaction by nanorod and nano cubic structure because these had high surface area and good catalytic activity, catalytic activity was normalized by unit surface area nanocubes less active catalyst followed by nanorod as the main exposed with nanoparticles were low areal rate and the Ce3+/Ce4+ directly related to the ratio and oxygen vacancies [72]. High-performance with a low-temperature vapour reforming reaction had exposed the potential new paths to Pt/CeO2 and Pt/TiO2. While these catalytic materials were highly active and converted more than 90% of ethanol at 300°C, more improvement was required in their performance standards for H2. Pt/CeO2 performed both in terms of ethanol conversion and hydrogen production, despite its substantially smaller area of 17 m2/g, and in terms of higher surface Pt/TiO2 (268 m2/g). Indeed, of all 840 catalytic materials explored, 5% Pt/CeO2 produced the highest levels of H2, reaching levels of up to 3.0%, equalling about 30% selectivity. CeO2 was known to provide oxygen storage, and to help sustain the high dispersion of precious metals in repetitive oxidation-reduction cycles as an essential component in the automated pollution control catalysts. During catalytic steam reforming, our findings clearly show the existence of heavy metal supporting interactions in Pt/CeO2  [97]. 
3.4 Selective oxidation
Selective oxidation, which uses oxygen as the ultimate oxidant and uses noble metal catalysts to convert alcohols to carbonyl compounds, is becoming extremely prevalent. Selective oxidation, which employs air as its primary oxidant, is an environmentally favorable industrial method. To improve conversion, selectivity, and ease of handling of the products from the selective oxidation reaction, heterogeneous catalytic methods have been used instead of homogeneous catalysts. Due to the significant surplus of glycerol created during the synthesis of biodiesel by transesterification of vegetable oil, glycerol oxidation to high added-value products has attracted a lot of industry attention in recent years. For the selective oxidation of methanol, the catalyst V2O5 supported on TiO2 showed excellent conversion and selectivity to Dimethoxymethane under mild conditions. And also the significance of bismuth as a key catalyst for the oxidation of alcohols on platinum or palladium catalysts is still debated. But the two different oxidation states due to the availability of lone pair electrons, Ce3+ may facilitate the selective oxidation process. Pure ceria is lack thermal stability, which results in its inability to store oxygen effectively. Transition metals are introduced into the ceria lattice to improve the catalyst's high thermal stability and catalytic activity. In ceria NPs used many oxidation reactions like styrene, carbon monoxide, naphthalene, glycerol and etc.,[84-89]. Ru modified gold catalyst supported by ceria-zirconia catalysts have been used for selective oxidation of glycerol to glyceric acid. There was a regular variation in Au: Ru nanoparticle size, with the smallest particles being Ru-rich and the biggest particles being Au-rich. In comparison to monometallic systems and other bimetallic systems with higher ruthenium content, this system exhibits a substantially faster reaction rate per surface metal atom. Gold nanoparticles and small amounts of ruthenium have a synergistic effect, which is maintained even if the system is reduced at higher temperatures. AuPd/TiO2 by using selective oxidation of glycerol to lactic acid under acidic conditions. When glycerol is oxidized, AlCl3 plays a key role in the formation of Lactic acid (LA). AuPd/TiO2 could catalyze glycerol oxidation in the lack of AlCl3, although the glycerol conversion and LA selectivity have been very low, resulting in the formation of greater amounts of CO2. This result was reached at greater glycerol concentrations such as 1.0 M, and the entire conversion of the glycerol was completed at 2.5 MPa O2 pressure within 2 hours, while the LA selectivity was still high.
Table 3 reports a selection of ceria based material investigated for selective oxidation reactions  and oxidative coupling of methane reaction. Sarkar et al, prepared ceria NPs by using the 1-D silica nanostructure for the selective oxidation of styrene. Ceria NPs with a size of 2–5 nm were created by hydrothermal treatment of a combination of Ce-precursors, tetraethyl ortho silicate (TEOS), poly diallyl dimethylammonium chloride, and PVP-40. It converts 21.4% with 98.9% styrene oxide selectivity after 3 hours, and 72.1% styrene oxide selectivity after 12 hours, according to the catalyst's performance results. However, styrene oxide selectivity decreases as the catalyst to styrene ratio grow. In the absence of any regeneration, the reusability of CeO2-SiO2 was examined. We found that the catalyst's activity did not alter after three consecutive runs [89]. MnOx-ceria using selective oxidation of 5-hydroxymethylfurfural to 2,5-furan dicarboxylic acid and the catalyst prepared by the co-precipitation method. For non-noble metal-catalyzed 5-Hydroxymethylfurfural (HMF) oxidation of HMF to 2,5-furan dicarboxylic acid (FDCA) in the aqueous phase, a 91% yield of FDCA was produced using MC-6 (Mn/Ce = 6) catalyst, which can be recycled five times without much loss of activity. CeO2-TiO2 by using selective oxidation of H2S to sulfur. Additionally, these catalysts had a large surface area and a high concentration of Ce3+. On CeO2-TiO2-catalyst surfaces, Ce3+ concentration increased as Ti content increased. As the Ce3+ content increases, the amount of chemisorbed oxygen on the catalyst surface increases, as well [91]. Ag-CeO2 catalyst is used for selective oxidation of bioethanol to acetaldehyde. Ag nanoparticles on CeO2 support or hydrotalcite surface interact with each other to catalyze the chemo-selective reduction of Nitro-Styrene and Epoxides to their respective anilines, alkenes, and alcohols. It is therefore possible to build extremely active catalysts for oxidation reactions by taking advantage of the good interfacial contact between Ag and CeO2. This catalyst exists as 36% of ethanol conversion and 85% of selectivity of acetaldehyde [92]. Au/CeO2 using the selective oxidation of alcohols to the aldehyde in an aqueous substance under the green light. The catalyst was prepared by the multistep photo-deposition method. It was possible to create Au/CeO2 samples with a variety of Au contents using the multistep and single-step photo deposition procedures. This is attributable to the surface plasmon interaction of Au nanoparticles in the MS-Au/CeO2 samples. The big Au particles were responsible for the significant light absorption. Aniline-induced intermolecular selective oxidation of benzyl alcohol to benzaldehyde by Au/CeO2 displayed excellent chemo selectivity [93]. 
4. Oxidative coupling of methane (OCM)
The earth is rich in hydrocarbon chemical reactions and contains a significant amount of methane gas. The generation of methyl radicals in the oxidative coupling of methane reactions is mostly due to hydrogen abstraction from methane by active sites of oxygen species accessible on the catalyst's oxide surface [94]. Because the methane molecules are more stable than hydrocarbon, the methane oxidation process is more difficult than the other oxidation process. In most cases methane is converted to light hydrocarbon and also additional reactions are possible. Light hydrocarbon molecules are less stable and oxidative coupling reactions are another method to use the methane molecule. In this method, methane is directly converted into a chemical reaction. The OCM reaction is to produce higher hydrocarbons such as ethane and ethylene. In the OCM, the reaction proceeds the methyl radicals and active oxygen coupled with methyl radicals and it creates more oxygen species so it's done with high catalytic activity [95-97]. Methane oxidative reaction from the cerium-based materials generally has very low catalytic activity because there is a weak C2 selection in the ceria-based substance that reacts with the oxidative coupling reaction. There are two types of methane conversion reactions. Selective oxidation reaction and direct methane conversion of C2 selection reaction. In the previous decade, many companies have used oxidative coupling reactions. The oxidative coupling of the methane process can be treated,
CH4 + ½ O2		½ C2H4 + H2O
The tetrahedral system is essential in the methane molecule because the induced temperature of methane in this reaction is 973 K. Methane is less reactive than ethylene and methane is a gas-phase molecule that oxidizes the oxygen into high-temperature to produce CO and CO2 [97]. Therefore, the production of C2 in the oxidative coupling of the methane compound is very small. Oxidative coupling reactions generally enhance C2 methane conversion selectivity. However, the selectivity is more than 30%. The inclusion of ceria into yttrium oxide leads to an increase in both methane conversion and C2 selectivity in the entire range of temperature. The other method of synthesis was less than the methane conversion reaction with co-precipitation. Various temperatures are used to report different methods of combined ceria yttrium oxide for the OCM reaction. Yttrium oxide combined to improve coupling response with cerium molecule [98]. The C-H bond of the methane molecule activated in the alkaline and reactive oxygen molecule was activated to form CH3 in the oxidative coupling reaction (Methyl Radical). Hydrogen was reacted with oxygen to form a water molecule at this level and thus creating a void of oxygen. Two methyl radicals had formed the molecule of ethylene and the additional cycle of dehydration of C2H4. In oxidative coupling reactions, the ethylene product was strongly oxidized to CO and CO2 and the oxidative coupling reaction focuses on a good alkaline site, thermal stability, and oxygen vacancy [99].
5. Oxidative dehydrogenation
Oxidative dehydrogenation reaction involves increasing the amount of oxygen or the removal of the hydrogen molecule and its a cycle of the exothermic process. The oxidative dehydration cycles are typically improved by the heterogeneous catalyst because it is much more effective in the process of oxidative dehydrogenation process was an effective catalytic process in the cerium-based material. The difference between the dehydration and dehydrogenation processes was removing the water and hydrogen molecules. In dehydration process removes the water molecule from the reaction and the dehydrogenation reaction removes the hydrogen molecule from the reaction [100-102]. Oxygen and hydro-chlorine contributed to the oxidative dehydrogenation reaction and with the presence of oxygen and hydro-chlorine, CeO2 improved the catalytic behaviour, and thus increased product conversion and selectivity by either changing Ni-modified CeO2 particles in Figure 5. Propylene selectivity was 80% and conversion rate 69% and the yield of propylene was 55% [110]. The production in the presence of HCl, a catalytic mechanism that was considerably cheaper and more abundant than other halogen-containing molecules would be interesting if C3H8 were to be oxidized effectively. This article reports the recent conclusion that CeO2, with high single-pass rates and catalyst from the direct transformation between C3H8 and C3H6 by O2 + HCl. To better understand the function of HCl, the effects on the catalytic performances in the oxidative conversion of C3H8 from the HCl-partial pressure expressed as P(HCl) were examined. Without HCl, 93% of CO2 had been developed over CeO2 with a selectivity that confirms that CeO2 was without HCl a full oxidation catalyst. For CO2 formation O2 was almost entirely consumed and the conversion to C3H8 was 17%. HCl reduced the conversion of O2 but it increased the conversion of C3H8. 
Even if HCl was poor, the formation of CO2 can be substantially suppressed and the formation of C3H6 improved. In the presence of HCl, CO was also produced with 15-20% selectivity. Partial pressure containing the reaction had been essential for HCl. The selectivity of the HCl in the CO2 response was very low but it was very high in propylene, in comparison to the absence of the HCl reaction. In this process, the CO2 molecule had been fully oxidized due to the absence of hydro-chlorine, and the conversion rate is 17%. The reaction selectivity of O2 decreased due to hydro-chlorine. However, propylene was much higher conversion and selectivity than without hydro-chlorine CeO2.  8% of NiO-CeO2 reacts with a similar way of adding the hydro-chlorine molecule and without adding the hydro-chlorine. Same results have been obtained but the conversion and selectivity were improved by the addition of adding NiO molecule. Propylene selectivity was 80% obtained to added Hydro-chlorine molecule. Propane yield formation was 55% and the Propane conversion rate was 69% but NiO particles responded to the cracking process. It helped for high propane conversion and forming products of methane and ethene. Table 4 reported the selection of cerium-based materials investigated for oxidative dehydrogenation reactions.Qi reported materials of nanocarbon were used in the alkane oxidative dehydration process. The catalytic activity had been much more stable and very good and it provides an in-situ technique of characterization to improve the reaction mechanism, functional structure, and more active locations. In the nano-carbon material from the oxidative dehydration process, a ketonic carbonyl group was identified. The reduction method from the carbon content was the first component of kinetic, isotopic analysis and the second part included the activation of oxygen. Carbon reoxidation had contributed to water molecule formation because the carbon nanomaterial was a unique chemical structure and thus distinct from the process of Langmuir and MVK [111]. Nanocarbon was very gentle and redox activity was adjusted in the oxidative dehydrogenation process. Boron nitride had a hexagonal shape is essentially a very high surface area whereas, the catalytic activity had reported becoming stable in 5 hours and the stability will decline. The catalytic activity behavior involved the oxidation of boron-nitrogen bond pores, edges, and the selectivity of alkenes was around 70% and the conversion rate of the propane molecule was 50%. Overall reaction, propene was the major product and by-product of ethane. Ammonia molecule with boron nitrogen was to improve the stability for TOS for nearly 100 hours. For light alkanes mainly oxidative dehydration was used because alkanes were converted into alkenes in this process and it's also used in several industries. Many of the weaknesses happened during a certain phase even irreversibly. Thermodynamic restriction, side-chain reaction, maximum temperature, and catalytic deactivation were limited. The carbon nanotubes, which also acted as a catalyst for the ODH reaction, reported availability of about 70% of the propene selectivity at an altitude of about five %, 5 with their inherent limitations on using the propene at greater temperatures in the presence of oxygen and hydrocarbons. Recently, the high selectivity of h-BN for propene was stated to be 79 % only, but at low propane conversion having 14 %. Boron Nitride (BN) is naturally the best catalyst for the ODH reaction at higher temperatures for its higher thermal stability and thermal conduction. However, the lack of olefin selectivity is a significant impediment to the high conversion of propane. For the first time here, BN catalysts show remarkable olefin selectivity (as many as 70 %) in ODH, also at high conversion (52 %) and a high O2 / propane ratio, is recorded for the high surface area [112]. Cerium-containing mixed metal oxide prepared Hydrotalcite material used for oxidative dehydrogenation of ethylbenzene to styrene. Cerium-based catalyst was reported to contribute a very good catalytic activity. Ethyl-benzene to styrene oxidative dehydrogenation reaction was one of the commercially significant in 20 transformations since styrene represents an important monomer for polystyrene synthesis and different copolymers present. 90 % of the world's styrene output is due to the dehydrogenation of EB. The catalysts for potassium hematite are commercially used in extremely high conditions in Figure 6. In a changed phase, energy consumption in the presence of CO2 is also high due to the use of steam Ceria formed material improved the process of conversion and increased the cerium compound to reduce the catalytic efficiency. The stability of the stock of ethylbenzene in this process was 72 hours. Two major benefits in this paper have been the use of low temperatures for greater energy efficiency and the 97 % styrene selectivity in these reactions. The hydrotalcite content combined with cerium was also a very good catalytic activity with a high conversion process and styrene selectivity. It was similar to the material of hydrotalcite. MAC-2 amounted to 0.03% cerium in combination with the hydrotalcite content of magnesium and aluminum. Different amounts of cerium catalyst with hydrotalcite content, however, MAC-2 had been very highly converted and obtained the selectivity [113].
The oxidative dehydrogenation of γ-Al2O3 ethyl benzene assisted by the cerium lanthanum composite was improved the oxidative dehydrogenation cycle with specific loading of cerium and lanthanum. The catalytic activity was registered with various loaded materials, and thermal gravimetric, BET surface area, DRS UV and FT-IR were documented. The behavior of γ-Al2O3 which supported cerium lanthanum material indicated these features. The cerium material was a good oxidative dehydrogenation added to enable more catalytic efficiency, by adding lanthanum and aluminum oxide.15% γ-Al2O3 loaded cerium was very highly catalytic during the oxidative dehydrogenation process in this article and the ethylbenzene catalytic activity is very strong for styrene. Increase the conversion and selectivity process from the included lanthanum dioxide at 3%. Ethylbenzene conversion and styrene selectivity have been established. 15 % cerium-loaded aluminum was present in a 60 % conversion of ethylbenzene in oxidative dehydration and a 92 % selectivity of styrene but it was not stable. Conversion and selectivity have decreased over time. As a result, the addition of 3 % of lanthanum involves ethylbenzene conversion was 67 % and the selectivity of styrene was 97 %. This compound was most appropriate for 50 hours in this situation [114]. 
6. Redox reactions
The redox properties of ceria are very special and effectively useful. It is an oxygen ion conductor at high temperatures and is also well known for its oxygen and redox properties. It makes an excellent material for catalytic and solid oxide fuel cell applications. It had found wide-ranging applications. They are in catalysis for automotive catalysts, catalysts to oxidize, and catalyst reform. Normally, cerium-based content had sufficient oxygen storage ability, so oxidation and reduction simultaneously occurred. The redox reaction was irreversible. The oxidation was half of the reaction and the reduction reaction was half of the reaction. The electric charge has been balanced in this process. Due to their attractive physicochemical properties and diverse catalytic applications, supported bimetallic nanoparticles are considered a special class of heterogeneous catalytic systems. The characteristics of the supported bimetallic nanoparticles derive from synergistic interactions at nano-interface sites and differ depending on the monometallic analogs. Because of the shape-tuned metal-support interactions, nanoparticles are distributed on form-controlled support like CeO2 nanocubes. A large fragment of the reactive crystal facets favoruing the creation of large structural point defects (oxygen vacancies and high concentrations of reduced Ce(III) species) are ideally exposed to CeO2 nanocubes. In the light of the synergistic interactions between the reactive crystal plans of CeO2 nanocubes and bimetallic nanoparticles, the incorporation of bimetallic nanoparticles into CeO2 nanocubes can therefore give new enriched structural, redox, and catalytic properties [141-144].
Bimetallic compound Co-Mn assisted the development of catalytic efficiency by ceria content. The oxygen deficiency was modified by Ce3+ and Ce4+. In addition to the nano cubic ceria 15 ± 1.5 to 25 ± 1.5 nm, the Co-Mn containing surface content was 6 ± 0.5 to 14 ± 0.5 nm. The surface area improves catalytic efficiency to improve in Co-Mn / CeO2 was used for the conversion cycle for benzylamine. CeO2 was used for conversion of benzylamine only but obtained very little conversion. The conversion method was improved by adding Co-Mn composition to the ceria and conversion occured for the first three hours at 89.7 %. Including 1 hour of benzylamine, the conversion was significantly increased in the same reaction state. The synergistic effect interplay between the compounds Mn and Co has been very good catalytic efficiency. The electron that followed from Co2+ to Co3+ transformation could prove clearly that there were metal-metal interactions at the nano basic sites for the Mn4+ / Mn3+ to Mn2+ transformation in the Co-Mn / CeO2 catalyst in Figure 7. The HRTEM studies further show that a lattice contraction between the Co-Mn nanoparticles and CeO2 nanocubes was seen on the CeO2 catalyst and novel observing features. The d-spaces of the CeO2 grid limits were determined to be around 0,273 nm. The distance between the neighbouring (100) crystal fluorite-structured CeO2 planes matches this d spacing.MnO2 (121) (d-spaces = 0.236nm) and Co3O4 (110) (d-spacing = 0.286 nm) phases with Co oxide (d-spacing = 0.286 nm)  are identified. The contraction of cerium oxide grids contributes to oxygen vacancy and thus to Ce4+ to Ce3+ transition. The enhanced redox properties of Mn and the rich structural defects of nanocubes of the CeO2 are thus induced in a Co-Mn / CeO2 catalyst by interactions in the metal-supporting interface results [141]. Ceria nanopowder physiochemical properties were characterized through redox reactions small crystalline particle has a very high surface area, and nano-catalyst is highly reducible. CeO2 particle size had a redox reaction of less than 100 nm so, catalytic efficiency was very good. The basic sites of ceria are weaker because of the redox reaction cycle. The surface area of the redox reaction was 94m2 / gram of ceria has very strong catalytic activity with, a very small content of crystalline size. The surface area was 50m2 / gram from the precipitation process and the sol-gel method obtained 42m2 / gram. The surface area was very small and catalytic activity was weak compared to the redox cycle. The cubic structure of cerium oxide in bulk or nano-sized particles is either big. Ceria has an oxygen vacancy or defect in the non-stoichiometry of CeO2x with 0 to x in absolute 0.5 all cerium is in the Ce (IV) state with stoichiometric CeO2. There is another type of ceria, Ce2O3, in which cerium is in the state of Ce (III) in non-stoichiometric ceria. If the crystal lattice leaves, cerium ions are reduced from Ce (IV) to Ce (III) by oxygen atoms. The developed defects in oxygen vacancies have a high reactivity in ceria. The reduction from Ce4+ to Ce3+ leads to oxygen defects that make ceria active enough for the catalytic operation [142]. Various ions played anodic oxidation, and cerium ions played a cathodic reduction to help the electrochemical process. The strongly oxidized particles were Ce3+ ions. The reduction of cerium (IV) and cerium (III) was involved in the oxidation process. Cerium (IV) was acidic in the redox reaction phase, the flow battery used a cerium redox cycle. High concentration of cerium material was recorded as common electrolytes such as nitric acid and sulphuric acid (aqueous medium). For the high concentration of cerium compound, methanesulphonic acid had high volumetric energy. The Ce(IV) ion was a potential oxidant that can quickly regenerate electrically it was traditionally used in redox titration in the volumetrical analysis. Cerium ions have lower toxicity and no particular environmental risk, unlike vanadium, dichromate, bromate, or permanganate ions. Cerium salts are moderately expensive and commercially available. For example, ammonium cerium (IV) nitrate in various organic synthesis reactions involving oxidation and Brønsted and Lewis acid catalysis were used as a prepared reagent. This was the most successful reaction. In commercial organic synthesis Ce(IV) was central to the manufacture of dyestuffs at the beginning of the 20th century as a selective redox mediator as well as to its use in organic synthesis.  In classical volumetric experiments, cerium was first used as an oxidant, with titrations.  Ce(IV) started electrolytic regeneration in the nylon output at the end of the 1960s. Substantial research into the production of organic synthesis products from two-phase media was performed based on the small solubility of cerium ions in sulfuric acid [143].
Cerium-zirconium metal oxide oxidation, and low oxygen atmospheric pressure reduction processes were used in sealed by argon lamb with a vacuum chamber. Cerium-zirconium metal oxide improves redox kinetics by incorporating Sm3+ or ln3+. Increased the reaction rate to the reaction process was very slow with pure ceria content. Zr4+ concentration increases in this mixture, to reduce the phase of oxidation. For some reaction sites, Zr4+ was a surface blocking device. The redox properties of ceria can be changed by replacing some cerium cations in the fluorite crystal structure with other metals. Growing reductive of ions were the same valence, but it lowered ionic radius than ceria, like Zr4+ and Hf4+. This is very important because reduction was the energy-intensive stage that implies advantages to overall cycle performance. Ceria had a very suitable grill for Zr4+, which can substitute up to 40% of cerium ions and yet preserve the fluorite structure [144]. For thermochemical redox phases, the advantages of the fast reduction kinetics can be significant. It reduces the total cycling time required for ceria, reducing the quantity of ceria needed per kW of power conversion into fuel. Since the reduction reaction often consumes a great deal of heat, the rapid kinetics contributes to very high energy consumption. This means that higher input capacity can be achieved without overheating material. The redox properties of cerium oxide material used for disulfide linkage in thiol-containing bimolecular agents for the redox control system, a disulfide bond had been used in redox reactions and disulfide connections of thiol, the two-state oxidation states of cerium was very useful for the redox reaction process [145]. Improved distribution and stability of the ceria nanoparticles have also been applied to chromium and iron. The thorough concentration of chromium should be extracted from the ceria surface with iron hydroxide and chromium hydroxide. Suggest that the redox formation of the surface of pristine CeO2 NPs (reduction of Ce4+ into Ce3+) may respond to oxidation in cysteine or small protein groups like Metallothionein (MTs) following adsorption of thiolated biomolecules. The redox shift of Ce4+/Ce3+ led to the creation of a disulfide bridge in metal transfer from MTs. The increasing creation, when cysteine concentration was applied to a constant amount of non-ferrous CeO2 NPs, of observable fluorescent Ce3+ disulfide complexes, indicates that the release of Ce3+ was driven by the thiolate biomolecules. Although maximum protein oxidation was achieved in conjunction with the complete structural loss observed in the Ce4+ solution, it was not the case for large quantities of pristine CeO2 NPs. The Ce4+/Ce3+ redox on the surface of these nanoparticles was thus shown to be constrained by the concentration and steric hindrance of the thiol-containing biomolecules [146].
7. Emerging usance of ceria or cerium-based metal oxide
	As a functional material of technical importance, ceria has significant uses in many different areas. This section presents a brief overview of some emerging usance of ceria or cerium-based metal oxide. The oxygen absorption and discharge tend to become the main element for catalytic processes and reactions because the transition between Ce3+ and Ce4+ is reversible. Different nanoceria materials have been developed and in recent times their catalytic uses have been described [147-149]. Nowadays, ceria and ceria-based metal oxides are the most emerging application in reforming reactions, photocatalysis, and biomedical processes.
7.1 Reforming reaction 
	Reforming reactions produced hydrogen from the hydrocarbon and alcohol molecules. This method is essential for the chemical industry because of the relevance of the use of hydrogen as an energy vector and synthesis gas for numerous chemical compounds. They have mainly two types of reforming reactions that are possible. Dry reforming and steam reforming.
a) Dry reforming reaction
	The dry reform method provides an interesting ecologically possibility since a greenhouse gas like CO2 is used to produce syngas. About primary dry-reforming research using catalysts linked to ceria or cerium-based metal oxide, attention has been concentrated limited to the scope of methane [147]. Due to the following reverse water-gas shift process, the increased intrinsic endothermicity is partly explained by a CO-richer syngas production. Ceria and cerium-based materials have designated very high surface areas so they decrease heat significantly. The dry reforming is also called us CO2 reforming reaction. The dry reforming reaction is
CO2 + CH4 	              2CO + 2H2
	Nickel-based catalyst in addition to ceria from the dry reforming reaction in the high oxygen species. With increased CeO2, which helps to enhance carbon resistance by contributing to carbon oxidation, the number of active oxygen species grew steadily. The kinetic investigation has demonstrated that the inclusion of CeO2 in porous silica catalyst nickel could significantly reduce the CH4 decomposition and dissociation activation power, therefore increasing catalytic activity and carbon resistance [148]. Nickel-loaded ceria to be used in the dry reforming of methane. Two key functions have been established for Ni species. They first contribute as predicted to the activation of the reactant molecules. Ni, in particular during intermediate loading with an important synergistic effect that would not occur at very low and very high loading rates, is also essential for the rate of oxygen delivery from a solid. This may be connected to the binding interactions of surface nickel species with cerium species and oxygen flexibility pro-motion from the backing to active Ni particles and reverse [149].
b) Steam reforming reaction
	Steam reforming is the most common technique for producing light carbohydrates hydrogen-rich synthesis gas. Natural gas, fluid gas, or naphtha feeders are transformed into synthesis gas in catalytic tube reactors with water steam. The steam reforming process is most widely used in hydrogen production industries and this stream reforming reaction's H2/ CO ratio is very high. So, the reaction process is involved in very high temperatures, and it is also the endothermic process [150].
CH4 +  H2O   ↔    CO + 3H2  (∆Ho298 = 206.2kJ mol-1)
	Lucas et al prepared different loading of ceria-silica ( platinum, rhodium, ruthenium, and nickel) supported catalyst used in liquified petroleum gas. Platinum and rhodium-supported ceria-silica catalysts have very high dispersion. The principal reason for the disabling of these Pt and Rh-supported ceria-silica catalysts was carbon buildup on the catalytic surface, which is probably because these big particles had limited metal support interfacial area [151]. Different metal-doped (La, Tb, Zr) ceria-supported nickel catalysts DFT modeling revealed the excellent Steam reforming performance of Ni-supported La-doped ceria. The energy of production of oxygen vacancies on the co-doped ceria has been significantly decreased (-0.96 eV). Furthermore, water dissociation with Ni and La co-doped ceria is enhanced [152].
 7.2 Photocatalyst 
	As photocatalysts as a replacement for the more typical TiO2, cerium-based compounds have been increasingly attracted by wastewater and water purification. In the photocatalytic processes, bandgap was most important because lower band gap materials have good catalytic activity. In general, CeO2 has a wide bandgap (3.2−3.4 eV) and consequently, UV light photo generations are achieved. But mesoporous ceria or cerium-based material has a lower band gap ( 2.75eV). Surface imperfections such as the vacancies of oxygen could inhibit recombining hole-electron work as electron traps and can also function as a strong adsorbant binding and separation site. so the oxygen vacancy in ceria material improves the catalytic activity [153]. Recently doped ceria material has very good catalytic activity in photocatalytic reaction. ceria doping has tuned TiO2 electronic properties and increases the catalytic activity. At the same time adding the ceria to reduce the band gap energy. 0.25wt%, catalytic loading of ceria-based TiO2 has achieved 90% of methylene blue degradation in just 20 minutes and these catalysts were reused for three cycles without changing the catalytic activity. The low-weight %age of ceria doped titania has controlled the structural, electronic, and optical properties [154]. Bismuth doped ceria catalyst has a good degradation process in methylene blue dye under the sunlight.15 wt % of bismuth-doped ceria very good catalytic efficiency in just 75 mins. It was a low-cost and eco-friendly synthesis for wastewater treatment in the different dye industries. Well distributed ceria nanoparticles coated with reduced graphene oxide nanoparticles were evaluated in simulated sunshine and bare ceria nanoparticles for degradation of methylene blue. The increased activity was attributable to better separation and better adsorption of electron pairs by the presence of reduced graphene oxide. The literature reports most photocatalytic studies are done at room temperature and evaluate the efficacy of the catalyst when it is illuminated with the UV, as well as the visible solar spectrum window [155]. 
 7.3 Biomedical application
	The highly promising biomedical efficiency is mostly connected to the redox capacity of Ceria and the ability of nanostructured materials to develop its offers. The oxidation state of cerium has been found to have a major role in catalyzing superoxide dismutase activities, among other variables, including size, oxygen vacancy sites, and surface area [156]. For their success in biomedical applications, several beneficial characteristics of CeO2 NPs are also important. Ceria nanoparticles have been used by the central nervous system for antioxidants and it was also the behavior of eliminating the toxic properties. In recent times ceria NPs have biomedicine of brain diseases, ischemic stroke, Alzheimer’s diseases, and parkinsonian syndrome. In general, ceria was good oxygen species reactivity so it was good anti-inflammatory and antioxidant properties. CeO2 has bioactivity and comparatively, minimal health risks are the reasons for its relevance [157]. In addition, a nanosized cerium oxide is a suitable option for degrading organophosphorus compounds, behaving as a heterogeneous catalyst. In this regard, the impact of the particular surfaces and crystal surfaces of nanoparticles was revealed.

8. Conclusion
	First considered "inert" support capable of dispersing and stabilizing catalytically active metal nanoparticles, ceria has evolved over the last few decades to become a catalyst in its own right. Two main routes have been pursued in this technique, to increase the use of ceria-based materials in catalysis. The key properties of ceria and its derived heterogeneous catalysts were adequately studied concerning its nature of abundant active sites. Ceria-based mixed oxides were found to be versatile as well as highly active catalysts for numerous organic transformations, owing to their diverse oxidation state functionalities. The nature of the surface and plane responsible for the particular reactions were deliberated and the oxidation reactions rendered selective towards a specific product. The mechanism of oxygen storage and releasing behavior of Ceria-based materials were systematically reviewed. Also, the lattice and sub-surface features of Ce-O interactions were analyzed and the nature of mechanistic aspects was drawn based on the formation of radical types. Majorly the activity of ceria materials Furthermore, this short review also gives a clear idea about the design and selection of ceria-based catalysts for the distinct transformation in the perspective of energy, environment, and emerging applications of reforming, photocatalysis, and biomedical industry. Ceria-based materials with uses ranging from the most well-established to the most recent. In precis, CeO2 is a very flexible and efficient catalytic material with surface acid-base characteristics and structure that can be nicely adjusted by doping with transition or rare earth metals. This review might lead to the creation of new, more active/selective heterogeneous catalysts.
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             Figure 1: Cubic fluorite Crystal structure of ceria
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Figure 2: Metal Ceria interfacing the Oxidation and hydrogenation reaction [39]
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Figure 3: CO oxidation reaction process in the various crystalline phase of cerium oxide [40]
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Figure 4: Activation of  light hydrocarbon [62]
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Figure 5: Oxidative dehydration of propane to propylene by using Ni Containing Ceria [110]
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Figure 6: Hydrotalcite material of cerium-based metal oxide using Oxidative dehydrogenation of ethylbenzene to styrene [113]
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Figure 7: HR-TEM  images of different magnifications of Co-Mn/CeO2 catalyst [141]
	Table 1: Most relevant results from studies on the selective oxidation of carbon monoxide using cerium-containing metal oxide :

	S.No
	Catalyst
	Synthesis method
	Reaction
	Temperature
	Conversion (%)
	Selectivity
(%)
	Ref No:

	1
	Pt/CeO2
	Wet impregnation
	 H2(PROX)
	110 °C
	35
	85
	[42]

	2
	Pt/CeO2
	Wet impregnation
	H2(PROX)
	80 °C
	60
	80
	[43]

	3
	CoOx/CeO2
	Precipitation
	H2(PROX)
	180 °C
	94
	71
	[44]

	4
	Sn-CuO-CeO2
	Sol-gel
	CO-PROX
	-
	95
	51-56
	[45]

	5
	Co3O4/CeO2
	Co-precipitation
	PROX
	80 °C
	100
	-
	[46]

	6
	CuOx/CeO2
	-
	PROX
	60 °C
	11
	100
	[47]

	7
	Pd/CeO2
	Wet impregnation
	H2(PROX)
	80 °C
	10
	10
	[48]

	8
	CuO-CeO2
	Combustion
	He
	190 °C
	99
	71
	[49]

	9
	Au-Ag/CeO2
	Deposition-precipitation
	PROX
	80 °C
	100
	-
	[50]

	10
	Au-CeO2
	Precipitation 
	CO-PROX
	80 °C
	95-100
	50-25
	[51]

	11
	CuO/CeO2
	Hydrothermal 
	CO-PROX
	100 °C
	95
	< 99
	[52]

	12
	Pt/CeO2
	Precipitation 
	H2(PROX)
	60 °C
	75
	Nil 
	[53]

	13
	CuO/CeO2
	Co-Precipitation
	CO-PROX
	150 °C
	90
	< 99
	[54]

	14
	Au/CeO2-MOx/Al2O3
	Deposition 
	CO-PROX
	110 °C
	95
	55
	[55]

	15
	CuO10-Ce0.8Zr0.2O2
	Combustion 
	CO-PROX
	160 °C
	93
	50
	[56]

	16
	Au-CeO2
	Impregnation
	CO-PROX
	80 °C
	98
	65
	[57]

	17
	Cu-CeO2
	Hydrothermal 
	CO-PROX
	110 °C
	87
	53
	[58]

	18
	Ce-Zr-Cu mixed oxide
	Co-precipitation
	CO-PROX
	115-160 °C
	< 99
	98
	[59]

	19
	Au2.5YCe
	Impregnation 
	CO-PROX
	80 °C
	78-82
	45
	[60]

	20
	CuO-CeO2
	Combustion 
	CO-PROX
	140 °C
	90
	60
	[61]










	Table 2: Most relevant results from studies on the selective oxidation of hydrocarbon using
cerium containing metal oxide:

	S.No
	Catalysts
	Preparation method
	Substrate
	Temperature
	Conversion %
	Selectivity %
	Ref No

	1
	Ce0.5Mn0.5Ox@500
	Sol-gel
	Cyclohexane
	100 °C
	21.8
	63
	[67]

	2
	CeO2
	Hydrothermal 
	Polycyclic aromatic hydrocarbon
	190 °C
	<20
	100
	[68]

	3
	ZrO2−CeO2/γ-Al2O3
	Precipitation 
	Ketonic hydrocarbon
	> 300 °C
	95.5
	> 90
	[69]

	4
	Sm/CeO2
	Precipitation
	Anisole 
	430 °C
	35
	< 20
	[70]

	5
	Pt/CeO2
	Impregnation
	Ethanol 
	RT
	90
	30
	[71]

	6
	CeO2
	Precipitation 
	Naphthalene 
	200 °C
	100
	> 90
	[72]

	7
	H-ZSM-12/ Ce
	Sol-gel
	Hexane 
	650 °C
	73.3
	61.9
	[73]

	8
	CeO2
	Hydrothermal 
	Naphthalene
	190 °C
	90
	<99
	[74]

	9
	Mn-doped CuO-Co3O4-CeO2
	Co-precipitation 
	Propane 
	155 °C
	100
	<99
	[75]

	10
	Au-CeO2
	Impregnation 
	Ethylbenzene 
	120 °C
	37
	62
	[76]

	11
	Mn-CeOx/Cordierite
	Wetness impregnation
	Cooking oil fumes
	400 °C
	90
	Nil 
	[77]

	12
	Cu-CeO2
	Precipitation 
	Naphthalene 
	200 °C
	10
	20
	[78]

	13
	Ce0.9Sm0.1O2
	Decomposition 
	Ethylbenzene 
	120 °C
	95
	42
	[79]

	14
	Graphene/g-C3N4
	-
	Cyclohexane 
	130 °C
	4
	80
	[80]

	15
	Ceria
	Hydrothermal 
	Ethylbenzene
	105 °C
	89
	70
	[81]

	16
	Pd@N-doped carbon
	-
	Indane 
	120 °C
	31.2
	81
	[82]

	17
	Ce0.5Mn0.5Ox@500
	-
	Cyclohexane 
	100 °C
	21.8
	63
	[83]









	Table 3: Most relevant results from studies on selective oxidation and oxidative coupling of methane  reaction using cerium containing metal oxide :

	S.No
	Catalyst
	Synthesis method
	Reaction
	Temperature
	Conversion (%)
	Selectivity
(%)
	Ref No:

	1
	Au-CeO2
	Hydrothermal 
	Oxidation of Glycerol 
	90 °C
	99
	73
	[84]

	2
	Ce1-xMnxO2
	Precipitation 
	Oxidation of Ethylbenzene 
	190 °C
	89
	96
	[85]

	3
	V2O5/TiO2
	Sol-gel 
	Oxidation of Methanol 
	150 °C
	49
	93
	[86]

	4
	Y/CeO2
	Impregnation 
	Oxidation of Ethanol 
	430 °C
	50
	30
	[87]

	5
	Ceria
	-
	Oxidation of Toluene
	150 °C
	65
	9
	[88]

	6
	CeO2/SiO2 1-D
	Hydrothermal 
	Oxidation of styrene
	50 °C
	81
	92
	[89]

	7
	Co–N–C/CeO2
	Precipitation 
	Oxidation of Ethylbenzene 
	150 °C
	33.1
	74.8
	[90]

	8
	MnOx-CeO2
	Co-precipitation
	Oxidation of 5-hydroxymethyl furural 
	110 °C
	97.6
	76.6
	[91]

	9
	Ag-CeO2
	Wet impregnation
	Oxidation of Bioethanol 
	350 °C
	36
	90
	[92]

	10
	Au-CeO2
	Hydrothermal 
	Oxidation of Furfural
	30 °C
	60
	40
	[93]

	11
	Ln2Ce2O7
	Sol-gel
	OCM
	550 °C
	21.8
	47.3
	[100]

	12
	Mn2O3-Na2WO4 doping of CexZr1-xO2
	Sol-gel
	OCM
	660 °C
	25
	67
	[101]

	13
	Ce- Li/MgO
	Sol-gel
	OCM
	650 °C
	15
	72
	[102]

	14
	Ln2Ce2O7
	Glycine nitrate combustion
	OCM
	450 °C
	11
	22.7
	[103]

	15
	Ce-La2O3
	Solvothermal 
	OCM
	750 °C
	22
	45
	[104]

	16
	(SrxLa1-x)CeO
	Sol-gel
	OCM
	750 °C
	9.7
	76.5
	[105]

	17
	Sr-La-CeO
	Electrospinning 
	OCM
	600 °C
	28.5
	63
	[106]

	18
	La2O2CO3
	Hydrothermal 
	OCM
	420 °C
	30
	50
	[107]

	19
	Li/Ce/MgO
	impregnation
	OCM
	800 °C
	21
	60
	[108]

	20
	Ca0.5Ce0.5O
	Citrate method
	OCM
	700 °C
	25
	36
	[109]



	Table 4: Most relevant results from studies on oxidative dehydrogenation reaction for different cerium based materials:

	S.No
	Catalyst
	Preparation method
	Substrate
	Temperature
	Conversion (%)
	Selectivity
(%)
	Yield
(%)
	Ref.No

	1
	CeNiNb
	Precipitation 
	Ethane 
	300 °C
	14.5
	65.4
	< 10
	[115]

	2
	Pd/CeAlZrOx
	Physical grinding
	Propane 
	500 °C
	9.5
	92
	< 9
	[116]

	3
	Ni−Ce/Al2O
	Impegnation
	Ethane 
	500 °C
	10.7
	84
	8.4
	[117]

	4
	VOx/Ce-Al2O3
	Impegnation
	Ethane
	550 °C
	10
	87.9
	88
	[118]

	5
	VOx/CeγAl2O3
	Excess solvent approach
	n-butane
	450 °C
	10.7
	62.4
	> 60
	[119]

	6
	4P-CeO2
	Precipitation 
	
	600 °C
	9.5-14.1
	52.9-30.1
	< 50
	[120]

	7
	Au/CeO2
	Modified hydrothermal 
	Ethane 
	650 °C
	17
	98
	16.5
	[121]

	8
	CeO2–CNT
	-
	Ethylbenzene 
	500 °C
	-
	99
	-
	[122]

	9
	MgAlCeO2
	Co-precipitation
	Ethylbenzene
	-
	49.7
	94
	47.9
	[123]

	10
	CexCo1-xFe2O4
	Sol-gel auto combustion
	Styrene
	350 °C
	-
	91.5
	> 90
	[124]

	11
	CeZrO4-δ
	Gel combustion 
	Ethylbenzene
	550 °C
	40
	93
	47
	[125]

	12
	CeNiO
	Precipitation
	Ethylbenzene
	450 °C
	64
	86
	55
	[126]

	13
	CeO2/MgAl2O4
	Co-precipitation
	Ethylbenzene
	600 °C
	82
	98
	80.36
	[127]

	14
	NbOx/CeO2 nanorod
	Wetness incipient impregnation
	Propane 
	350 °C
	12.6
	36.2
	4.56
	[128]

	15
	CeVO4
	Hydrothermal
	Propane 
	500 °C
	26.8
	93
	25
	[129]

	16
	Chlorinated CeO2
	Hydrothermal  
	Propane 
	450 °C
	6-10.4
	52.5-25.2
	4-7
	[130]

	17
	Ceria
	Hydrothermal
	Cyclohexane
	350 °C
	22
	35.5
	7.81
	[131]

	18
	NiO-CeO2
	Evaporation method
	Ethane
	300 °C
	10.4
	59
	6.13
	[132]

	19
	Ce0.5Zr0.5O2
	Hydrothermal
	Ethylbenzene
	550 °C
	73
	98
	71.54
	[133]

	20
	Ni-Ce/Al2O3
	Impregnation 
	Ethane 
	400 °C
	8.5
	61.9
	5.26
	[134]

	21
	Ce-Co2AlO4
	Hydrothermal
	Ethylbenzene 
	500 °C
	61
	80
	48.8
	[135]

	22
	VOx/CeγAl2O3
	Impregnation 
	Ethane 
	550 °C
	10
	87.9
	8.79
	[136]

	23
	Pd/CeZrAlOx
	Physical grinding method
	Propane 
	550 °C
	12.3
	84
	10.33
	[137]

	24
	Au/CeO2 nanorod
	Hydrothermal 
	Benzyl alcohol
	90 °C
	96
	> 99
	95
	[138]

	25
	Mg3Al0.97Ce0.03O2
	Co-precipitation
	Ethyl benzene
	450 °C
	49.4
	97
	47.91
	[139]

	26
	FeCeO2
	Co-precipitation
	Propane 
	550 °C
	18
	60
	11
	[140]
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