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Abstract

:

Recently, manganese oxides (MnOx)/cerium(IV) oxide (CeO2) composites have attracted widespread attention for the selective catalytic reduction (SCR) of nitrogen oxides (NOx) with ammonia (NH3), which exhibit outstanding catalytic performance owing to unique features, such as a large oxygen storage capacity, excellent low-temperature activity, and strong mechanical strength. The intimate contact between the components can effectively accelerate the charge transfer to enhance the electron–hole separation efficiency. Nevertheless, MnOx/CeO2 still reveals some deficiencies in the practical application process because of poor thermal stability, and a low reduction efficiency. Constructing MnOx/CeO2 with other semiconductors is the most effective strategy to further improve catalytic performance. In this article, we discuss progress in the field of MnOx/CeO2-based ternary composites with an emphasis on the SCR of NOx by NH3. Recent progress in their fabrication and application, including suitable examples from the relevant literature, are analyzed and summarized. In addition, the interaction mechanisms between MnOx/CeO2 catalysts and NOx pollutants are comprehensively dissected. Finally, the review provides basic insights into prospects and challenges for the advancement of MnOx/CeO2-based ternary catalysts.
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1. Introduction


Nitrogen oxides (NOx) are mainly generated by human activities, such as automobile exhaust, fossil fuels combustion, and chemical industry emissions, which may induce multiple environmental problems, including acid rain, ozone depletion, and greenhouse effects [1,2,3,4,5,6,7]. With the gradual progression of modern industrialization and urbanization, NOx emission has become a major environmental issue [8,9,10]. Therefore, NOx removal by applying an eco-friendly and sustainable technology is urgently required [11,12]. The specific catalytic reduction (SCR) of NOx with NH3 is a widely used approach for the degradation of pollutants, and plays an important role in energy conservation and emission reduction [13,14,15,16,17,18,19,20,21,22,23,24,25].



Thus far, various catalytic materials has been explored for the degradation of pollutants. Among them, MnOx/CeO2 composites have been extensively employed as highly efficient catalysts for the reduction of NOx with NH3 because of their unique characteristics, such as their simple synthesis, stable chemical structure, and excellent low temperature efficiency [25,26,27,28,29,30,31]. The introduction of manganese cations into a ceria lattice immensely enhances oxygen mobility in mixed oxides. In addition, MnOx/CeO2 composites with hollow structures possess high NOx storage capacity at low temperatures and excellent catalytic performance for the reduction of NOx owing to the large specific surface area, sufficient active sites, and their characteristic confined microenvironment [32,33,34,35,36,37,38,39,40,41,42,43,44]. However, the catalytic activity of MnOx/CeO2 composites is still deficient due to their low sulfur resistance and poor thermal stability [25,45,46]. As a result, the hybridization of MnOx/CeO2 with other semiconductors has been widely applied to improve performance. Various efforts to enhance the catalytic activity of these materials, such as the loading of noble metals, doping with extraneous elements, modifying the surface morphology, and fabricating heterojunction composites with other semiconductor materials, have been explored [47,48,49,50,51,52,53,54]. Among these, the fabrication of heterojunction composite systems can create more redox reaction sites and provides higher tenability and controllability, which is an effective strategy for improving the catalytic activity applied in environmental remediation [55,56,57,58]. Thus, combining MnOx/CeO2 with other semiconductors has been extensively studied. For instance, Zhang et al. [59] prepared MnOx-CeO2/TiO2 ternary catalysts that showed greatly enhanced catalytic activity for removing NOx with NH3 at low temperature compared to single semiconductor materials. In addition, Wang et al. [60] developed MnOx/CeO2/Al2O3 hybrid composite catalysts that achieved a NOx conversion greater than 90% due to their enhanced pore structure and a large specific surface area.



Presently, reviews of the preparation and application of MnOx/CeO2-based ternary catalysts are still rare. In this review, the research progress of MnOx/CeO2-based ternary composites and their use in the catalytic reduction of NOx with NH3 are summarized and proposed. Finally, we present some perspectives of the present circumstances and further prospects to further improve the understanding and extensive application of MnOx/CeO2-based ternary nanocomposites.




2. The Preparation and Catalytic Mechanism of MnOx/CeO2


2.1. The Preparation of MnOx/CeO2


MnOx/CeO2 can possess different structures and chemical performances incurred by various synthetic approaches and designs. Among them, the co-precipitation method is an important way to construct composites owing to the simple operation, manageable reaction conditions, and good products with uniform composition. In addition, the morphology and structure of the sample can be controlled by adjusting the reaction conditions, such as the solution pH value, temperature, etc. For instance, Ye et al. [61] successfully synthesized MnOx/CeO2 catalyst via a conventional co-precipitation method by blending manganese nitrate (Mn(NO3)2) with cerium nitrate (Ce(NO3)3·6H2O) at room temperature. In detail, a 12.5 wt.% ammonia solution was added dropwise to a solution containing 50 wt.% Mn(NO3)2 and Ce(NO3)3·6H2O at various molar ratios. The pH of the resulting solution was kept at 10.5 and stirred for 2 h. Finally, the as-obtained samples were collected by filtered washing several times with deionized water and ethyl alcohol, drying for 12 h at 105 °C, and the calcined for 6 h at 650 °C under an air atmosphere Qi et al. [27] developed a novel MnOx/CeO2 catalyst that achieved 95% NO conversion at 150 °C. Li et al. [62] reported MnOx/CeO2 prepared via a similar procedure, reaching 99% NOx conversion at 170 °C and 80% NO conversion rate in the temperature range of 120–275 °C; compared to the above-mentioned catalysts, it possess highest NOx conversion efficiency. Moreover, the main advantage of the hydrothermal method is that well-crystallized products can be easily obtained. Liu et al. [26] developed a novel MnOx/CeO2 catalyst with a shell-in-shell microspherical structure through a one-step hydrothermal method. In this process, 3.0 g of urea was completely dissolved in 100 mL deionized water. Subsequently, a certain amount of CeCl3·7H2O and Mn(NO3)2 were added under continuous stirring to form a clear solution. Afterward, the obtained mixture was transferred to a Teflon-sealed stainless-steel autoclave and heated for 180 °C for 20 h. The final product was filtered, washed with deionized water several times, and then dried at 80 °C for 12 h. Li et al. [63] evaluated a novel MnOx-CeO2 nanosphere catalyst with an assembled structure. It showed that the catalyst achieved a NO conversion about 100% in the entire 125–250 °C range. Moreover, other approaches, such as chemical deposition and oxidation-reduction reaction, have also been frequently applied to synthesize MnOx/CeO2-based nanocomposites [35,64].



As a result, it can be found that the preparation means and morphology of MnOx/CeO2 can affect the performance of catalysts. The morphology and structure of a sample can be controlled by adjusting the reaction conditions, such as solution pH value, temperature, etc. The MnOx/CeO2 catalyst prepared using the co-precipitation method exhibited a higher catalytic activity. Relatively, the main advantage of the hydrothermal method is that well-crystallized product can be easily obtained. The preparation of MnOx/CeO2 binary nanocomposites using different methods is summarized in Table 1.




2.2. The Catalytic Mechanism of MnOx/CeO2 for SCR with NH3


A catalyst is a material that can potentially be used for environment purification. Electrons and holes are shifted to the surface of the catalyst and produce active species for redox reactions to remove pollutants. Figure 1 describes the mechanism for the SCR process of MnOx-CeO2 catalyst. There are two reaction mechanisms for the NH3-SCR process over the MnOx-CeO2 catalyst, the Eley–Rideal (E–R) mechanism and Langmuir–Hinshelwood (L–H) mechanism [65,66]. These depend mainly on the adsorption state of the NH3 species react with the adsorbed or gaseous NOx. The NH3-SCR over the MnOx-CeO2 catalyst mainly followed the L–H mechanism rather than the E–R mechanism [67,68]. The Ce3+ and Mn3+ sites in the MnOx/CeO2 can improve the transfer efficiency of the activated oxygen molecules to generate surface-adsorbed oxygen species. Firstly, the NO molecules react with the Mn4+ to generate NO+. The obtained NO+ can further transformed into NO2 through a combination of surface-adsorbed oxygen species. In the next moment, the adsorbed NH3 species combine with surface activated oxygen to form NH2–. Finally, N2 and H2O are obtained through the reaction of NO2 and NH2− [45]. The SCR reaction followed the L–H mechanism, which exhibited excellent catalytic performance. The NH3 species reacting with the adsorbed or gaseous NO depends mainly on the adsorption state, and their adsorption on the catalyst surface is the critical step in SCRs with NH3 [69,70,71]. The reaction pathways can be described using (1)–(4):


NO + Mn4+  →  NO+ + Mn3+



(1)






NO+ + O−   →   NO2



(2)






NH3 + O− + e−  →  NH2− + OH−



(3)






NO2 + NH2−  →   N2 + H2O + O−



(4)







The catalytic activity of MnOx/CeO2 greatly hinges on its abundant active sites, specific surface area, and unique morphology [31,72,73,74]. In addition, MnOx/CeO2 with hollow structures improved catalytic activity, thereby making it effective at removing contaminants.





3. The Resistance Effect to H2O and SO2


Water vapor is able to destroy the acid sites of a catalyst to generate the poisoning effect on SCR, especially at low temperatures. When the temperature rises, the catalyst can be reactivated with a reduction in the inhibition effect. Even under dry conditions, the catalytic activity is still affected by the H2O produced by SCR reactions. Water molecules in the catalytic process are regarded as an important factor. For the poisoning of SO2, the effect of SO2 in low-temperature can results from the formation of ammonium sulfate species on catalyst surface, causing deactivation of the SCR. In flue gas containing both H2O and SO2, the resistance effects is more significant. Qi et al. [27] found that the conversion of NO changed from 98 to 95% in the presence of SO2 and H2O at low temperatures. Li et al. [35] proposed that the NOx conversion decreases from 100% to about 84% in 8 h and the catalytic activity restores up to 90% after adding SO2. Therefore, introducing water-resistant and sulfur-resistant materials may be an effective approach to solve the poisoning of H2O and SO2.




4. The Construction of MnOx/CeO2-Based Ternary Catalysts


The synthetic approaches for catalysts are closely related to catalytic performance. Different preparation methods can strongly impact on the structure, specific surface area, absorption, and porosity of catalysts. These synthesis methods mainly include hydrothermal, precipitation, sol–gel, and impregnation. For MnOx/CeO2-based ternary catalysts, Table 2 summarized the type of catalysts, preparation method, reaction conditions, and catalytic performance.



4.1. Hydrothermal Methods


Hydrothermal methods are the most simple and economical for large-scale synthesis and make it easy to obtain well-crystallized products by adjusting reaction conditions [85,86,87,88]. MnOx/CeO2-based catalysts obtain a good morphology and structure due to the high temperature and pressure in the hydrothermal system.



For instance, novel MnOx/CeO2/graphene ternary catalysts was prepared as follows [25]: 0.01 g graphene was first dispersed in 100 mL deionized water, and then certain amounts of Mn(NO3)2·3H2O and Ce(NO3)3·6H2O were added to the suspension. After that, ammonia at 20 wt.% was added to the solution under constant ultrasonic agitation. The mixture was then transferred into a Teflon-sealed autoclave and heated at 130 °C for 12 h. The obtained product was centrifugated and washed with deionized water several times, and then dried at 100 °C for 12 h. For comparison, other samples (different Mn/Ce molar ratios) were prepared under the same conditions. Sun et al. [34] fabricated MnOx/CeO2/MOF catalysts for catalytic reaction. Briefly, a certain amount of MnCl2·4H2O, Ce(NO3)3·6H2O, and 2,5-dihydroxyterephthalic acid were added to dimethyl furan-ethanol-water. Subsequently, the suspension was transferred into a Teflon-lined stainless-steel autoclave, and heated in an oven at 135 °C for 24 h. The product was washed with methanol, and dried in a 80 °C vacuum oven. Finally, samples was obtained through calcination at 550 °C in air. Zhu et al. [75] produced MnOx/CeO2/reduced graphene oxide that exhibited a high SCR efficiency via a one-step hydrothermal method. In the synthesis process, aqueous graphene oxide was dissolved in deionized water and ammonia solution was added dropwise to the solution to keep the pH value at 11.5. An aqueous solution of Mn(NO3)2 and Ce(NO3)3·6H2O was then added, followed by stirring at room temperature. After that, the mixture was transferred to a Teflon-lined autoclave and heated in an oven at 180 °C for 12 h. The final product was obtained and washed several times with deionized water. However, the hydrothermal method cannot control the number of nanocomposites exactly, making it prone to agglomeration




4.2. Precipitation Method


Precipitation is the formation of a solid from a homogeneous solution caused by a precipitating agent. This method is widely applied to prepare catalysts because of the controllable reaction conditions, effortless operation, and well-proportioned products [89,90], and is the most common approach for constructing MnOx/CeO2-based ternary composites.



For instance, a mixed solution containing carbamide solution, NH3 (25 wt.%), and hydrogen peroxide was continuously added into aqueous solutions of titanium(IV) sulfate (Ti(SO4)2), manganese acetate (C4H6MnO4·4H2O), and Ce, Fe, and Ni nitrates. Subsequently, the resulting precipitant was collected by centrifugation, followed by washing with ethyl alcohol and deionized water. Finally, the mixture was dried at 105 °C for 12 h, and then calcined at 450 °C in a muffle furnace. Furthermore, Chang et al. [76] reported SnO2/MnOx/CeO2 catalysts for SCR of NOx with ammonia. In their technique, (NH4)2CO3 was dispersed as a precipitator into a mixed solution of SnCl4, Mn(NO3)2, and Ce(NO3)3. The obtained paste was collected by ultrasound for 2 h, followed by subsequent filtration, washing with DI water, and calcination at 500 °C for 6 h. A catalytic material, WO3-ZrO2, was synthesized using the precursors ammonium metatungstate and zirconyl nitrate hydrate at the appropriate ratios [46], and the preparation procedure is shown in Figure 2.




4.3. Sol–Gel Methods


The sol–gel technique can be used to obtain highly pure materials and tune their composition due to its low cost, energy, and time consumption [91,92,93]. This approach is well-established for the preparation of novel metal oxide nanoparticles and mixed-oxide materials, and is beneficial for the stability of the products. Therefore, sol–gel methods have been widely applied for constructing MnOx/CeO2-based ternary nanocomposites.



A novel MnOx/CeO2/Al2O3 composite has been synthesized for soot oxidation in the presence of NOx through a facile sol–gel process involving Ce(NO3)3·6H2O and manganese acetate as precursors [77]. In brief, these were dissolved, and the suspension was then stirred sufficiently to form a porous gel that was dried at 110 °C overnight followed by calcination at 500 °C under static air in a muffle furnace. Zhang et al. [78] prepared MnOx/CeO2/SBA-15 (Santa Barbara Amorphous-15) catalysts with a 3D network structure using a sol–gel method for NOx-assisted soot combustion. Typically, certain amounts of Ce(NO3)3·6H2O and Mn(NO3)2 in aqueous solution were first added to anhydrous ethanol. After that, 1.00 g of SBA-15 was added dropwise to the mixed suspension, which was then dried at room temperature followed by calcination at 500 °C for 5 h in air.




4.4. Impregnation Methods


Impregnation methods are fast, low cost, and allow controllable configuration in advance by tweaking some parameters, such as concentration and the temperature of the precursor [94,95,96]. For instance, Wu et al. [97] prepared Ba/MnOx/CeO2 catalysts via impregnation to be employed for soot oxidation with heat transfer limitations. The composites were impregnated with an aqueous solution of barium acetate (Ba(Ac)2). The final products were obtained by heating at 110 °C for 12 h, followed by calcination at 550 °C in air. In addition, MnOx/CeO2/TiO2 mixed-oxide catalysts have been synthesized with differing CeO2/TiO2 ratios via impregnation for application in low-temperature catalytic ozonation of NOx into HNO3 [79]. A conventional MnOx/CeO2 supported with VOx (vanadium oxides) catalyst (denoted as VOx/MnOx/CeO2) was synthesized via a wet-impregnation method (Figure 3) [30]. In this typical synthesis, the mixture of Ce(NO3)3·6H2O and KIT-6 were calcinated at 500 °C for 4 h in air. After cooling to ambient temperature, the samples were centrifuged twice with NaOH to remove the KIT-6 template. Finally, 3-D mesoporous CeO2 supported with VOx and MnOx binary metal oxides was prepared.





5. The Application for SCR of NOx by NH3


In recent years, NOx, as an atmospheric pollutants from industrial discharge, has widely aroused public concern and resulted in a serious threat to human health and life [98,99,100,101,102,103,104]. Therefore, removing NOx from air is imperative. Considerable attention has been paid to catalytic technologies owing to their excellent properties, such as high efficiency and low cost. Therefore, some articles about producing MnOx/CeO2 composites for the SCR of NOx with NH3 are summarized here.



5.1. MnOx/CeO2 Binary Catalyst for SCR of NOx by NH3


Ye et al. [61] developed MnOx/CeO2 using a conventional co-precipitation method to remove NOx by SCR with NH3 to leave N2. The catalytic performance of MnOx/CeO2 composites decrease significantly in the presence of toluene, which is attributed to the competitive adsorption of toluene and the deposition of by-products on the catalyst surface. Meanwhile, toluene adsorption enhanced the formation of oxygen vacancies and increased the unfavored oxidation reactions of NH3, leading to a decrease in N2 selectivity. Novel MnOx/CeO2 hollow nanotubes were applied to the low-temperature SCR of NOx with NH3 [35]. It was demonstrated that MnOx/CeO2 nanocomposites exhibited best conversion efficiency of NOx at 100 °C, and had superior resistance to H2O and SO2. According to the analysis results, the excellent NOx catalytic property of the MnOx/CeO2 catalyst could be ascribed to the uniform distribution and abundant content of active species, especially the hollow porous architectures that provided higher specific surface area.



Qi et al. [27] employed a co-precipitation method for the preparation of MnOx/CeO2 mixed oxides. X-ray diffraction (XRD), surface area measurements, and Fourier-transform infrared (FTIR) spectroscopy were employed to characterize MnOx/CeO2 catalyst. It was found that Mn-Ce mixed-oxide catalyst yielded 95% NO removal efficiency at 150 °C at a space velocity of 42,000 h−1. With increasing manganese weight ratios, NO conversion efficiency gradually increased, but decreased at higher manganese contents. The MnOx/CeO2 heterojunction represented an improved catalytic activity on account of the adsorption of NH3 on the Lewis acid sites of the catalyst, followed by reaction with nitrite species to produce N2.



More recently, Liu et al. [26] prepared novel MnOx/CeO2 shell-in-shell microspheres that showed better catalytic activity for SCR of NO compared with the CeMnOx catalyst without the core–shell structure. MnOx/CeO2 catalysts present great potential in terms of catalytic reduction of NOx due to the oxygen storage and redox property. The TEM and HRTEM images showed that a small hollow sphere was located in the inside of a big hollow sphere to construct a double-shelled hollow sphere (Figure 4). On the basis of the data from XPS measurements, it was observed that MnOx/CeO2 is composed of MnOx and CeO2.



Li et al. [63] reported that a novel MnOx/CeO2 nanosphere catalyst with assembled structure from tiny particle exhibited excellent catalytic performance for the reduction of NOx. Compared to pure MnOx and CeO2, MnOx/CeO2 nanosphere catalyst show a superior DeNOx performance because of the higher specific surface area, better redox behavior, and larger concentration of surface active oxygen species. The stability of MnOx/CeO2 nanosphere NH3-SCR catalyst achieved the best effect at 150 °C for long time. In addition, the pore diameter and BET surface area of the composite were higher than those of the single MnOx and CeO2 samples. The results of the study suggested that control of defined structural morphology can improve NH3-SCR performance.



Li et al. [62] successfully synthesized a mesoporous MnOx/CeO2 composites through a traditional co-precipitation route. The prepared catalyst exhibited enhanced performance for NOx conversion, which can be attributed to its smaller pores, amorphous structure, and moderate amount of surface Mn3+/oxygen species. Moreover, the porous structure of composites provided a larger surface area and made the adsorption and diffusion of reactant molecules easy to conduct on the surface of catalysts. The MnOx/CeO2 nanocomposite exhibited higher catalytic activity than pure MnOx and CeO2 for the SCR of NO with NH3.



Huang et al. [64] reported a CeO2/MnOx catalyst with a core-shell structure was prepared via a facile a chemical deposition method. The TEM images of the CeO2/MnOx heterostructure identified a distinct core–shell structure and a uniform size of the CeO2/MnOx and MnOx nanoparticles. The improvement in SCR performance is attributed to the uniform core–shell structure, the high crystalline α-MnO2, as well as the high concentration of Mn4+ and Ce3+ in the CeO2/MnOx solid structure.




5.2. MnOx/CeO2 Based Ternary Catalysts for SCR of NOx


The catalytic technique has attracted a great deal of attention and is widely investigated to apply SCR of NO using NH3. Especially, MnOx/CeO2-based ternary catalyst can significantly promote catalytic activity for environmental pollution, including the reduction of NOx [20,105]. Therefore, the application and properties of MnOx/CeO2-based ternary composites are summarized and discussed.



Sheng et al. [25] developed MnOx/CeO2/graphene catalysts prepared via a hydrothermal method using different molar ratios of Mn/Ce active components. The results in the morphology and microstructure indicated that manganese and cerium oxides were uniformly dispersed on the surface of graphene. The MnOx/CeO2 (8:1)/GR displayed the best catalytic activity, and a high N2 selectivity, which are attributed to the high content of chemisorbed oxygen on the surface, abundant active sites, and the synergistic effect between MnOx/CeO2 and the graphene support. Hence, the excellent catalytic performance of MnOx/CeO2/GR composites at low temperature were widely applied in controlling NOx emissions from flue gas.



Liu et al. [80] successfully developed a novel MnOx/CeO2 supported on Cu-SSZ-13 catalyst through an impregnation method. The Mn-Ce/Cu-SSZ-13 possessed higher catalytic activities than Cu-SSZ-13 and Mn-Ce for NOx conversions because the bridging nitrates were adsorbed onto the surface and then converted to monodentate nitrates. Therefore, ternary composites can obtain more active species for the SCR reaction at low temperatures.



Recently, Ma et al. [81] reported the synthesis of MnOx/CeO2@TiO2 core–shell composites. TEM and high-resolution TEM images reveal that TiO2 was distributed on the surface of MnOx/CeO2 nanorods to form the core–shell structure. MnOx/CeO2@TiO2 showed excellent catalytic performance due to abundant active sites, strong redox capability, along with a large specific surface area and pore volume. Meanwhile, the TiO2 shell of MnOx/CeO2@TiO2 further promotes catalytic activity and physicochemical properties.



A synthesized MnOx/CeO2/Al2O3 (aluminum oxide) composite catalyst achieved 90% NOx conversion from 150–300 °C [60]; its BET surface area and pore volume were approximately 207.5 m2/g and 0.23 cm3/g, respectively, while the MnOx/CeO2/Al2O3 ternary heterojunctions remarkably improved the catalytic performance and provided good stability through the large intimate interfacial contacts among the MnOx, CeO2, and Al2O3 constituents.



Zhu et al. [75] reported the fabrication of 3D MnOx/CeO2 nanoparticles/reduced graphene aerogel (RGA) via a facile one-step hydrothermal method. The MnOx/CeO2 nanoparticles were uniformly distributed on graphene nanosheets to form self-assembling 3D interconnected networks. The composites showed significantly enhanced catalytic performance compared to MnOx/CeO2 nanoparticles (99% NOx conversion at 220 °C). Therefore, MnOx/CeO2-based ternary composite materials have great prospects for the SCR of NOx at low temperatures. A schematic of the catalytic mechanism of MnOx/CeO2/RGA is shown in Figure 5.



Zhang et al. [82] successfully developed a MnOx/CeO2/TiO2 catalysts for SCR of NO with NH3 at low temperatures. The results of BET show that the Mn-Ce/TiO2 ternary catalyst has a large specific surface area and pore volume, which provided abundant active sites for improved catalytic activity. The XPS spectra of the prepared MnOx-CeO2/TiO2 was used to analyze the surface chemical and valence states, which demonstrated the formation of heterojunction. In addition, it found that the low-temperature SCR performance was prominently enhanced. Meanwhile, NO conversion efficiency achieved the best effect in the temperature range of 150–300 °C. Figure 6 depicts the K+ poisoning process of the catalyst.



MnOx/CeO2/ZrO2 monolith catalysts with a WO3 content of 10 wt.% were fabricated using a co-precipitation method, which had the best catalytic activity and the widest reaction window [46]. In addition, it possessed a better thermal stability and SO2 tolerance than pure MnOx/CeO2 materials. NOx conversion was more than 80% in the low temperature range at the space velocity of 10,000 h−1.



The construction of novel MnOx/CeO2/VOx catalysts was applied for selective catalytic reduction of NOx by NH3 [83]. The NH3-SCR performance of the catalytic experiment indicated that improved catalytic activity was achieved through the formation of MnOx/CeO2/VOx heterojunctions. The possible mechanisms of the VOx-MnOx/CeO2 catalyst are shown in Figure 7.



In research conducted by Liu et al. [76], MnOx/CeO2/SnO2 catalysts were prepared via a co-precipitation method for NH3-SCR reaction. The composite catalyst (10 wt.% of Sn on MnOx/CeO2) displayed optimal catalytic activity in a temperature range of 80–230 °C. The remarkable catalytic activity was likely attributed to the enhanced Lewis acid sites created by surface sulfation during the SO2-containing SCR reaction.



Wu et al. [30] employed an efficient wet impregnation method for the fabrication of heterojunction VOx-MnOx/CeO2 nanocomposites. TEM and HRTEM analyses were employed to investigate the microstructure and morphology of VOx-MnOx/CeO2 (Figure 8). The ternary nanocomposites exhibited improved conversion efficiency for NO because gaseous NH3 and NO are favorable to be absorbed on the surface of the VOx-MnOx/CeO2 catalyst. The results of the NH3-SCR performance indicated that the NO conversion reached 95% in a wide temperature range of 220–330 °C. Figure 9 shows the possible mechanisms of the VOx-MnOx/CeO2 catalyst.



Wang et al. [60]. evaluated a novel MnOx/CeO2/Al2O3 ternary catalysts with varying Mn contents through a self-propagating high-temperature synthesis. The characterization results showed that the increasing of the surface atomic concentration improved the activity in the SCR reaction. Moreover, MnOx/CeO2/Al2O3 possess an extensive pore structure and a large BET surface area to further promote the catalytic performances.



Lee et al. [84] successfully developed MnOx/CeO2/TiO2 composites for low-temperature SCR of NO with NH3. The Mn/Ce/TiO2 (20 wt.% Mn/4 wt.% Ce) catalyst exhibited the highest catalytic activity in the low-temperature range of 120–160 °C, which was mainly attributed to widespread Mn4+ dispersion on the surface.



These illustrations of MnOx/CeO2-based ternary catalysts for SCR of NOx provided basic perspectives and instructions for their application to air purification and environmental conservation.





6. Conclusions and Perspectives


In summary, the current developments in the preparation and application of MnOx/CeO2-based ternary catalysts for selective catalytic reduction of NOx by NH3 are summarized. Various synthetic routes, such as hydrothermal, precipitation, sol–gel, and impregnation methods for fabricating MnOx/CeO2-based ternary catalysts have been explored. Their large specific surface areas, abundant active sites, and excellent catalytic performances make them very effective materials for SCR of NOx with NH3. Nevertheless, despite significant improvements in MnOx/CeO2-based ternary catalysts, there are many challenges to overcome to further enhance their material properties and catalytic reaction mechanisms. Therefore, we offer some insights to consider for future research:



Further analyses are required to determine with the catalytic activity with various morphologies (nanofibers, nanotubes, nanorods) of MnOx/CeO2.



The reaction mechanisms of MnOx/CeO2 catalysts. The effects of catalyst properties (e.g., pore size, porosity, and surface structure) on catalytic activity should be further explored.



Application research should be expanded. Current applications of MnOx/CeO2-based hybrids are mainly targeted at nitrogen fixation and degradation of formaldehyde. MnOx/CeO2 catalysts can be explored for applications in the degradation of more pollutants, such as in Cr(VI) reduction and CO2 reduction.



Current research has mainly been done under laboratory conditions. For practical engineering applications, the design of applicable reaction systems for MnOx/CeO2 catalysts is required.



The transfer mechanism of charge carriers needs to be better understood as understanding of the mechanism is helpful to seek more efficient materials that can combine with MnOx/CeO2 to achieve better catalytic activity.
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Figure 1. Mechanism for the SCR process of MnOx/CeO2. Reproduced with permission from Reference [45]; copyright (2017), Elsevier. 
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Figure 2. Preparation procedure of the carrier catalysts. Reproduced with permission from Reference [46]; copyright (2012), Elsevier. 
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Figure 3. Schematic representation of the synthesis processes of mesoporous VOx-MnOx/CeO2. Reproduced with permission from Reference [30]; copyright (2020), Elsevier. 
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Figure 4. SEM images of Mn-CeO2 (HT) (a,b) and Mn-CeO2 (CP) (c), and TEM image (d,e) and high resolution TEM image (f) of Mn-CeO2 (HT). Reproduced with permission from Reference [26]; copyright (2016), Elsevier. 
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Figure 5. The schematic diagram of the catalytic mechanism of MnOx-CeO2/RGA Reproduced with permission from Reference [75]; copyright (2019), Elsevier. 
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Figure 6. K+ poisoning process of the catalyst. Reproduced with permission from Reference [82]; copyright (2014), Elsevier. 
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Figure 7. The possible mechanism of the VOx-MnOx/CeO2 catalyst. Reproduced with permission from Reference [83]; copyright (2020), Elsevier. 
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Figure 8. (a) TEM images, (b) HRTEM images, (c–h) energy spectrum analysis (EDS) images and corresponding element mapping of VOx-MnOx/CeO2. Reproduced with permission from Reference [30]; copyright (2020), Elsevier. 
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Figure 9. The possible mechanism of the VOx-MnOx/CeO2 catalyst. Reproduced with permission from Reference [30]; copyright (2020), Elsevier. 
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Table 1. The preparation of MnOx/CeO2 binary catalysts.
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Catalyst

	
Constructing Strategy

	
Precursors

	
Catalytic Activity

	
Reference






	
MnOx/CeO2

	
co-precipitation method

	
Mn(NO3)2 Ce(NO3)3·6H2O

	
NO and toluene conversion > 60% temperature < 300 °C

	
[61]




	
oxidation-reduction reaction

	
Ce(NO3)3·6H2O KMnO4

	
MnOx-CeO2-B achieve

96% NOx conversion at 100 °C at a space velocity of 30000 h−1

	
[35]




	
co-precipitation method

	
Mn(NO3)2 Ce(NO3)3

	
MnOx(0.4)-CeO2(500) achieve

95% NOx conversion at 150 °C

	
[27]




	
hydrothermal method

	
CeCl3·7H2O Mn(NO3)2

	
MnOx-CeO2 microsphere catalyst presented

higher catalytic activity at low temperatures than

catalyst without shell-in-shell microsphere structure

	
[26]




	
chemical deposition method

	
Mn(CH3COO)2 Ce(NO3)3

	
CeO2/MnOx = 0.6 exhibited a relatively high conversion of NO

	
[64]




	
hydrothermal method

	
Ce(NO3)3·6H2O Mn(CH3COO)2·4H2O

	
The NO conversion of MCN achieves a conversion of about almost 100% in the whole 125–250 °C range

	
[63]




	
co-precipitation method

	
Mn(ac)2·4H2O Ce(ac)3·0.5H2O

	
The NOx conversion of 6Mn4Ce-C reached its maximum of 99% at 170 °C; and it’s NO conversion rate remained >80% at the temperature range of 120–275 °C.

	
[62]
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Table 2. Summary of MnOx/CeO2-based ternary catalysts for NOx removal.
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	Catalyst
	Preparation Method
	Testing Condition
	Catalytic Performance
	Reference





	MnOx/CeO2/graphene
	Hydrothermal method
	A fixed bed continuous flow reactor at 40–160 °C, the GHSV of 24,000 h−1.
	NOx conversion on MnOx-CeO2(8:1)/GR catalyst achieve 99.3% at 80 °C

N2 selectivity nearly 95% at 80 °C
	[25]



	VOx/MnOx/CeO2
	Impregnation methods
	Catalysts (200 mg, 40–60 mesh), a GHSV of 160,000 h −1, a flow rate of 600 mL/min
	NH3-SCR activity (NO conversion > 95%)
	[30]



	MnOx/CeO2/MOF
	Hydrothermal method
	50 mg catalyst, the flow rate of 50 mL/min, GHSV of 60,000 mL/gcath.
	Toluene conversion was 86%
	[34]



	MnOx/CeO2/ZrO2
	Precipitation method
	The flow rate of 420 mL/min, the GHSV by volume was10,000 h−1.
	NOx conversion is over 80%
	[46]



	MnOx/CeO2/reduced graphene oxide
	Hydrothermal method
	The flow rate was 500 mL·min−1, a GHSV of 30,000 h−1.
	NOx conversion (~99%) could be attained at 220 °C
	[75]



	SnO2/MnOx/CeO2
	Precipitation method
	0.20g catalyst, a gas flow rate of 100 mL min−1, GHSV of 3.5 × 104 h−1
	More than 98% NO conversion was obtained at 80 °C and nearly 100% NO conversion at the temperature range of 110–230 °C
	[76]



	MnOx/CeO2/Al2O3
	Sol–gel method
	100 mg of catalyst, the reactor temperature was ramped to 650 °C.
	The NO oxidation activities achieves 99%
	[77]



	MnOx/CeO2/SBA-15
	Sol–gel method
	Catalyst (200 mg, 10–20 mesh), reaction was run from 100 to 650 °C
	soot oxidation with 100% selectivity to CO2
	[78]



	Ba/MnOx/CeO2
	Impregnation method
	10 mg of catalysts, test was at 600 °C (heating rate 15 °C/min)
	The amount of NOx desorbed from BaMnCe within the temperature interval of 350–450 °C is 2.8 times of that MnCe
	[79]



	MnOx/CeO2/TiO2
	Impregnation method
	0.20 g catalyst (20–40 mesh), a GHSV of 30,000 h −1
	the NOx removal efficiency achieves up to 77.1%
	[79]



	MnOx/CeO2/Cu-SSZ-13
	impregnation method
	N2 was the balanced gas, and total flow rate = 300 mL min −1
	The NOx conversions were above 90% from 125 °C to 450 °C
	[80]



	MnOx/CeO2@TiO2
	hydrothermal method
	The air flow rate was 1600 mL/min and the airspeed was 24,000 h−1
	The NOx conversion of MnOx/CeO2@TiO2 reaches around 100% at 140 °C. The N2 selectivity of MnOx/CeO2@TiO2 remains above 95% from 40 to 200 °C.
	[81]



	MnOx/CeO2/TiO2
	Co-precipitation method
	The GHSV was 27 000 h −1, and the catalytic temperature was at the range of 80–300°C.
	The NOx conversions reaches 87% at 150 °C and the NO conversion is 85% at the temperature of 300 °C
	[82]



	MnOx/CeO2/VOx
	impregnation method
	The catalyst (200 mg, 40–60 mesh), the GHSV was 160,000 h −1
	VOx-MnOx/CeO2-R achieve > 95 % NO conversion at ∼220 °C.
	[83]



	MnOx/CeO2/TiO2
	impregnation method
	The total flow was 500 cc/min, and GHSV of 60,000 h−1
	Mn(20)/Ce(4)–TiO2 catalyst obtained 90% NOx conversion at 180 °C and >94% N2 selectivity
	[84]
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