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Nitrogen oxides (NOx), which are the major gaseous pollutants emitted by mobile sources, especially diesel engines, contribute to many environmental issues and harm human health. Selective catalytic reduction of NOx with NH3 (NH3-SCR) is proved to be one of the most efficient techniques for reducing NOx emission. Recently, Cu-SSZ-13 catalyst has been recognized as a promising candidate for NH3-SCR catalyst for reducing diesel engine NOx emissions due to its wide active temperature window and excellent hydrothermal stability. Despite being commercialized as an advanced selective catalytic reduction catalyst, Cu-SSZ-13 catalyst still confronts the challenges of low-temperature activity and hydrothermal aging to meet the increasing demands on catalytic performance and lifetime. Therefore, numerous studies have been dedicated to the improvement of NH3-SCR performance for Cu-SSZ-13 catalyst. In this review, the recent progress in NH3-SCR performance optimization of Cu-SSZ-13 catalysts is summarized following three aspects: 1) modifying the Cu active sites; 2) introducing the heteroatoms or metal oxides; 3) regulating the morphology. Meanwhile, future perspectives and opportunities of Cu-SSZ-13 catalysts in reducing diesel engine NOx emissions are discussed.
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1 INTRODUCTION
Nitrogen oxides (NOx) are the major gaseous pollutants, which contribute to the problems of air pollution, playing roles in the formation of acid rain, photochemical smog, haze, and ozone (Richter et al., 2005). Nowadays, diesel exhaust becomes the primary and most fundamental source of NOx emission as the increasing number of diesel engines, which are more powerful and fuel-efficient than similar-sized gasoline engines (Wu et al., 2023). Therefore, controlling the NOx emission from diesel engines is urgent and imperative to meet current and future emission regulations such as China 6, U.S. EPA Tier 3, and Euro 7 (Yang et al., 2017; Barbosa, 2020). Among the various after-treatment technologies, the selective catalytic reduction (SCR) of NOx with NH3/urea in oxygen-rich exhausts has been regarded as the most effective method to reduce NOx, in which it converts NOx into N2 and H2O with the aid of a catalyst (Guan et al., 2014; Isabella and Enrico, 2014). However, the application of commercialized vanadia-based SCR catalyst (V2O5-WO3/TiO2) was restrained by the latest emission regulations due to the insufficient low-temperature activity and thermal stability as well as the toxicity of V2O5 (Xu et al., 2021). Metal-exchanged zeolite catalyst especially copper (Cu)-exchanged SSZ-13 zeolite (Cu-SSZ-13) was developed and industrially applied to substitute for V2O5-WO3/TiO2 catalyst on diesel vehicles, due to its high activity and hydrothermal stability (Kwak et al., 2010; Gao et al., 2013a; Beale et al., 2015; Paolucci et al., 2016a; Wang et al., 2017; Xin et al., 2018; Zhang S. T. et al., 2020; Pu et al., 2020).
Indeed, along with the application of Cu-SSZ-13 catalyst in diesel engine SCR systems, some practical challenges emerged owing to the highly dynamic conditions encountered in diesel engine emissions (Mohan et al., 2020). As in idling or cold start condition, the diesel exhaust temperature is much lower than the light-off temperature of the Cu-SSZ-13 catalyst. Thus, the first challenge is to further improve the catalytic conversion of NOx at low temperatures by decreasing the light-off temperature of the Cu-SSZ-13 catalyst (Pu et al., 2020). The typical operating temperature range of SCR catalyst under normal conditions is from 200 to 300°C, while the exhaust temperature can shoot to 600°C due to the thermal regeneration of diesel particulate filter upstream of the catalyst. Together with water composition in diesel engine exhaust, the aluminum (Al) sites in the Cu-SSZ-13 framework were attacked leading to dealumination, and the migration and aggregation of active Cu species, resulting in the deactivation of the catalyst (Zheng et al., 2020; Lyu et al., 2021; Simancas et al., 2021). Therefore, another challenge is that Cu-SSZ-13 catalyst is required to have adequate high-temperature hydrothermal stability. In addition to the low-temperature activity and hydrothermal stability, the poisoning resistance to water, sulfur, and hydrocarbons (fuel-derived contaminants), phosphorous and zinc (derived from lubricating oil additives), alkali metals (potassium, calcium, sodium, and magnesium, originating from urea solution and detergent additives), are also great challenges for the practical application of Cu-SSZ-13 catalysts on diesel vehicles (Lezcano-Gonzalez et al., 2014; Beale et al., 2015; Fan et al., 2018a; Guo et al., 2021).
To overcome the above-mentioned challenges of Cu-SSZ-13 catalyst and achieve high-efficient NOx removal, more and more researchers have focused on the improvement of low-temperature activity, hydrothermal stability, and poisoning resistance. Generally, all these catalytic performances could be modified by the synthesis methods, Cu active sites, and structures of Cu-SSZ-13 catalyst. In this review, we summarize the recent progress in optimizing the SCR performance of Cu-SSZ-13 and discuss these researches according to the following three aspects: 1) modifying the Cu active sites; 2) introducing the heteroatoms or promoters; 3) regulating the morphology (Figure 1). Last but not the least, we present some of the future perspectives and opportunities of Cu-SSZ-13 catalysts in the field of NOx emission control, hoping to make some guiding suggestions for the following research.
[image: Figure 1]FIGURE 1 | The optimization strategies and corresponding principles of Cu-SSZ-13 catalysts for NH3-SCR reaction.
2 MODIFYING THE CU ACTIVE SITES
As is widely accepted, Cu2+ ions and CuOx are the predominant Cu species in Cu-SSZ-13 catalyst, especially the former is thought to be the active sites for SCR reaction, and the latter is proved to be active for the undesirable NH3 oxidation (Fickel and Lobo, 2010; Korhonen et al., 2011; Deka et al., 2012; Gao et al., 2014; Shan et al., 2021). Along with the deep investigation, the active Cu2+ ions were found in two locations in Cu-SSZ-13 as shown in Figure 2A, thereof the relatively stable Cu2+ ions coordinated with two framework Al atoms (Cu2+-2Z, Z2Cu) are isolated at the windows of six-membered rings (6 MR) and [Cu(OH)]+ species coordinated with one framework Al atom ([Cu(OH)]+-Z, ZCuOH) appear and populate inside the CHA cages next to eight-membered rings (8 MR) (Kwak et al., 2012b; Andersen et al., 2014; Paolucci et al., 2016b). Although both of the Cu2+ ions are active for SCR reaction, they exhibit unique reactivity and stability due to their different coordination environments (Gao et al., 2017; Paolucci et al., 2017; Zhang et al., 2022). At low temperature, ZCuOH is estimated to be 1.5 times more active for SCR than Z2Cu, therefore increasing the population of ZCuOH sites appears to benefit low-temperature SCR activity (Song et al., 2017). Simultaneously, Z2Cu is proved to possess higher hydrothermal stability than ZCuOH. With increasing aging severity, ZCuOH gradually converts to CuOx clusters that accelerate the collapse of the zeolite framework, resulting in the hydrothermal deactivation of the Cu-SSZ-13 catalyst (Figure 2B). Further studies provide strong evidence to demonstrate that ZCuOH is much more vulnerable than Z2Cu to poisoning (Figure 2C) (Luo et al., 2016; Jangjou et al., 2018; Tang et al., 2021). Accordingly, the amount, type, and location of Cu species are closely related to the catalytic performance of Cu-SSZ-13, which could be modified by the synthesis conditions and elemental compositions (Clemens et al., 2015; Han M.-J. et al., 2018; Villamaina et al., 2019; Zhang J. et al., 2020).
[image: Figure 2]FIGURE 2 | (A) The schematic representation of (Left) the 8 MR with a single Al atom and a Cu(OH)+ complex in CHA cage and (Right) the 6 MR with two Al atoms located diagonally and a Cu2+ cation in the center. (B) Estimation of Cu2+, Cu(OH)+, and CuOx in fresh and hydrothermally aged Cu-SSZ-13 catalysts. Reproduced with permission Song et al. (2017), Copyright 2017, American Chemical Society. (C) The SO2 poisoning mechanism of Cu2+ and Cu(OH)+ sites. Reproduced with permission Jangjou et al. (2018), Copyright 2018, American Chemical Society.
2.1 Synthesis methods
The synthesis methods strongly affect the nature and location of Cu species in zeolites, which directly determines the NH3-SCR activity (Zhang et al., 2016b; Han M.-J. et al., 2018). The general synthesis strategies of Cu-SSZ-13 have been reviewed in previous work, amongst the conventional aqueous ion-exchange (IE), solid-state ion exchange (SSIE) and one-pot synthesis are the most commonly used methods to obtain Cu-SSZ-13 catalysts (Xin et al., 2018; Zhang L. et al., 2019). Basically, the varieties and ratio of reactants, nature of parent zeolites, as well as processing parameters of IE (such as pH value, IE temperature and time, etc.) are critical issues in the preparation of Cu-SSZ-13. The effects of synthesis methods as well as these critical factors on the physicochemical properties and catalytic performance of Cu-SSZ-13 catalysts will be described in detail below.
2.1.1 Aqueous ion-exchange method
Traditionally, Cu-SSZ-13 catalyst is prepared via the aqueous IE of NH4/SSZ-13 with Cu salts (Figure 3A), in which the Cu2+ ions are atomically dispersed by anchoring on the IE sites owing to the compensation for the positive charge of the zeolite framework (Deka et al., 2013; Xin et al., 2018; Zhang L. et al., 2019; Shan et al., 2021). Based on this principle, the Cu loading, as well as the type of Cu species in Cu-SSZ-13, can be readily modified by changing the aqueous solution concentration (Gao et al., 2013b; Wang X. F. et al., 2022). Kwak et al. (2012a) controlled the IE levels of Cu-SSZ-13 from 20% to 80% by increasing the amount of Cu2+ ions in the Cu(NO3)2 solution, and the SCR activity was correspondingly improved at low temperatures. With the increase of Cu concentration (0–0.125 mol/L, CuCl2 aqueous solutions), the SCR performance of Cu-SSZ-13 catalysts increases initially and decreases subsequently in the low-temperature region (Zhou et al., 2021). When the concentration of the Cu salt solution reaches up to 0.100 mol/L, the obtained Cu-SSZ-13 catalyst exhibits the highest low-temperature SCR activity. The excessive Cu2+ ions replaced the H+ ions in the Brønsted acid sites, inhibiting the storage and transfer capacity of NH3.
[image: Figure 3]FIGURE 3 | The representative synthesis methods for Cu-SSZ-13 catalysts. (A) Schematic diagram of aqueous ion exchange method. Reproduced with permission Xin et al. (2018), Copyright 2018, John Wiley and Sons. (B) Mechanism of one-pot synthesis method with Cu-TEPA template. Reproduced with permission Ren et al. (2011), Copyright 2011, Royal Society of Chemistry. (C) Diagram of low-temperature solid-state ion-exchange method and corresponding NOx conversion of the obtained Cu-SSZ-13 catalyst. Reproduced with permission Ma et al. (2019), Copyright 2019, American Chemical Society. (D) Synthetic process of seed-oriented synthesis method. Reproduced with permission Zhang X. Y. et al. (2019), Copyright 2019, Elsevier Publishers. (E) The inter-zeolite conversion route with low-cost NaY and Al-rich beta precursors and alternately low cost or low content structure directing agents. Reproduced with permission Zhang et al. (2021), Copyright 2021, Elsevier Publishers.
The low-temperature SCR performance of Cu-SSZ-13 catalysts was also affected by using different copper salts as precursors, and the light-off temperature followed the order of copper acetate (CuAc2) < copper chloride (CuCl2) < copper sulfate (CuSO4) < copper nitrate (Cu(NO3)2) (Zhou et al., 2022). That is because CuAc2 endows the Cu/SSZ-13 catalyst with the largest number of isolated Cu2+ and strong Lewis acid sites, facilitating the low-temperature SCR reaction. Basically, the content and location of the Cu2+ ions and CuO species in the Cu-SSZ-13 catalysts could be adjusted by Cu precursors (Wang X. F. et al., 2022). CuCl2 and CuAc2 enabled most of the Cu2+ ions located at 6MRs, while that located at 8 MR were prepared using Cu(NO3)2 and CuSO4. Therefore, relatively high stability of Cu-SSZ-13 was obtained by using CuCl2 and CuAc2 as precursors during the IE process, even though Cu(NO3)2 and CuSO4 precursors provided an unexpected increase of the high-temperature activity after hydrothermal treatment due to the accelerated adsorption of NOx species.
Furthermore, the high-performance Cu-SSZ-13 could be directly obtained from Na-SSZ-13 by adjusting the pH values of Cu salt solution during the ion-exchange process (Zhao H. W. et al., 2021). In the absence of H+ ions, the Cu2+ ions only exchanged the Na+ ions in 8 MR as ZCuOH sites due to the steric hindrance of Na+ ions located in 6MRs, while as H+ ions were present, they competed with Cu2+ ions to exchange the Na+ sites. Therefore, the Cu2+ ions took a priority over H+ ions to occupy the neighboring Al sites in 6MRs, causing that Z2Cu dominated in Cu-SSZ-13. The sufficient H+ induced a slight deactivation for Cu-SSZ-13 after hydrothermal aging owing to the fact that the stable Z2Cu restricted the formation of undesired CuAl2O4 and ultimately improved the hydrothermal stability.
2.1.2 One-pot synthesis
To reduce the number of manufacturing steps and complexity as well as to enhance the synthesis efficiency, Cu species were directly introduced into the channels of SSZ-13 zeolites during the crystallization process (Ren et al., 2012; Martínez-Franco et al., 2013; Wang J. et al., 2021). Ren et al. (2011) and Ren et al. (2012) rationally designed an efficient one-pot synthesis of Cu-SSZ-13 catalysts, in which the high Cu loading and high dispersion of Cu species were simultaneously achieved using the low-cost Cu-tetraethylenepentamine (Cu-TEPA) complex as the sole template instead of the traditional template (N,N,N-trimethyl-1-adamantammonium hydroxide, TMAdaOH) (Figure 3B). Compared with the conventional IE method, the one-pot route introducing Cu2+ species into the zeolites greatly enhanced the efficiency of Cu species, inducing good SCR activity, especially in the low-temperature range. A large amount of isolated Cu2+ sites in the one-pot synthesized Cu-SSZ-13 catalyst account for the stronger Lewis acid sites and more active nitrate species, and thus providing the superior low-temperature activity (Zhang et al., 2016b). However, the Cu-SSZ-13 catalyst derived from the one-pot synthesis method suffers from too excessive Cu content, which is harmful to its hydrothermal stability (Xie et al., 2014). The loss of a majority of nitrate adsorbed sites and acid sites led to the lower SCR performance of Cu/SSZ-13 catalysts after hydrothermal aging, while the counterpart prepared by the IE method exhibited higher low-temperature efficiency due to its suitable content of isolated Cu2+ sites and applicable proportion of Z2Cu/ZCuOH (Jiang H. et al., 2020). The effects of Cu precursors on the Cu active sites were also detected in the Cu-SSZ-13 catalysts derived from one-pot synthesis method (Wang M. X. et al., 2019). The NOx conversion of Cu-SSZ-13 catalyst prepared by Cu(NO3)2 precursor reached 90% at 180°C and remained above 90% at a wide temperature range of 180–700°C. After hydrothermal aging at 800°C, it still exhibited above 90% NO conversion under a temperature range of 240–600°C. In comparison with CuSO4 and CuCl2 precursors, the smallest Pauling radium of NO3− in Cu(NO3)2 precursor facilitated the entering of Cu2+ ions into the pores of SSZ-13 to generate more isolated Cu2+ sites and relatively uniform distribution, thus providing the outstanding low-temperature SCR activity. In addition, based on Hofmeister anion effects, the strongest adsorption capacity of NO3− among the three kinds of anions (NO3−, Cl−, and SO42−) is conducive to the formation and growth of crystal grain, thereof contributing to the superior anti-aging properties.
To overcome the drawbacks of the one-pot synthesis method, a new one-pot method of Cu-SSZ-13 zeolites was developed by the cooperative utilization of the Cu-TEPA complex and organic N,N,N-trimethyl-1-adamantammonium (TMAda) as organic structure-directing agents (OSDAs) (Martínez-Franco et al., 2013). The specific combined templates enable the direct introduction of metal extra-framework species in controlled amounts and thus guarantee the excellent catalytic activities and hydrothermal stabilities of Cu-SSZ-13. Alternatively, the excessive Cu loading of one-pot synthesized Cu-SSZ-13 catalyst can be lowered by a “reverse” IE with NH4NO3 solution (Guo et al., 2014; Xie et al., 2014). This post-treatment procedure removed a part of Cu2+ ions, and simultaneously relocalized the reserved ones from the large cages to 6 MR sites to prevent the formation of bulk CuO, which enhanced the SCR activity and the hydrothermal stability of the Cu-SSZ-13 catalyst. The post-treatment with HNO3 (Xie et al., 2015; Jiang H. et al., 2020; Liu B. et al., 2022) and HNO3-NH4NO3 (Shan et al., 2020) could also optimize the Cu species distribution and avoid the aggregation of isolated Cu2+ ions into CuOx clusters to achieve a wide active temperature window, high hydrothermal stability, and enhanced anti-poisoning performance of Cu-SSZ-13 catalyst. Moreover, the post-treatment with ammonium hexafluorosilicate (AHFS) guaranteed the improved hydrothermal stability of Cu-SSZ-13 catalyst due to the inhibition of dealumination and structural collapse and the formation of Si(OSi)3(OAl) and Si(OSi)4 structures with better hydrothermal stability (Zhang et al., 2015). Meanwhile, the OH− ions of the surface Si−OH groups could be exchanged with F− ions of the decomposed AHFS to form a highly stable hydrophobic surface to avoid the water erosion of the Cu-SSZ-13 catalyst.
Besides the aforementioned post-treatment, thermal aging without water and mild hydrothermal aging (<700°C) could induce the migration of metastable ZCuOH to unsaturated 6 MR sites to form Z2Cu (Zhang et al., 2020c; Ma et al., 2020; Lyu et al., 2021). Since the SCR reaction kinetics is governed by the diffusion of Cu2+ ions, the Cu2+ ion mobility determines the activity of the Cu-SSZ-13 catalyst. Based on this correlation and the migration of Cu2+ ions during hydrothermal aging, Lee et al. (2021b) rationally controlled the ratio of Cu species (ZCuOH and Z2Cu) with different ion mobilities in Cu-SSZ-13 catalyst by treating under a hydrothermal condition (under 20% O2, 10% H2O balanced with N2 at 550°C) for various time. With increasing the aging time, the proportion of ZCuOH decreased leading to the declined low-temperature activity, and Cu/SSZ-13 catalyst with a higher proportion of ZCuOH demonstrated superior low-temperature reactivity. In addition, the ZCuOH sites are more susceptible to sulfur poisoning and interacted more readily with SO2 to form the highly stable bisulfite/bisulfate species, resulting in the deactivation (Jangjou et al., 2018). Therefore, mild hydrothermal aging at 650°C could also enhance the sulfur poisoning resistance (Xi et al., 2021).
Nevertheless, the effects of severe hydrothermal aging on the SCR performance of Cu-SSZ-13 catalyst remains controversial. The common idea is that ZCuOH aggregates at >700°C, and two types of Cu species (CuOx and CuAlOx) are formed during hydrothermal aging, which is detrimental to the SCR activity and selectivity (Ma et al., 2020). On the contrary, hydrothermal aging was demonstrated to facilitate the conversion from CuO to Cu2+, resulting in the preservation of sufficient isolated Cu2+ ions for maintaining high NH3-SCR reaction activity at low temperatures (Lyu et al., 2021).
2.1.3 Solid-state ion-exchange method
The solid-state ion exchange (SSIE) method is another successful choice for the synthesis of Cu-SSZ-13 catalyst, therein the zeolites are adequately mixed with Cu-containing chemicals, and the obtained mixture is heated to high temperatures to proceed with the IE procedure (Wang et al., 2014). Compared with the aqueous IE method, the SSIE method is relatively simple, rather straightforward, and controllable of Cu loading. However, some drawbacks impeded its application, such as partial damage to the zeolitic structure, the incomplete reaction of Cu precursor as well as very high reaction temperatures (Xin et al., 2018). Actually, the required temperature for the Cu2+ exchanges during SSIE can be lowered in the presence of NH3 or a standard NH3-SCR feed owing to the NH3-solvated Cu2+ ions ([Cu(NH3)2]+) intermediates with high mobility facilitating the SSIE process (Shwan et al., 2014; Clemens et al., 2015). With the aid of a thermally unstable Cu salt (CuAc2 or Cu(NO3)2) as the precursor, the high-performance Cu-SSZ-13 catalyst was obtained by a low-temperature SSIE method (Figure 3C) (Ma et al., 2019).
2.1.4 Improved synthesis methods
Although Cu species are crucial to SCR performance, the support, SSZ-13 is also a vitally important consideration for the application of Cu-SSZ-13 catalysts. The high crystallinity and specific surface area as well as the regular morphology of SSZ-13 are beneficial to the well-dispersion of active sites and structural stability, guaranteeing the enhanced SCR activity of the Cu-SSZ-13 catalyst (Wang X. H. et al., 2020; Jabri et al., 2020). To enhance the synthesis efficiency and improve SCR performance of Cu-SSZ-13, some efficient and low-cost strategies have been developed, such as using cheaper OSDA (Chen et al., 2014), adding seeds (Wang et al., 2018; Zhang X. Y. et al., 2019; Zhao et al., 2019b), interzeolite conversion from FAU zeolites (Nedyalkova et al., 2013; Xiong et al., 2017; Lv et al., 2022), and microwave-assisted synthesis (Han L. et al., 2018; Wang B. et al., 2021).
Zhang and colleagues developed an economical way for SSZ-13 preparation with the essentially cheap choline chloride as a template (Chen et al., 2014; Wang X. H. et al., 2020). Under optimization by the fluoride-assisted synthesis, the obtained SSZ-13 catalyst exhibited excellent SCR performance with 100% NO conversion from 150 to 550°C due to the developed pore structure, strong NH3 adsorption capacity, and low CuO content (Wang X. H. et al., 2020). To increase the yield of SSZ-13, researchers reported a solvent-free method by using N,N,N-dimethylethylcyclohexylammonium bromide (DMCHABr) as a template (Shan et al., 2019; Zhang J. et al., 2020). Remarkably, the obtained Cu-SSZ-13 possessed more Z2Cu, thus showing higher hydrothermal stability compared with that synthesized by the traditional method using TMAdaOH as a template.
Seed-assisted method can reduce crystallization time, increase crystallinity, and adjust the particle size in the final product (Zhang J. et al., 2020). An organotemplate-free synthesis of SSZ-13 was also developed via the utilization of seeds (Zhao et al., 2017; Zhang X. Y. et al., 2019; Wang Y. et al., 2020). This seed-guided method is following a “core-shell” growth mechanism, in which the Si source and Al source continue to grow on the seed during the crystallization process (Figure 3D) (Zhang X. Y. et al., 2019). Cu-SSZ-13 derived from the seed-assisted method has a high amount of isolated Cu2+ ions in 6 MR due to a high fraction of paired Al sites, leading to a high ability for resisting the harsh hydrothermal aging (Wang Y. et al., 2020). Even though the particle size could be decreased by increasing the seed amounts, the turnover frequencies (TOFs) of the catalysts with different particle sizes and Cu loadings were identical, due to their similar Si/Al ratio, acidity, and Cu distributions (Wang et al., 2018). SAPO-34 micro-crystallite was also an ideal candidate for seed to synthesize the SSZ-13 crystal, which enhanced the Al distribution and influenced the type and stability of the isolated Cu2+ ions, as well as largely prevented the agglomeration of isolated Cu2+ ions, thus generating improved hydrothermal stability (Zhao et al., 2019b).
Furthermore, the rapid synthesis of SSZ-13 through interzeolite transformation from FAU zeolite was achieved (Nedyalkova et al., 2013; Kim et al., 2014; Xiong et al., 2017). The interzeolite conversion method could generate more paired Al atoms occupied 6 MR to provide stronger hydrothermally stable sites and better high-temperature SCR performance (Lv et al., 2021a). Zhang et al. (2021) further refined the interzeolite conversion method by using the low-cost NaY and Al-rich beta precursors (Figure 3E). After ion exchange with Cu, the Cu-SSZ-13 catalyst showed superior deNOx performance compared with that prepared by the conventional method, which can be attributed to its high crystallinity and surface area as well as abundant acidic sites.
SSZ-13 zeolites can also be synthesized with a short crystallization time assisted with microwave treatment to achieve excellent particle dispersion and a regular morphology (Han L. et al., 2018; Wang B. et al., 2021). Compared to the traditional hydrothermal method, the microwave hydrothermal method has the advantages of fast and uniform heating, fast reaction rate, and low energy consumption (Han L. et al., 2018). The corresponding Cu-SSZ-13 possessed a large specific surface area and abundant Z2Cu ions, leading to excellent catalytic activity. Moreover, the microwave treatment strengthened the Al−O−Si bonds to stabilize the zeolite framework, thereby gaining excellent hydrothermal stability.
To sum up, the aqueous IE method enables most of the Cu2+ ions locate at IE sites and few excessive Cu2+ ions disperse on the surface of SSZ-13 zeolite. Although this method could avoid the formation of undesired CuOx, the loading amount of Cu2+ is heavily dependent on the properties of SSZ-13 zeolite (such as Si/Al ratio and crystallinity), which is the core limitation for acquiring more Cu2+ active sites. By contrast, the one-pot synthesis method could introduce more Cu2+ active sites into the zeolites with high efficiency and less complexity, however the enhanced low-temperature SCR activity of the obtained Cu-SSZ-13 catalyst is usually at the expense of its hydrothermal stability. Fortunately, this drawback could be overcome by using specific combined templates or post-treatment. Currently, the SSIE method is the most straightforward way to synthesize Cu-SSZ-13 with controllable Cu loading, but the structural damage of the zeolite and the suitable Cu precursor are still problems for attention. Fundamentally, the above-mentioned methods as well as the improved synthesis methods are based on the excellent parent zeolite, thus it is crucial to synthesize SSZ-13 zeolite with high crystallinity, specific surface area, and stability. The combination of the outstanding SSZ-13 and synthesis method is a major challenge to achieve high-performance Cu-SSZ-13 catalysts with satisfactory hydrothermal stability and poisoning resistance.
2.2 Zeolite framework composition
In addition to the synthesis methods, the amount and type of Cu species in Cu-SSZ-13 are complicated by the zeolite framework composition such as Si/Al ratio (Fan et al., 2018b) and Al distribution (Zhang J. et al., 2020; Chen Z. X. et al., 2022). Moreover, the relative populations of Z2Cu and ZCuOH are dependent on these factors (Paolucci et al., 2016b). Therefore, tuning the zeolite framework composition is crucial for the Cu-SSZ-13 catalyst as it establishes the interaction between Cu redox sites and residual Brønsted acid sites which determine the catalytic performance during the SCR reaction.
2.2.1 Si/Al ratio
As shown in Figure 4A, the Si/Al ratio is vital for the SCR performance of the Cu-SSZ-13 catalyst (Kim et al., 2014; Martini et al., 2022). The high concentration of Si in zeolite ensures the framework’s stability, while the substitution of Si by Al supplies acid sites owing to the charge compensation, which further increases the number of active Cu2+ ions during the IE process and improves the NH3 adsorption during SCR reaction (Gao et al., 2015b; Fan et al., 2018b). In addition, the nature of the multiple Cu species as well as the Cu2+ ions locations and redox properties could be systemically tuned by the Si/Al ratio of the Cu/SSZ-13 catalyst, which significantly affects the activity and stability (Gao et al., 2015b; Martini et al., 2022).
[image: Figure 4]FIGURE 4 | The effects of zeolite framework composition of Cu-SSZ-13 catalysts on Cu2+ active sites and SCR performance. (A) The deNOx performance of Cu-SSZ-13 catalysts with different Si/Al ratios before and after hydrothermal aging at 850°C. Reproduced with permission Kim et al. (2014), Copyright 2014, Elsevier Publishers. (B) Collaboration of TMAda-OH and C16MPBr templates induced more paired Al and Z2Cu sites contributing to the improved hydrothermal stability. Reproduced with permission Chen Z. X. et al. (2022), Copyright 2022, Elsevier Publishers.
The low Si/Al ratio ensures the high Brønsted acidity density and large Cu ion-exchange capacity of Cu-SSZ-13, which are beneficial to improving the SCR activity (Paolucci et al., 2016b). Cu-SSZ-13 (Si/Al = 6) was proved to have superior SCR activity compared with those with a high Si/Al ratio (12 or 35) and the equivalent Cu loading (Gao et al., 2015b). Especially, the low Si/Al ratio could introduce more Cu species to generate more reactive Z2Cu sites to compose the paired isolated Cu+ species during SCR reaction, which accelerated the oxidation half-cycle of the redox cycling and thus promoted the low-temperature activity (Zhang et al., 2020d; Liu et al., 2022b). However, the large number of Al and Cu active sites are detrimental to the hydrothermal stability of Cu-SSZ-13. With increasing the Si/Al ratio, the number of highly stable Cu2+ ions (Z2Cu) decreases, which is attributed to the less Al content in Cu-SSZ-13 catalyst, resulting in the decreased activity of Cu-SSZ-13 catalyst (Han et al., 2017; Fan et al., 2018b; Jiang et al., 2019). Meanwhile, the unstable isolated Cu2+ ions (ZCuOH) transformed into the aggregated CuO species during the hydrothermal aging treatment, resulting in the collapse of the zeolite structure and giving rise to the deactivation of the Cu-SSZ-13 catalyst.
Only the Cu-SSZ-13 catalyst with an appropriate Si/Al ratio could possess both excellent low-temperature activity, hydrothermal stability, and poisoning resistance (Fan et al., 2018b). Feng et al. (2020) compared the NH3-SCR performance of a series of Cu-SSZ-13 catalysts with different Si/Al molar ratios (Si/Al = 10.6, 13.0, or 16.0), therein Cu-SSZ-13 with Si/Al ratio of 13.0 exhibited the best NH3-SCR performance, especially the low-temperature activity, due to the highest BET surface area, redox capacity and surface acidity. The too high Si/Al ratio (Si/Al > 25) decreased the number of active sites and lacks sufficient acidity resulting in inferior activity over the whole temperature range (Liu et al., 2022b). Therefore, by controlling the Si/Al ratio, the content of active sites could be regulated and the obtained catalysts would possess better low-temperature performance or higher hydrothermal stability.
2.2.2 Al distribution
Although the amount and type of Cu species in Cu-SSZ-13 are significantly affected by Si/Al ratios, the coordination structure and location of the Cu species as well as acid site distribution, which directly affect the SCR performance and hydrothermal stability, are fundamentally determined by the Al distribution in Cu-SSZ-13 zeolites (Shan et al., 2021). Density functional theory (DFT) calculations combined with ab initio molecular dynamics simulations confirmed that the Al distribution markedly affected the formation of Cu(NH3)2+-pair during SCR reaction, and uncovered a low-energy and entropically preferred path for O2 activation and dissociation over Cu(NH3)2+-pair (Chen L. et al., 2018). The results suggested the low-temperature SCR activity for Cu-SSZ-13 was governed by the formation of Cu-pairs, indicating that precise synthesis of Cu-SSZ-13 concerning Al distribution may enhance the catalytic activity.
Recently, it has been demonstrated that the Al distribution in the framework of SSZ-13 can be controlled by changing the starting materials in the synthesis procedure (Iorio Di and Gounder, 2016; Nishitoba et al., 2018). The Al distribution at a fixed Si/Al ratio could be adjusted by using selected structure-directing agents (SDAs) to synthesize the SSZ-13 zeolite (Iorio et al., 2020). Zhang J. et al. (2020) reported that framework Al distribution can be optimized by using N,N-dimethylcyclohexylammonium (DMCHA+) as a template to increase the proportion of close Al sites so that more Z2Cu can be stabilized at 6 MR sites against hydrothermal aging. C16H33-[N+-methylpiperidine] (C16MPBr) was also used to collaborate with TMAdaOH to introduce the hydrophobic mesoporous system into the Cu-SSZ-13 catalyst. The increasing amount of C16MPBr induced the increased density of paired Al in the SSZ-13 framework to promote the generation of more stable Z2Cu species, which effectively suppressed the loss of active Cu2+ ions and dealumination of the framework during the hydrothermal aging (Figure 4B) (Chen Z. X. et al., 2022). The organic template-free synthesis method could also be applied to obtain Cu-SSZ-13 catalyst with a high amount of isolated Cu2+ ions in 6 MR (Wang Y. J. et al., 2020). Therein, the high fraction of paired Al sites in the catalyst stabilized Cu2+ ions in the 6MRs, leading to a high ability to resist the harsh hydrothermal aging. Furthermore, Cu-SSZ-13 zeolite prepared by the F−-aided template-free synthesis method possessed a high fraction of paired Al and active Z2Cu species and thereby exhibits good catalytic performance and hydrothermal stability in SCR reaction (Lv et al., 2021a).
Using SAPO-34 as the seed in the hydrothermal synthesis of Cu-SSZ-13 facilitates the coordination of Si with (−O−Al), making a high concentration of Al distribution and isolated Z2Cu sites (Zhao et al., 2019b). The SAPO-34 seed moderated the dealumination as well as the agglomeration of the active Cu2+ ions in the Cu-SSZ-13 in the hydrothermal working condition, thus providing enhanced hydrothermal stability of the catalyst. Moreover, the Al distributions and Cu2+ locations could be regulated by using different types of alkali metal cations (Li+, Na+, K+, and Cs+) as counter-cations in SSZ-13 zeolites (Lv et al., 2021b). The paired Al species and distorted AlO4− tetrahedra increased with decreasing radii of alkali metal cations, which led to an increase of isolated Cu2+ species and the enhanced SCR performance of the Cu-SSZ-13 catalyst. Additionally, phosphorus (P) had also been used to modulate the Al sites in the Cu-SSZ-13 catalyst with a low Si/Al ratio, in which P ions were coordinated with the framework-bonded Al species to form a framework silicoaluminophosphate interface, retarding the dealumination of Cu-SSZ-13 catalyst and thus improving the hydrothermal stability significantly (Zhao et al., 2019a).
2.3 Cu content or Cu/Al ratio
The Cu contents as well as Cu/Al ratio of the Cu-SSZ-13 catalyst are also key factors influencing its SCR performance because their variation could change the distribution of ZCuOH and Z2Cu sites in the zeolite (Figures 5A,B) (Gao et al., 2014; Paolucci et al., 2016b; Villamaina et al., 2019). Zhou et al. (2021) demonstrated that the SCR performance of the Cu-SSZ-13 (Si/Al ≈ 22) catalysts increases initially and decreases subsequently with an increase in Cu contents in the low-temperature region (100–300°C). This result could be rationalized by the variation of amount of isolated Cu2+ species and different acid sites, therein the amount of Lewis acidity and isolated Cu2+ species were increased as the Cu contents increases from 0.07 to 0.21 mmol/g, while most of the H+ in the Brønsted acid sites (Si−OH−Al) are replaced by the further increased isolated Cu2+. Consequently, the storage and migration of NH3 were inhibited to reduce the rate of SCR activity. Under the condition of the same Si/Al ratio, the Cu/SSZ-13 catalyst with a higher Cu/Al ratio had better low-temperature performance because most of the active sites are in the form of ZCuOH (Liu et al., 2022c). Instead, when Cu/Al ratio is relatively low, the active sites are more in the form of Z2Cu, so as to the hydrothermal stability and poisoning resistance of the Cu-SSZ-13 catalyst are enhanced. Paolucci et al. (2017), Verma et al. (2014) demonstrated the high Cu/Al ratio is ideal for SCR reaction due to the preferred form of dimeric Cu sites, which are the active sites for reaction temperatures <250°C, leading to high SCR activity at low temperatures (Figure 5C). However, at high temperatures (>350°C) these moieties become thermally stable, occupy the CHA cage and obstruct pore openings, thus resulting in decreased NOx reduction efficiency (Gao et al., 2014).
[image: Figure 5]FIGURE 5 | The effect of Cu content or Cu/Al ratio on the active sites and SCR performance of Cu-SSZ-13 catalysts. (A) Standard SCR rates as a function of temperature for Cu-SSZ-13 catalysts with various Cu-loadings and Cu/Al ratios. Reproduced with permission Gao et al. (2014), Copyright 2014, Elsevier Publishers. (B) Predicted Cu site compositional phase diagram versus Si:Al and Cu:Al ratios. Reproduced with permission Paolucci et al. (2016b), Copyright 2016, American Chemical Society. (C) Standard NOx SCR rates (per volume catalyst; 473 K; measured in a differential reactor by using a gas mixture representative of practical low-temperature application, including 2.5% H2O) and apparent O2 orders measured on Cu-CHA-X samples (Si/Al = 15) of increasing Cu ion density. Reproduced with permission Paolucci et al. (2017), Copyright 2017, American Association for the Advancement of Science. (D) The deactivation mechanism of hydrothermal aging of Cu-SSZ-13 with different Cu contents. Reproduced with permission Shan et al. (2020), Copyright 2020, Elsevier Publishers.
Furthermore, by changing the Cu/Al ratio, the type, location, and proportion of Cu2+ active sites as well as the SCR performance can be effectively controlled (Chen J. W. et al., 2018). Shan et al. found that by reducing the Cu/Al ratios via HNO3 and NH4NO3 solution treatments, the hydrothermal stability of Cu/SSZ-13 catalyst could be effectively promoted (Figure 5D) (Shan et al., 2020). Experimental and calculation results demonstrated that the SCR reaction rate increased linearly with Cu/Al ratio up to Cu/Al = 0.2 for Cu-SSZ-13 catalyst with Si/Al = 4.5, and the effective maximum amount of isolated Cu occupying 2Al on the 6 MR of the SSZ-13 was achieved, contributing to the high activity and stability (Bates et al., 2014). With the increasing Cu/Al ratio, the overall intrinsic activity and hydrothermal stability of Cu-SSZ-13 catalysts decreased due to the linearly increased proportion of ZCuOH/Z2Cu (Kim et al., 2014). Cu-SSZ-13 catalyst with Cu/Al2O3 = 2.50 (Si/Al = 10; Cu content: 3.25 wt%) exhibits excellent catalytic activity (operation temperature window of 145–490°C) and adaptability to high gas hourly space velocity as well as hydrothermal stability (Chen J. W. et al., 2018). This could be ascribed to the presence of different functional Cu2+ species located in various sites in the catalyst. Some Cu2+ species situated close to 8 MR play a critical role in the low-temperature activity, while the others located in the center of the hexagonal prism are the most stable active species and simultaneously contribute to the excellent hydrothermal aging and SO2 resistance.
3 INTRODUCING THE HETEROATOMS OR METAL OXIDES
Besides the modification of the Cu active sites, introducing the heteroatom or promoter is also an efficient way to improve the performance of Cu-SSZ-13 catalysts. According to the previous studies, the active sites of Cu-SSZ-13 could be identified by characterization and performance testing, such as X-ray absorption fine structure, electron paramagnetic resonance, nuclear magnetic resonance, H2 temperature-programmed reduction, NH3 temperature-programmed desorption, diffuse reflection using Fourier transform spectroscopy, kinetic tests, and so on (Fickel and Lobo, 2010; Korhonen et al., 2011; Deka et al., 2012; Gao et al., 2014; Zheng et al., 2020; Shan et al., 2021; Wang Z. H. et al., 2022). By using these characterization methods, Cu2+ ions are still proved to be active sites after introducing heteroatom or promoter in Cu-SSZ-13 catalyst. The improved SCR performance is due to the increased number of active sites, and enhanced acidity and redox property of the catalyst, which are derived from the interaction between Cu2+ and heteroatom/promoter (Zheng et al., 2020; Wang Z. H. et al., 2022). Moreover, the introduced heteroatom or promoter could stabilize the active sites and the framework of zeolite, and improve the dispersion of active sites to provide favorable hydrothermal stability and anti-poisoning performance (Xie et al., 2022).
3.1 Alkali metal ions
Table 1 summarized the currently developed Cu-SSZ-13 catalysts doped with alkali metal ions, which will be discussed in detail below. Alkali metal ions, especially Na+ ions, are generally introduced in the synthesis of SSZ-13 zeolites by the hydrothermal method. As the common co-cations in Cu-SSZ-13 zeolites, alkali metal ions often influence the properties of active species and the zeolite support (Fan et al., 2018a; Wang C. et al., 2020). Certain amount of alkali metal ions could stabilize the Al-rich Cu-SSZ-13 catalysts and weaken the interaction between Cu and SSZ-13 framework to improve the reducibility, showing the improved SCR activity (Figure 6A) (Gao et al., 2015a; Xie et al., 2015; Zhao et al., 2017). Ulteriorly, the introduced alkali metals could improve the SCR performance of Cu-SSZ-13 catalysts along with decreasing radii of alkali metal cations (Li+, Na+, K+, and Cs+) owing to the increased paired Al species and distorted AlO4− tetrahedra (Lv et al., 2021b). It is worth noting that Na+ ions could provide extra low-temperature NH3 storage to promote the low-temperature NOx conversion, while the excess Na+ ions, competed with Cu2+ ions resulting in the depletion in the numbers of active Cu2+ sites (Gao et al., 2015a).
TABLE 1 | Summary of the Cu-SSZ-13 catalysts doped with alkali metal ions.
[image: Table 1][image: Figure 6]FIGURE 6 | (A) Effects of Na+ ions on the activity and hydrothermal stability of Cu-SSZ-13 catalysts. Reproduced with permission Zhao et al. (2017), Copyright 2017, Elsevier Publishers. (B) Effects of Fe impregnation on the activity of Cu-SSZ-13 catalyst. Reproduced with permission Chen M. Y. et al. (2021), Copyright 2016, Royal Society of Chemistry. (C) Location of the Cu and Ce cations in Cu-SSZ-13 and the effect of Ce loading on the SCR performance and hydrothermal stability. Reproduced with permission Usui et al. (2018), Copyright 2018, American Chemical Society. (D) Schematic diagram of SCR mechanism of MnOx-CeO2-Cu-SSZ-13 composite catalyst. Reproduced with permission Andana et al. (2022), Copyright 2022, Elsevier Publishers. (E) Enhanced high-temperature SCR activity and schematic diagram of the highly dispersed ZrO2 modified Cu-SSZ-13. Reproduced with permission Peng et al. (2020), Copyright 2020, Elsevier Publishers.
However, the effect of alkali ions on the hydrothermal stability of Al-rich Cu-SSZ-13 catalyst is still under debate. For the one-pot synthesized Cu-SSZ-13 catalyst, the excessive residual Na+ ions after post-treatment with dilute HNO3 were detrimental to the hydrothermal stability because they decreased the stability of Cu species seriously (Xie et al., 2015). While for the ion-exchanged one, the introduced alkali metal cations (Na+ and Li+) helped decrease the excess Brønsted acidity and mitigated the hydrolysis of zeolite during hydrothermal aging to enhance the hydrothermal stability of Cu-SSZ-13 catalyst (Gao et al., 2015a; Cui et al., 2020).
To better differentiate the introduced Na+ ions interacted with active Cu2+ sites, the parent SSZ-13 zeolites of Cu-SSZ-13 catalysts with identical Si/Al ratio and Na loading were prepared by in situ hydrothermal synthesis, post-ion-exchange, and impregnation methods (Chen Z. X. et al., 2020; 2019). The post-ion-exchanged Na+ ions located on the 6 MR sites enriched the hydrothermally vulnerable ZCuOH species in Cu-SSZ-13 catalyst, while the impregnated Na+ ions reduced the number of Cu2+ ions significantly by forming CuOx species and Cu-aluminate-like species to impede the oxidation half cycle of Cu2+, which was the rate-limiting step of SCR reaction at low temperatures on Cu/SSZ-13 catalyst. Surprisingly, the residual Na+ ions in situ hydrothermal synthesis exhibited only a negligible effect on the active sites and promoted the hydrothermal stability of Cu-SSZ-13 by preserving Si–OH–Al bonds, consequently maintaining the high SCR activities even after hydrothermal aging.
3.2 Transition metal ions
Introducing an appropriate amount of transition metal element into Cu-SSZ-13 is another method to improve the SCR performance and hydrothermal stability of catalysts. As shown in Table 2, transition metals, such as Fe, Mn, and Co are often used to modify the catalytic activity of Cu-SSZ-13 catalysts as popular active components (Zhang S. T. et al., 2020). Among these, Mn or Fe modified Cu-SSZ-13 catalysts have been extensively studied because of their excellent SCR performance.
TABLE 2 | Summary of the Cu-SSZ-13 catalysts doped with transition metal ions.
[image: Table 2]Mn was impregnated into Cu-SSZ-13 and MnOx species tended to be located in the pores of Cu-SSZ-13 in a highly dispersed form, and markedly facilitated the redox ability of Cu-SSZ-13 (Du et al., 2020). The improvement of the redox ability promoted the formation of nitrate species, which were critical intermediates in the NH3-SCR process. As a result, the low-temperature catalytic performance was greatly improved in Mn-impregnated Cu-SSZ-13 catalysts. Furthermore, the low-temperature SCR performance could be also improved by the promoted oxidation of Cu+ to Cu2+ relying on the introduction of Mn (Jiang L. et al., 2020). By using co-exchange method, a series of Cu-Mn-SSZ-13 catalysts were obtained, and the moderate amount of Mn in the Cu-Mn-SSZ-13 catalyst significantly increased the SCR activity at the low-temperature range and reinforced the resistance to hydrothermal aging because Mn inhibited the aggregation of Cu species and the pore destruction of the catalyst (Song et al., 2019). Recently, MnCu-SSZ-13 catalysts with hierarchical pores were successfully prepared by a one-pot method using the complex templates, and the obtained catalyst exhibited excellent SCR activity and hydrothermal stability owing to the highly dispersed Mn species and the unique NO adsorption properties (Wang Z. H. et al., 2022). Particularly, the hierarchical pores structure of MnCu-SSZ-13 played key roles in the distribution of active sites and gas diffusion.
Yang et al. (2012) compared the SCR performance by incorporating a secondary metal cation M (Sc3+, Fe3+, In3+, and La3+) in the Cu-exchanged SSZ-13 catalyst, and the CuFe-SSZ-13 catalyst offered the best NOx conversion activity in the 150–650°C range among the reported catalysts here. The introduced Fe3+ ions were in the vicinity of Cu2+ ions, and the heterobimetallic core facilitated the disproportionation reaction between NO and NO2 to form and stabilize NO+ and NO2−, thus executing the fast SCR reaction to contribute to a superior low-temperature SCR activity. Normally, the introduction of Fe3+ ions can significantly improve the high-temperature activity of Cu-SSZ-13 since Fe-SSZ-13 exhibits high NOx conversion at higher temperatures in SCR reaction. In principle, the isolated Cu2+ species act as primary active sites for the low-temperature SCR reaction, while monomeric Fe3+ species provide sufficient active sites to sustain the SCR activity at high temperatures (Wan et al., 2021). According to this principle, incorporating these two elements into SSZ-13 by IE method could overcome the single metal deficiency and construct a more efficient catalyst for NH3-SCR reaction over a wide temperature range (Zhang et al., 2014; Yin et al., 2016; Wang X. Y. et al., 2022). The superior performance with a Fe/Cu molar ratio of 1.29 was attributed to the collaboration of various active species, including [Cu(OH)]+, [Fe(OH)]2+, and oligomeric iron, in which the former accounted for the excellent low temperature (<200°C) performance, while the later ones as well as isolated Cu2+ were responsible for the high-temperature activity (Wang X. Y. et al., 2022). Moreover, the extra-framework Fe3+ in Cu-SSZ-13 could suppress the aggregation of Cu2+ at high reaction temperature and promote the transformation of [Cu(OH)]+ species to Cu2+ during hydrothermal aging, leading to better catalytic performance (Figure 6B) (Yin et al., 2016; Chen M. Y. et al., 2021). The poisoning tolerance could also be increased by the synergistic effects between Fe and Cu species (Zhang et al., 2014). The further base leaching on CuFe-SSZ-13 catalyst could significantly promote the interaction between active metals and zeolite framework, induce the formation of Lewis acid sites, improve redox ability, and effectively promote the generation of Z2Cu to significantly accelerate the reaction between the adsorbed NOx species with NH3, consequently enhancing the SCR performance (Wu et al., 2022).
The heterobimetallic FeCu-SSZ-13 zeolite could also be synthesized by a one-pot strategy (Yue et al., 2020; Wan et al., 2021). The small crystallize size, large specific surface area and pore volume, low acid strength, and abundant isolated Cu2+ and framework Fe3+ ions endowed the super-wide reaction temperature window, excellent hydrothermal stability, high H2O and SO2 tolerance, and good gaseous hourly space velocity flexibility of FeCu-SSZ-13 (Yue et al., 2020). Wang M. X. et al. (2019) found that CuFe-SSZ-13 possessed better SO2 resistance compared with Cu-SSZ-13 because Fe3+ as a sacrificial component interacts with sulfur oxide to protect Cu2+ active sites. A different point of view was put forward in CuFe-SSZ-13 prepared by homogeneous precipitation (Xie et al., 2022). The addition of Fe species did not protect Cu species during SO2 treatment obviously but retained many active Fe species, which were helpful for the activation of reactants in the presence of SO2, especially the reactivity between NH3 adsorption species and NOx, leading to better SO2 resistance than Cu-SSZ-13.
Besides, CuCo-SSZ-13 catalysts were synthesized by introducing Co2+ ions before loading Cu ions onto Cu-SSZ-13 to improve the SCR activity (Lee et al., 2021a). The pre-loaded Co2+ co-cations could induce the Cu2+ ions to exist as more reactive species ZCuOH rather than less active species Z2Cu because Co2+ ions are known to be selectively located at the 2Al sites. Wang J. G. et al. (2021) reported that the low-temperature SCR activity of Cu-SSZ-13 could be dramatically enhanced by introducing a certain amount of niobium (Nb). Similarly, Nb ions entered into the exchange sites to increase the number of ZCuOH and the formation of Nb=O bonds enhanced the amount of the Lewis acid sites and the Brønsted acid sites, promoting the NH3 adsorption capacity. Furthermore, Nb modified Cu-SSZ-13 catalyst could adsorb more NOx species, which reacted with NH4+ adsorbed on the Brønsted acid sites through the Langmuir–Hinshelwood (L-H) route, and the coordinated NH3 on Lewis acid sites species played main roles as the main active intermediates at low temperature. There is also a study found that Zn could be introduced into the Cu-SSZ-13 catalyst to stabilize Cu2+ and thus improve the hydrothermal stability (Xu et al., 2020). Experimental results and DFT calculations confirmed that the introduced Zn could not only help optimize and disperse the isolated Cu2+ species, providing good SCR activity, but also form [Zn−OH]-Z, [Cu−O−Zn]-Z, and [Zn−O−Zn]-Z complexes, which were much more stable than the mono-Cu species (ZCuOH) under hydrothermal aging. These Zn-containing species served as anchors to stabilize the SSZ-13 framework and prevent the Cu2+ ions from migrating during hydrothermal aging.
3.3 Rare earth metal ions
Recently, several rare earth-doped Cu-SSZ-13 catalysts have been widely reported due to their easy operability, outstanding NOx removal efficiency, and desired improvement in hydrothermal stability (Table 3) (Liu et al., 2015; Zhao Z. C. et al., 2019; Zhang S. T. et al., 2020). Cerium (Ce) as a modifier has been widely used in SCR catalysts due to its easy redox cycle between +3 and +4 valence states (Tang et al., 2016; Jiang L. et al., 2020). Wang et al. (2016) reported Ce-stabilized Cu-SSZ-13 catalysts, in which Ce exchanged ions stabilized the Cu active centers, partially preventing dealumination of the SSZ-13 framework. In addition, the existence of Ce3+ created a charge imbalanced environment, leading to increased oxygen vacancy, improving the activation of surface oxide species, so as to increasing the low-temperature activity. Thereafter, Usui et al. (2018) reported the Ce-incorporated Cu-SSZ-13 exhibited excellent hydrothermal stability since Ce located in the CHA cage of SSZ-13 could fill the defect sites, reduce the number of available attacks positions and stabilize the zeolite structure (Figure 6C). The introduced Ce could change the location and coordination environment of Cu2+ ions and participate in the reaction process, which was beneficial for the low-temperature SCR activity (Wang Y. et al., 2021). In the case of one-pot synthesized Cu-SSZ-13, the catalytic activity and sulfur resistance could be enhanced by modifying with Ce using the IE method (Li et al., 2019). The improved redox capacity by doping with Ce and the synergistic effect between Cu and Ce species which enhanced the adsorption of reactants contribute to the excellent SCR performance.
TABLE 3 | Summary of the Cu-SSZ-13 catalysts doped with rare earth metal ions.
[image: Table 3]Similar enhanced SCR performance has been reported by the addition of yttrium (Y) cations in the Al-rich Cu-SSZ-13 (Zhao Z. C. et al., 2019), furthermore the DFT calculation confirmed that Y3+ and Cu2+ ions entered the SSZ-13 zeolite to form coordination bonds with the framework O to stabilize the framework Al, consequently enhancing the hydrothermal stability of Cu-SSZ-13 catalyst (Li et al., 2020). Besides the introduction of Ce and Y, Wang Y. J. et al. (2020) also reported that samarium (Sm)-incorporated Al-rich Cu-SSZ-13 (Si/Al = 3.6) showed better hydrothermal stability than the pristine Cu-SSZ-13. The introduced Sm cations were hypothesized to locate at IE sites in CHA cages due to their large ionic radius, which contributed to the inhibition of the dealumination of the zeolites. After hydrothermal aging, Sm-modified Cu-SSZ-13 maintained high crystallinity, large amounts of acid sites and active Cu species to provide superior SCR activity compared to Cu-SSZ-13. Very recently, the incorporation of Sm ions into Cu-SSZ-13 zeolites has been reported for superior SCR performance (Chen M. Y. et al., 2022). The Sm ions are found to occupy the 6 MR of SSZ-13, which facilitated the formation of more active ZCuOH ions at 8MRs, simultaneously the electron transfer from Sm3+ to ZCuOH ions not only promoted the activity of ZCuOH ions but also inhibited the transformation of ZCuOH ions into CuOx species, thus enhancing the SCR performance of Cu-SSZ-13 catalysts. Although lanthanum (La) doping was demonstrated to decrease the amount of framework Al and Cu active sites of Cu/SSZ-13 after hydrothermally aging (Deng et al., 2021), the co-introduction of Ce4+ and La3+ ions could effectively regulate the Cu2+ ions to migrate from 8 MR to more active 6MRs, endowing Cu-Ce-La-SSZ-13 with excellent low-temperature SCR activity (Chen et al., 2020a).
3.4 Metal oxides
Based on the above discussion, several options have been proposed to improve the SCR activity of Cu-SSZ-13 catalysts. An alternative is to add a second phase (metal oxide) to Cu-SSZ-13 to help improve low-temperature activity except for co-exchanging Cu-SSZ-13 with heteroatoms, in which the improvement in low-temperature SCR performance is limited since the co-cations appear to enhance Cu redox capacity, but decrease Cu loading by competing for the exchange sites (Table 4) (Andana et al., 2021; 2022). The metal oxide in Cu-SSZ-13 zeolite-metal oxide composite catalyst carried out the oxidative function to partially convert NO to NO2 to enable the fast SCR reaction over the catalyst.
TABLE 4 | Summary of the Cu-SSZ-13 catalysts composited with metal oxides.
[image: Table 4]Among the various metal oxides, MnOx-CeO2 catalyst has been studied extensively due to its nontoxicity and outstanding low-temperature activity, therefore it should be an ideal candidate for improving the low-temperature activity of Cu-SSZ-13 catalyst (Qi et al., 2004). Liu et al. (2017) supported MnOx-CeO2 on Cu-SSZ-13 samples with an impregnation method. The sample had excellent NOx conversions above 90% from 125 to 450 °C and good H2O and SO2 resistances. Recently, the reaction pathway of MnOx-CeO2-Cu-SSZ-13 composite catalyst was revealed, in which the oxide-derived nitrites/nitrite-precursors (e.g., HONO, N2O3) reacted with Cu-SSZ-13 stored NH3 species to generate NH4NO2 intermediate whose decomposition is almost barrierless assisted by the Brønsted-acid site (Figure 6D) (Andana et al., 2022). Furthermore, this composite catalyst could circumvent the challenge of NH4NO3 deposits inhibiting low-temperature SCR on Cu-SSZ-13.
Other Ce-based oxides were also developed as the metal oxide component of the composite catalyst (Zhao W. Y. et al., 2021; Martinovic et al., 2021). The Cu-SSZ-13/CeWTi composite catalysts formed a micro-mesoporous structure, and the improved crystal structure of SSZ-13 and high specific surface area and pore volume are conducive to enhancing the low-temperature SCR activity (Zhao W. Y. et al., 2021). The combination of micropores and mesopores produced more Ce4+ ions, surface chemisorption oxygen species as well as acid sites to enhance the low-temperature SCR performance and hydrothermal stability of the catalyst. The Cu-SSZ-13 mixed with CeO2-SnO2 to form a composite catalyst via a solid-state synthesis, which was resistant to hydrocarbon poisoning of the SCR reaction due to the interaction between Cu, CeO2-SnO2, and protonic sites (Martinovic et al., 2021).
There are also studies focusing on reducing the adverse effects of hydrothermal aging on Cu-SSZ-13 catalysts by introducing zirconium oxide (ZrO2) (Peng et al., 2020). A strong interaction was achieved by the highly dispersed ZrO2 on Cu-SSZ-13, and a Cu-stabilized t-Zr O 2 phase formed, which greatly hindered the non-selective NH3 oxidation due to CuOx (Figure 6E). Therefore, the high-temperature SCR activity was enhanced without reducing the SCR activity at low temperatures. Yu et al. (2020) found that some titanium (Ti)-based metal oxides (XTi10Ox, X = Mn, Co, Ni, Zn), which can be mixed with Cu-SSZ-13 zeolite to form hybrid catalysts, can serve as a sacrificial component to prevent Cu2+ site poisoning. Notably, the ZnTi10Ox-Cu-SSZ-13 catalyst showed a significantly higher NO conversion than in Cu-SSZ-13 after poisoning with SO2, in which more ZnSO4 species were generated, sparing the Cu2+ active sites from sulfur deactivation.
4 REGULATING THE MORPHOLOGY
The morphology of the Cu-SSZ-13 catalyst may also impart effects on the performance and stability of the catalysts, consequently regulating the morphology is also an effective way to improve the performance of Cu-SSZ-13 catalysts (Table 5). It includes modulating the crystalline size of zeolites and introducing mesoporous structures into the microporous zeolites to reduce the diffusion limitation of reactants and product molecules, thus improving the mass transfer rate and catalytic performance of zeolites; introducing hydrophobic surface on the zeolite to alleviate the attack from water, suppressing the dealumination of the SSZ-13 zeolite, thus improving the hydrothermal stability (Hartmann et al., 2016; Takata et al., 2016; Gallego et al., 2018; Wardani et al., 2018; Sun et al., 2020).
TABLE 5 | Typical Cu-SSZ-13 catalysts with different morphologies reported in the literatures.
[image: Table 5]4.1 Modulating the crystalline size of zeolites
Sub-micron Cu-SSZ-13 was shown to be an effective and stable catalyst for SCR reaction (Prodinger et al., 2017). However, the catalytic performance and hydrothermal stability of the Cu-SSZ-13 catalyst are independent of the particle size. Conversely, Palčić and coworkers (2020) found that decreasing the size of zeolite crystals could improve the efficiency of the IE process to generate more Cu2+ sites in Cu-SSZ-13. Cu-SSZ-13 catalyst with particle size ∼300 nm possessed more Cu2+ in the 6 MR and less CuO species leading to its higher SCR activity compared to other catalysts with smaller particle sizes. Moreover, the hydrothermal stability of the Cu-SSZ-13 catalyst was also affected by the nano-size effect. Peng et al. (2018) developed a two-stage synthetic method conducted at low (95°C) and high (210°C) temperatures sequentially to prepare nanosized SSZ-13 zeolite. The obtained nanosized Cu-SSZ-13 zeolite exhibited enhanced hydrothermal stability due to the structural healing of SSZ-13 by the high-temperature treatment.
There were still some debates about the nano-size effect on the poisoning resistance of Cu-SSZ-13. Compared with nanosized counterparts, Cu/SSZ-13 with a crystal size of 2.3 µm exhibited excellent resistance to Na poisoning (Chen Z. X. et al., 2021). The large crystal size facilitated the distribution of acidic sites and the Cu ions distributed in the deep layer have strong redox stability and are not easily solvated by NH3 or H2O, and are less likely to be replaced by Na to generate CuO. However, a different perspective was offered by Liang and colleagues, in which the SCR activity as well as the SO2 and H2O resistance over the nano-sized Cu-SSZ-13 outperformed the conventional Cu-SSZ-13 mainly due to the much shorter diffusion path (Liang et al., 2020).
4.2 Fabricating hierarchical pores
Since SSZ-13 is a small pore 8 MR structure with a radius of 3.8 Å, it also causes problems such as diffusion limitations that limit the physical transport of reactants to the active sites (Liu et al., 2020a). Indeed, the internal diffusion limit plays a key role in the NH3-SCR performance of Cu-SSZ-13, especially at low temperatures (Gao et al., 2013b). Therefore, the addition of mesopores (2–50 nm) could eliminate diffusion limitations and promote the accessibility of reactants to the active sites in the zeolite (Hartmann et al., 2016; Sun et al., 2020). In recent years, hierarchical zeolites containing both micro and meso-/macrospores have been proved to improve catalytic performance efficiently by accelerating the mass transportation of the reactants and products. Some Cu-SSZ-13 catalysts with hierarchical pores reported in the literatures are listed in Table 5.
Mesoporous Cu-SSZ-13 was first created by desilicating using NaOH leaching, and it became more active in SCR reaction, especially in the low-temperature region (Oord et al., 2017). This promoted activity could be attributed to decreasing the pore diffusion limitations because of the introduction of mesopores on the outside of the zeolite crystals. In addition to the post-treatment, direct synthesis is the main synthesis method of hierarchical zeolites. Liu et al. (2020b) developed a dual-template strategy combining TMAdaOH as the structure-directing agent with C16H33-[N+-methylpiperidine] (C16MP) as the mesoporogen to build the pore-controllable hierarchical Cu-SSZ-13 catalyst. The interaction between micropores and mesopores improved the adsorption of NO and NH3 and the mesopores maintained the high-temperature activity due to their inhibition of NH3 oxidation. Furthermore, the highly crystalline hierarchical porous Cu-SSZ-13 zeolite also exhibited improved SO2 tolerance due to the mesopores alleviating the accumulation of sulfates (NH4HSO4 (NH4)2SO4, etc.) (Peng et al., 2021)., Notably, the highly crystalline hierarchical porous Cu-SSZ-13 could be synthesized by adding carbon black as a hard template (Liang et al., 2021). The obtained Cu-SSZ-13 catalyst with ordered mesopores exhibited superior performance, especially the low-temperature deNOx performance compared with the traditional Cu-SSZ-13 without mesopores. More importantly, Cu-SSZ-13 catalyst with ordered mesopores displayed superior hydrothermal stability, as well as water and sulfur resistance because the ordered mesopores could prevent the formation of NH4NO3 and promote the decomposition of sulfates.
4.3 Constructing the core-shell structures
The core-shell structure for improving the SCR performance has been employed in Cu-SSZ-13 catalysts. A series of Cu-SSZ-13@CeO2 catalysts with surface modification with CeO2 was prepared by the modified self-resemble method based on the one-pot synthesized Cu-SSZ-13 catalyst (Figure 7A) (Shi et al., 2020). The low-temperature SCR activity and the SO2+H2O tolerance of Cu-SSZ-13@CeO2 were found to enhance markedly compared with Cu-SSZ-13. The improved redox property as well as the increased adsorption of NH3 and NOx species by the CeO2 modification were crucial for the enhanced SCR performance of Cu-SSZ-13@CeO2.
[image: Figure 7]FIGURE 7 | Core-shell structured Cu-SSZ-13 catalysts. (A) SEM image of Cu-SSZ-13@CeO2 catalyst. Reproduced with permission Shi et al. (2020), Copyright 2020, Springer Publishers. (B) TEM image of SiO2 nanolayer coating on the Cu-SSZ-13 catalyst. Reproduced with permission Tian et al. (2021), Copyright 2021, Elsevier Publishers. (C) TEM images and EDS line scanning of Al-Cu-SSZ-13. Reproduced with permission Ma et al. (2022), Copyright 2022, Elsevier Publishers. (D) Schematic representation of the preparation of meso-SSZ-13@MAS composite. Reproduced with permission Zhang et al. (2016a), Copyright 2016, Elsevier Publishers. (E) Schematic representation of the preparation of the Cu-Ce-La/SSZ-13@ZSM-5 core-shell catalyst. Reproduced with permission Chen et al. (2020b), Copyright 2020, Elsevier Publishers.
Modifying the surface of Cu-SSZ-13 catalysts by introducing a hydrophobic surface, protecting shell, or metal oxides could prevent the water molecules from attacking the surface of a zeolite catalyst, and eventually improve the hydrothermal stability of catalysts. Tian et al. (2021) reported a new strategy to improve the high-temperature hydrothermal stability of Cu-SSZ-13 by coating the surface with a SiO2 nanolayer using the atomic layer deposition (ALD) method (Figure 7B). The deposited thin and uniform SiO2 nanolayer scarcely affects the SCR activity of Cu-SSZ-13 but improves the high-temperature hydrothermal aging resistance by maintaining the integrity of the frameworks of Cu-SSZ-13 and slowing down the accumulation of Cu species as well as stabilizing the position of Cu2+ ions to prevent the formation of CuO clusters during hydrothermal aging.
The same effect can also be achieved by coating the surface of the catalyst with a thin Al2O3 layer by a chemical liquid deposition (CLD) method (Figure 7C) (Ma et al., 2022). The high-temperature SCR activity of the Al-modified Cu-SSZ-13 was maintained upon 750–800°C hydrothermal aging, and the over-oxidation of NH3 was largely inhibited by the absence of CuO-like species due to the formation of CuAlO2-like species upon Al modification during hydrothermal aging. In addition, a core-shell structured Cu-SSZ-13 fabricated by a mesoporous aluminosilicate (MAS) shell coating on the mesopore-containing SSZ-13 core could simultaneously solve three major problems existing in the previous Cu-SSZ-13, i.e., low-temperature activity, hydrothermal stability, and propene poisoning resistance (Figure 7D) (Zhang et al., 2016a). The increase of SCR activity across the entire temperature range was attributed to increasing the number of active Cu species (isolated Cu2+ ions) and fewer pore diffusion limitations. The MAS shell prevented the dealumination of the SSZ-13 core effectively, hence enhancing the hydrothermal stability of the catalyst.
A core-shell structure Cu-Ce-La/SSZ-13@ZSM-5 catalyst with a Cu-Ce-La/SSZ-13 core and a ZSM-5 shell was synthesized by a self-assembly method (Figure 7E) (Chen et al., 2020b). In comparison with Cu-Ce-La/SSZ-13, Cu-Ce-La/SSZ-13@ZSM-5 with appropriate shell thickness presents better SCR activity and hydrothermal stability. Part of the metal ions was migrated and redistributed during the assembly of the ZSM-5 shell, resulting in the transformation of ZCuOH to Z2Cu species and the functionalization of the shell phase to be conducive to the adsorption and activation of NH3 for promoting SCR activity. Meanwhile, the hydrophobic shell effectively improves the hydrothermal stability and H2O resistance of core-shell Cu-Ce-La/SSZ-13@ZSM-5.
5 SUMMARY AND OUTLOOK
In this review, the research progress in optimizing the SCR performance of Cu-SSZ-13 for deNOx has been summarized. Considering the problems existed in practical application, the strategies such as modifying the Cu active sites, introducing the heteroatoms or metal oxides, and regulating the morphology are thoroughly discussed for improving the low-temperature activity, hydrothermal stability, and poisoning resistance. Despite the widespread investigation and efficient utilization as commercial SCR catalysts, Cu-SSZ-13 catalysts still have some challenges and remaining issues listed as follows.
1) The current synthesis methods and the corresponding Cu-SSZ-13 catalysts often suffer from complex procedures, relatively high costs, low Cu loadings, and inferior deNOx efficiency, which would inhibit their large-scale production and industrial application. Based on the development of data analysis and predictions, emerging techniques such as high throughput screening, machine learning, or a combination of both will be challengeable tasks in searching for the new synthesis methods, technological parameter as well as optimal performance of Cu-SSZ-13 catalysts.
2) Although many efforts, especially involved in introducing heteroatoms, have been devoted to optimize the SCR performance of Cu-SSZ-13 catalysts, the investigation of improved mechanisms and the reaction pathway should be strengthened. The atomic-level understanding of the electronic effect and steric effect between the doped atoms and Cu2+ ions as well as the effect of doped atoms on zeolite framework and active sites are worthy of study by suitable experiments combined with auxiliary calculations.
3) Besides the metal oxides/Cu-SSZ-13 composite catalysts mentioned in this review, development of other composite catalysts composed with different elemental composition and pore structure for the NH3-SCR reaction should be pursued. The combination of the advantages of the high-performance SCR catalysts are urgently needed, such as the combination of Cu-SSZ-13 with transition metal-based oxides, rare earth-based oxides, Fe-SSZ-13, and Cu-based small-pore zeolites with various structures (AEI, LTA, etc.). The composing form, proportion and synergistic effects of the two components in these composite catalysts should also be investigated deeply and thoroughly. Furthermore, the small-pore intergrown zeolites (e.g., AFX/CHA, CHA/AEI) have drawn much attention of researchers, which offer distinctive properties compared with pure zeolite phases. Therefore, Cu-SSZ-13 composite catalysts as well as Cu-CHA intergrown zeolites might be the attractive candidates for future SCR catalysts.
AUTHOR CONTRIBUTIONS
YX conceived the presented idea and took the lead in writing the manuscript. PL wrote the initial manuscript draft. HZ, FY, and AT revised the manuscript. DH, JJ, JW, ZL, and ZZ provided advice for the writing of the manuscript.
FUNDING
This work was supported by the National Natural Science Foundation of China (21906063, 22076062, 21876061, and 22276070), the Project Funded by China Postdoctoral Science Foundation (2022M711957), the National Engineering Laboratory for Mobile Source Emission Control Technology (NELMS2019A14), and the Project of Jinan Municipal Bureau of Science and Technology (2020GXRC021).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Andana, T., Rappé, K. G., Gao, F., Szanyi, J., Pereira-Hernandez, X., and Wang, Y. (2021). Recent advances in hybrid metal oxide-zeolite catalysts for low-temperature selective catalytic reduction of NOx by ammonia. Appl. Catal. B Environ. 291, 120054. doi:10.1016/j.apcatb.2021.120054
 Andana, T., Rappé, K. G., Nelson, N. C., Gao, F., and Wang, Y. (2022). Selective catalytic reduction of NOx with NH3 over Ce-Mn oxide and Cu-SSZ-13 composite catalysts-low temperature enhancement. Appl. Catal. B Environ. 316, 121522. doi:10.1016/j.apcatb.2022.121522
 Andersen, C. W., Bremholm, M., Vennestrøm, P. N. R., Blichfeld, A. B., Lundegaard, L. F., and Iversen, B. B. (2014). Location of Cu2+ in CHA zeolite investigated by X-ray diffraction using the Rietveld/maximum entropy method. IUCrJ 1, 382–386. doi:10.1107/s2052252514020181
 Barbosa, F. (2020). Heavy duty diesel emission standards regulation evolution review−current outcomes and future perspectives. SAE Tech. Pap . 2019-36-0174. doi:10.4271/2019-36-0174
 Bates, S. A., Verma, A. A., Paolucci, C., Parekh, A. A., Anggara, T., Yezerets, A., et al. (2014). Identification of the active Cu site in standard selective catalytic reduction with ammonia on Cu-SSZ-13. J. Catal. 312, 87–97. doi:10.1016/j.jcat.2014.01.004
 Beale, A. M., Gao, F., Lezcano-Gonzalez, I., Peden, C. H. F., and Szanyi, J. (2015). Recent advances in automotive catalysis for NOx emission control by small-pore microporous materials. Chem. Soc. Rev. 44, 7371–7405. doi:10.1039/c5cs00108k
 Chen, B. H., Xu, R. N., Zhang, R. D., and Liu, N. (2014). Economical way to synthesize SSZ-13 with abundant ion-exchanged Cu+ for an extraordinary performance in selective catalytic reduction (SCR) of NOx by ammonia. Environ. Sci. Technol. 48, 13909–13916. doi:10.1021/es503707c
 Chen, J. W., Zhao, R., and Zhou, R. X. (2018a). A new insight into active Cu2+ species properties in one-pot synthesized Cu-SSZ-13 catalysts for NOx reduction by NH3. ChemCatChem 10, 5182–5189. doi:10.1002/cctc.201801234
 Chen, L., Falsig, H., Janssens, T. V. W., Jansson, J., Skoglundh, M., and Grönbeck, H. (2018b). Effect of Al-distribution on oxygen activation over Cu–CHA. Catal. Sci. Technol. 8, 2131–2136. doi:10.1039/c8cy00083b
 Chen, M. Y., Li, J. Y., Xue, W. J., Wang, S., Han, J. F., Wei, Y. Z., et al. (2022a). Unveiling secondary-ion-promoted catalytic properties of Cu-SSZ-13 zeolites for selective catalytic reduction of NOx. J. Am. Chem. Soc. 9, 241–251. doi:10.1039/c8cy02033g
 Chen, M. Y., Wei, Y. Z., Han, J. F., Yan, W. F., and Yu, J. H. (2021a). Enhancing catalytic performance of Cu-SSZ-13 for the NH3-SCR reaction via in situ introduction of Fe3+ with diatomite. Mat. Chem. Front. 5, 7787–7795. doi:10.1039/d1qm01101d
 Chen, Z. Q., Guo, L., Qu, H. X., Liu, L., Xie, H. F., and Zhong, Q. (2020a). Controllable positions of Cu2+ to enhance low-temperature SCR activity on novel Cu-Ce-La-SSZ-13 by a simple one-pot method. Chem. Commun. 56, 2360–2363. doi:10.1039/c9cc09734a
 Chen, Z. Q., Liu, L., Qu, H. X., Zhou, B. J., Xie, H. F., and Zhong, Q. (2020b). Migration of cations and shell functionalization for Cu-Ce-La/SSZ-13@ZSM-5: The contribution to activity and hydrothermal stability in the selective catalytic reduction reaction. J. Catal. 392, 217–230. doi:10.1016/j.jcat.2020.10.005
 Chen, Z. X., Shen, M. Q., Wang, C., Wang, J. Q., Wang, J., and Shen, G. R. (2021b). Improvement of alkali metal resistance for NH3-SCR catalyst Cu/SSZ-13: Tune the crystal size. Catalysts 11, 979. doi:10.3390/catal11080979
 Chen, Z. X., Tan, X. G., Wang, J., Wang, C., Wang, J. Q., Li, W., et al. (2020c). Why does there have to be a residual Na ion as a co-cation on Cu/SSZ-13?Catal. Sci. Technol. 10, 6319–6329. doi:10.1039/d0cy01142h
 Chen, Z. X., Wang, J., Wang, J. M., Wang, C., Wang, J. Q., Li, W., et al. (2019). Disparate essences of residual, ion-exchanged, and impregnated Na ions on topology structure for Cu/SSZ-13 NH3 selective catalytic reduction catalysts. Ind. Eng. Chem. Res. 58, 20610–20619. doi:10.1021/acs.iecr.9b04456
 Chen, Z. X., Ye, T. L., Qu, H. X., Zhu, T. L., and Zhong, Q. (2022b). Progressive regulation of Al sites and Cu distribution to increase hydrothermal stability of hierarchical SSZ-13 for the selective catalytic reduction reaction. Appl. Catal. B Environ. 303, 120867. doi:10.1016/j.apcatb.2021.120867
 Clemens, A. K. S., Shishkin, A., Carlsson, P.-A., Skoglundh, M., Martínez-Casado, F. J., Matĕj, Z., et al. (2015). Reaction-driven ion exchange of copper into zeolite SSZ-13. ACS Catal. 5, 6209–6218. doi:10.1021/acscatal.5b01200
 Cui, Y. R., Wang, Y. L., Walter, E. D., Szanyi, J., Wang, Y., and Gao, F. (2020). Influences of Na+ co-cation on the structure and performance of Cu/SSZ-13 selective catalytic reduction catalysts. Catal. Today 339, 233–240. doi:10.1016/j.cattod.2019.02.037
 Deka, U., Juhin, A., Eilertsen, E. A., Emerich, H., Green, M. A., Korhonen, S. T., et al. (2012). Confirmation of isolated Cu2+ ions in SSZ-13 zeolite as active sites in NH3-selective catalytic reduction. J. Phys. Chem. C 116, 4809–4818. doi:10.1021/jp212450d
 Deka, U., Lezcano-Gonzalez, I., Warrender, S. J., Picone, A. L., Wright, P. A., Weckhuysen, B. M., et al. (2013). Changing active sites in Cu-CHA catalysts: deNOx selectivity as a function of the preparation method. Microporous Mesoporous Mat. 166, 144–152. doi:10.1016/j.micromeso.2012.04.056
 Deng, D., Deng, S. J., He, D. D., Wang, Z. H., Chen, Z. P., Ji, Y., et al. (2021). A comparative study of hydrothermal aging effect on cerium and lanthanum doped Cu/SSZ-13 catalysts for NH3-SCR. J. Rare Earths 39, 969–978. doi:10.1016/j.jre.2020.08.016
 Du, J. P., Wang, J. Y., Shi, X. Y., Shan, Y. L., Zhang, Y., and He, H. (2020). Promoting effect of Mn on in situ synthesized Cu-SSZ-13 for NH3-SCR. Catalysts 10, 1375. doi:10.3390/catal10121375
 Fan, C., Chen, Z., Pang, L., Ming, S. J., Dong, C. Y., Albert, K. B., et al. (2018a). Steam and alkali resistant Cu-SSZ-13 catalyst for the selective catalytic reduction of NOx in diesel exhaust. Chem. Eng. J. 334, 344–354. doi:10.1016/j.cej.2017.09.181
 Fan, C., Chen, Z., Pang, L., Ming, S. J., Zhang, X. F., Albert, K. B., et al. (2018b). The influence of Si/Al ratio on the catalytic property and hydrothermal stability of Cu-SSZ-13 catalysts for NH3-SCR. Appl. Catal. A General 550, 256–265. doi:10.1016/j.apcata.2017.11.021
 Feng, J. J., Shi, D. D., Xu, Z. G., Wang, J. Q., Wang, Y. J., and Li, X. L. (2020). Selective catalytic reduction of NO by NH3 over one-pot prepared Cu-SSZ-13 catalysts with different Si/Al molar ratio. Russ. J. Phys. Chem. 94, 1797–1803. doi:10.1134/s003602442009006x
 Fickel, D. W., and Lobo, R. F. (2010). Copper coordination in Cu-SSZ-13 and Cu-SSZ-16 investigated by variable-temperature XRD. J. Phys. Chem. C 114, 1633–1640. doi:10.1021/jp9105025
 Gallego, E. M., Li, C. G., Paris, C., Martin, N., Martinez-Triguero, J., Boronat, M., et al. (2018). Making nanosized CHA zeolites with controlled Al distribution for optimizing methanol-to-olefin performance. Chem. Eur. J. 24, 14631–14635. doi:10.1002/chem.201803637
 Gao, F., Kwak, J. H., Szanyi, J., and Peden, C. H. F. (2013a). Current understanding of Cu-exchanged chabazite molecular sieves for use as commercial diesel engine deNOx catalysts. Top. Catal. 56, 1441–1459. doi:10.1007/s11244-013-0145-8
 Gao, F., Mei, D. H., Wang, Y. L., Szanyi, J., and Peden, C. H. F. (2017). Selective catalytic reduction over Cu/SSZ-13: Linking homo- and heterogeneous catalysis. J. Am. Chem. Soc. 139, 4935–4942. doi:10.1021/jacs.7b01128
 Gao, F., Walter, E. D., Karp, E. M., Luo, J. Y., Tonkyn, R. G., Kwak, J. H., et al. (2013b). Structure-activity relationships in NH3-SCR over Cu-SSZ-13 as probed by reaction kinetics and EPR studies. J. Catal. 300, 20–29. doi:10.1016/j.jcat.2012.12.020
 Gao, F., Walter, E. D., Kollar, M., Wang, Y. L., Szanyi, J., and Peden, C. H. F. (2014). Understanding ammonia selective catalytic reduction kinetics over Cu/SSZ-13 from motion of the Cu ions. J. Catal. 319, 1–14. doi:10.1016/j.jcat.2014.08.010
 Gao, F., Wang, Y. L., Washton, N. M., Kollár, M., Szanyi, J., and Peden, C. H. F. (2015a). Effects of alkali and alkaline Earth cocations on the activity and hydrothermal stability of Cu/SSZ-13 NH3-SCR catalysts. ACS Catal. 5, 6780–6791. doi:10.1021/acscatal.5b01621
 Gao, F., Washton, N. M., Wang, Y. L., Kollár, M., Szanyi, J., and Peden, C. H. F. (2015b). Effects of Si/Al ratio on Cu/SSZ-13 NH3-SCR catalysts: Implications for the active Cu species and the roles of brønsted acidity. J. Catal. 331, 25–38. doi:10.1016/j.jcat.2015.08.004
 Guan, B., Zhan, R., Lin, H., and Huang, Z. (2014). Review of state of the art technologies of selective catalytic reduction of NOx from diesel engine exhaust. Appl. Therm. Eng. 66, 395–414. doi:10.1016/j.applthermaleng.2014.02.021
 Guo, A. Q., Xie, K. P., Lei, H. R., Rizzotto, V., Chen, L. M., Fu, M. L., et al. (2021). Inhibition effect of phosphorus poisoning on the dynamics and redox of Cu active sites in a Cu-SSZ-13 NH3-SCR catalyst for NOx reduction. Environ. Sci. Technol. 55, 12619–12629. doi:10.1021/acs.est.1c03630
 Guo, Q., Fan, F. T., Ligthart, D. A. J. M., Li, G. N., Feng, Z. C., Hensen, E. J. M., et al. (2014). Effect of the nature and location of copper species on the catalytic nitric oxide selective catalytic reduction performance of the copper/SSZ-13 zeolite. ChemCatChem 6, 634–639. doi:10.1002/cctc.201300775
 Han, L., Zhao, X. G., Yu, H. F., Hu, Y. F., Li, D. B., Sun, D. K., et al. (2018a). Preparation of SSZ-13 zeolites and their NH3-selective catalytic reduction activity. Microporous Mesoporous Mat. 261, 126–136. doi:10.1016/j.micromeso.2017.11.012
 Han, M.-J., Jiao, Y.-L., Zhou, C.-H., Guo, Y.-L., Guo, Y., Lu, G.-Z., et al. (2018b). Catalytic activity of Cu–SSZ-13 prepared with different methods for NH3-SCR reaction. Rare Met. 38, 210–220. doi:10.1007/s12598-018-1143-6
 Han, S., Cheng, J., Zheng, C. K., Ye, Q., Cheng, S. Y., Kang, T. F., et al. (2017). Effect of Si/Al ratio on catalytic performance of hydrothermally aged Cu-SSZ-13 for the NH3-SCR of NO in simulated diesel exhaust. Appl. Surf. Sci. 419, 382–392. doi:10.1016/j.apsusc.2017.04.198
 Hartmann, M., Machoke, A. G., and Schwieger, W. (2016). Catalytic test reactions for the evaluation of hierarchical zeolites. Chem. Soc. Rev. 45, 3313–3330. doi:10.1039/c5cs00935a
 Iorio Di, J. R., and Gounder, R. (2016). Controlling the isolation and pairing of aluminum in chabazite zeolites using mixtures of organic and inorganic structure-directing agents. Chem. Mat. 28, 2236–2247. doi:10.1021/acs.chemmater.6b00181
 Iorio Di, J. R., Li, S. C., Jones, C. B., Nimlos, C. T., Wang, Y. J., et al. (2020). Cooperative and competitive occlusion of organic and inorganic structure-directing agents within chabazite zeolites influences their aluminum arrangement. J. Am. Chem. Soc. 142, 4807–4819. doi:10.1021/jacs.9b13817
 Isabella, N., and Enrico, T. (2014). Urea-SCR technology for deNOx after treatment of diesel exhausts. New York: Springer Science+Business Media. 
 Jabri, H. A., Miyake, K., Ono, K., Nakai, M., Inoue, R., Hirota, Y., et al. (2020). Dry gel conversion synthesis of Cu/SSZ-13 as a catalyst with high performance for NH3-SCR. Microporous Mesoporous Mat. 297, 109780. doi:10.1016/j.micromeso.2019.109780
 Jangjou, Y., Do, Q., Gu, Y. T., Lim, L.-G., Sun, H., Wang, D., et al. (2018). Nature of Cu active centers in Cu-SSZ-13 and their responses to SO2 exposure. ACS Catal. 8, 1325–1337. doi:10.1021/acscatal.7b03095
 Jiang, H., Guan, B., Lin, H., and Huang, Z. (2019). Cu/SSZ-13 zeolites prepared by in situ hydrothermal synthesis method as NH3-SCR catalysts: Influence of the Si/Al ratio on the activity and hydrothermal properties. Fuel 255, 115587. doi:10.1016/j.fuel.2019.05.170
 Jiang, H., Guan, B., Peng, X. S., Zhan, R., Lin, H., and Huang, Z. (2020a). Influence of synthesis method on catalytic properties and hydrothermal stability of Cu/SSZ-13 for NH3-SCR reaction. Chem. Eng. J. 379, 122358. doi:10.1016/j.cej.2019.122358
 Jiang, L., Cai, Y. X., Jin, M. M., Zhu, Z. Z., and Wang, Y. H. (2020b). The influence of Ce or Mn doping on Cu-based catalysts for de-NOx with NH3-SCR. J. Chem. 2020, 1462801–1462808. doi:10.1155/2020/1462801
 Kim, Y. J., Lee, J., Min, K., Hong, S., Nam, I., and Cho, B. (2014). Hydrothermal stability of CuSSZ13 for reducing NOx by NH3. J. Catal. 311, 447–457. doi:10.1016/j.jcat.2013.12.012
 Korhonen, S. T., Fickel, D. W., Lobo, R. F., Weckhuysen, B. M., and Beale, A. M. (2011). Isolated Cu2+ ions: Active sites for selective catalytic reduction of NO. Chem. Commun. 47, 800–802. doi:10.1039/c0cc04218h
 Kwak, J. H., Tonkyn, R. G., Kim, D. H., Szanyi, J., and Peden, C. H. F. (2010). Excellent activity and selectivity of Cu-SSZ-13 in the selective catalytic reduction of NOx with NH3. J. Catal. 275, 187–190. doi:10.1016/j.jcat.2010.07.031
 Kwak, J. H., Tran, D., Szanyi, J., Peden, C. F. H., and Lee, J. H. (2012a). The effect of copper loading on the selective catalytic reduction of nitric oxide by ammonia over Cu-SSZ-13. Catal. Lett. 142, 295–301. doi:10.1007/s10562-012-0771-y
 Kwak, J. H., Zhu, H. Y., Lee, J. H., Peden, C. H. F., and Szanyi, J. (2012b). Two different cationic positions in Cu-SSZ-13?Chem. Commun. 48, 4758–4760. doi:10.1039/c2cc31184d
 Lee, H., Song, I., Jeon, S. W., and Kim, D. H. (2021a). Control of the Cu ion species in Cu-SSZ-13 via the introduction of Co2+ co-cations to improve the NH3-SCR activity. Catal. Sci. Technol. 11, 4838–4848. doi:10.1039/d1cy00623a
 Lee, H., Song, I., Jeon, S. W., and Kim, D. H. (2021b). Mobility of Cu ions in Cu-SSZ-13 determines the reactivity of selective catalytic reduction of NOx with NH3. J. Phys. Chem. Lett. 12, 3210–3216. doi:10.1021/acs.jpclett.1c00181
 Lezcano-Gonzalez, I., Deka, U., van der Bij, H. E., Paalanen, P., Arstad, B., Weckhuysen, B. M., et al. (2014). Chemical deactivation of Cu-SSZ-13 ammonia selective catalytic reduction (NH3-SCR) systems. Appl. Catal. B Environ. 154–155, 339–349. doi:10.1016/j.apcatb.2014.02.037
 Li, S. H., Kong, H. Y., and Zhang, W. P. (2020). A density functional theory modeling on the framework stability of Al-rich Cu-SSZ-13 zeolite modified by metal ions. Ind. Eng. Chem. Res. 59, 5675–5685. doi:10.1021/acs.iecr.9b07082
 Li, X. L., Feng, J. J., Xu, Z. G., Wang, J. Q., Wang, Y. J., and Zhao, W. (2019). Cerium modification for improving the performance of Cu-SSZ-13 in selective catalytic reduction of NO by NH3. Reac. Kinet. Mech. Cat. 128, 163–174. doi:10.1007/s11144-019-01621-w
 Liang, J., Mi, Y. Y., Song, G., Peng, H. G., Li, Y. L., Yan, R., et al. (2020). Environmental benign synthesis of Nano-SSZ-13 via FAU trans-crystallization: Enhanced NH3-SCR performance on Cu-SSZ-13 with nano-size effect. J. Hazard. Mat. 398, 122986. doi:10.1016/j.jhazmat.2020.122986
 Liang, J., Tao, J. X., Mi, Y. Y., Liu, W. M., Wang, Z., Li, Z. G., et al. (2021). Unraveling the boosting low-temperature performance of ordered mesoporous Cu-SSZ-13 catalyst for NOx reduction. Chem. Eng. J. 409, 128238. doi:10.1016/j.cej.2020.128238
 Liu, B., Lv, N. G., Wang, C., Zhang, H. W., Yue, Y. Y., Xu, J. D., et al. (2022a). Redistributing Cu species in Cu-SSZ-13 zeolite as NH3-SCR catalyst via a simple ion-exchange. Chin. J. Chem. Eng. 41, 329–341. doi:10.1016/j.cjche.2021.10.027
 Liu, C. X., Bi, Y. L., Han, J. F., Guo, M. Y., and Liu, Q. L. (2020a). A perspective on the relationship between microstructure and performance of Cu-based zeolites for the selective catalytic reduction of NOx. Catal. Surv. Asia 24, 179–195. doi:10.1007/s10563-020-09302-8
 Liu, L., Chen, Z. Q., Qu, H. X., Yuan, J. X., Yu, M. H., Xie, H. F., et al. (2020b). Dual-template assembled hierarchical Cu-SSZ-13: Morphology evolution, crystal growth and stable high-temperature selective catalytic reduction performance. CrystEngComm 22, 7036–7045. doi:10.1039/d0ce01144d
 Liu, Q. L., Fu, Z. C., Ma, L., Niu, H. J. Y., Liu, C. X., Li, J. H., et al. (2017). MnOx-CeO2 supported on Cu-SSZ-13: A novel SCR catalyst in a wide temperature range. Appl. Catal. A General 547, 146–154. doi:10.1016/j.apcata.2017.08.024
 Liu, X. J., Li, Y. H., and Zhang, R. R. (2015). Ammonia selective catalytic reduction of NO over Ce-Fe/Cu-SSZ-13 catalysts. RSC Adv. 5, 85453–85459. doi:10.1039/c5ra16072c
 Liu, Z. Q., Guan, B., Jiang, H., Wei, Y. F., Wu, X. Z., Zhou, J. F., et al. (2022b). Exploring the optimal ratio of elemental components of the Cu/SSZ-13 framework: The reformation of NH3-SCR properties. New J. Chem. 46, 13593–13607. doi:10.1039/d2nj01132h
 Liu, Z. Q., Jiang, H., Guan, B., Wei, Y. F., Wu, X. Z., Lin, H., et al. (2022c). Optimizing the distribution and proportion of various active sites for better NH3-SCR property over Cu/SSZ-13. Environ. Sci. Pollut. Res. 29, 19447–19459. doi:10.1007/s11356-021-17223-w
 Luo, J. Y., Wang, D., Kumar, A., Li, J. H., Kamasamudram, K., Currier, N., et al. (2016). Identification of two types of Cu sites in Cu/SSZ-13 and their unique responses to hydrothermal aging and sulfur poisoning. Catal. Today 267, 3–9. doi:10.1016/j.cattod.2015.12.002
 Lv, N. G., Sun, C. H., Wang, X. Q., Wang, C., Yue, Y. Y., and Bao, X. J. (2022). Understanding the superior NH3-SCR activity of CHA zeolite synthesized via template-free interzeolite transformation. Inorg. Chem. Front. 9, 1300–1312. doi:10.1039/d1qi01414e
 Lv, W. T., Meng, P. T., Qin, Z. F., Li, J. F., Dong, M., Wang, J. G., et al. (2021a). A comparison of Al-rich Cu-SSZ-13 zeolites synthesized by different methods in their Al distribution, hydrothermal stability and catalytic performance in the selective catalytic reduction of NOx with NH3. Microporous Mesoporous Mat. 313, 110851. doi:10.1016/j.micromeso.2020.110851
 Lv, W. T., Wang, S., Wang, P. F., Liu, Y. J., Huang, Z. G., Li, J. F., et al. (2021b). Regulation of Al distributions and Cu2+ locations in SSZ-13 zeolites for NH3-SCR of NO by different alkali metal cations. J. Catal. 393, 190–201. doi:10.1016/j.jcat.2020.11.027
 Lyu, X. L., Wang, P., Zhao, H. Y., Zhang, Y. B., Meng, Z. W., and Lei, L. L. (2021). Migration mechanism on Cu species in CHA-type catalyst for the selective catalytic reduction of NOx during hydrothermal treatment. J. Environ. Chem. Eng. 9, 106413. doi:10.1016/j.jece.2021.106413
 Ma, Y., Cheng, S. Q., Wu, X. D., Ma, T. X., Liu, L. P., Jin, B. F., et al. (2022). Improved hydrothermal durability of Cu-SSZ-13 NH3-SCR catalyst by surface Al modification: Affinity and passivation. J. Catal. 405, 199–211. doi:10.1016/j.jcat.2021.11.022
 Ma, Y., Cheng, S. Q., Wu, X. D., Shi, Y. Z., Cao, L., Liu, L. P., et al. (2019). Low-temperature solid-state ion-exchange method for preparing Cu-SSZ-13 selective catalytic reduction catalyst. ACS Catal. 9, 6962–6973. doi:10.1021/acscatal.9b01730
 Ma, Y., Wu, X. D., Cheng, S. Q., Cao, L., Liu, L. P., Xu, Y. F., et al. (2020). Relationships between copper speciation and Brønsted acidity evolution over Cu-SSZ-13 during hydrothermal aging. Appl. Catal. A General 602, 117650. doi:10.1016/j.apcata.2020.117650
 Martínez-Franco, R., Moliner, M., Thogersen, J. R., and Corma, A. (2013). Efficient one-pot preparation of Cu-SSZ-13 materials using cooperative OSDAs for their catalytic application in the SCR of NOx. ChemCatChem 5, 3316–3323. doi:10.1002/cctc.201300141
 Martini, A., Negri, C., Bugarin, L., Deplano, G., Abasabadi, R. K., Lomachenko, K. A., et al. (2022). Assessing the influence of zeolite composition on oxygen-bridged diamino dicopper(II) complexes in Cu-CHA deNOx catalysts by machine learning-assisted X-ray absorption spectroscopy. J. Phys. Chem. Lett. 13, 6164–6170. doi:10.1021/acs.jpclett.2c01107
 Martinovic, F., Deorsola, F. A., Armandi, M., Bonelli, B., Palkovits, R., Bensaid, S., et al. (2021). Composite Cu-SSZ-13 and CeO2-SnO2 for enhanced NH3-SCR resistance towards hydrocarbon deactivation. Appl. Catal. B Environ. 282, 119536. doi:10.1016/j.apcatb.2020.119536
 Mohan, S., Dinesha, P., and Kumar, S. (2020). NOx reduction behaviour in copper zeolite catalysts for ammonia SCR systems: A review. Chem. Eng. J. 384, 123253. doi:10.1016/j.cej.2019.123253
 Nedyalkova, R., Montreuil, C., Lambert, C., and Olsson, L. (2013). Interzeolite conversion of FAU type zeolite into CHA and its application in NH3-SCR. Top. Catal. 56, 550–557. doi:10.1007/s11244-013-0015-4
 Nishitoba, T., Yoshida, N., Kondo, J. N., and Yokoi, T. (2018). Control of Al distribution in the CHA-type aluminosilicate zeolites and its impact on the hydrothermal stability and catalytic properties. Ind. Eng. Chem. Res. 57, 3914–3922. doi:10.1021/acs.iecr.7b04985
 Oord, R., ten Have, I. C., Arends, J. M., Hendriks, F. C., Schmidt, J., et al. (2017). Enhanced activity of desilicated Cu-SSZ-13 for the selective catalytic reduction of NOx and its comparison with steamed Cu-SSZ-13. Catal. Sci. Technol. 7, 3851–3862. doi:10.1039/c7cy00798a
 Palčić, A., Bruzzese, P. C., Pyra, K., Bertmer, M., Góra-Marek, K., Poppitz, D., et al. (2020). Nanosized Cu-SSZ-13 and its application in NH3-SCR. Catalysts 10, 506. doi:10.3390/catal10050506
 Paolucci, C., Di Iorio, J. R., Ribeiro, F. H., Gounder, R., and Schneider, W. F. (2016a). Catalysis science of NOx selective catalytic reduction with ammonia over Cu-SSZ-13 and Cu-SAPO-34. Adv. Catal. 59, 1–107. doi:10.1016/bs.acat.2016.10.002
 Paolucci, C., Khurana, I., Parekh, A. A., Li, S. C., Shih, A. J., Li, H., et al. (2017). Dynamic multinuclear sites formed by mobilized copper ions in NOx selective catalytic reduction. Science 357, 898–903. doi:10.1126/science.aan5630
 Paolucci, C., Parekh, A. A., Khurana, I., Di Iorio, J. R., Li, H., Caballero, J. D. A., et al. (2016b). Catalysis in a cage: Condition-dependent speciation and dynamics of exchanged Cu cations in SSZ-13 zeolites. J. Am. Chem. Soc. 138, 6028–6048. doi:10.1021/jacs.6b02651
 Peng, B., Rappé, K. G., Cui, Y. R., Gao, F., Szanyi, J., Olszta, M. J., et al. (2020). Enhancement of high-temperature selectivity on Cu-SSZ-13 towards NH3-SCR reaction from highly dispersed ZrO2. Appl. Catal. B Environ. 263, 118359. doi:10.1016/j.apcatb.2019.118359
 Peng, C., Liu, Z. D., Horimoto, A., Anand, C., Yamada, H., Ohara, K., et al. (2018). Preparation of nanosized SSZ-13 zeolite with enhanced hydrothermal stability by a two-stage synthetic method. Microporous Mesoporous Mat. 255, 192–199. doi:10.1016/j.micromeso.2017.07.042
 Peng, C., Yan, R., Mi, Y. Y., Li, G., Zheng, Y. L., Luo, Y. W., et al. (2021). Toward rational design of a novel hierarchical porous Cu-SSZ-13 catalyst with boosted low-temperature NO reduction performance. J. Catal. 401, 309–320. doi:10.1016/j.jcat.2021.07.024
 Prodinger, S., Derewinski, M. A., Wang, Y. L., Washton, N. M., Walter, E. D., Szanyi, J., et al. (2017). Sub-micron Cu/SSZ-13: Synthesis and application as selective catalytic reduction (SCR) catalysts. Appl. Catal. B Environ. 201, 461–469. doi:10.1016/j.apcatb.2016.08.053
 Pu, Y. J., Xie, X. Y., Jiang, W. J., Yang, L., Jiang, X., and Yao, L. (2020). Low-temperature selective catalytic reduction of NOx with NH3 over zeolite catalysts: A review. Chin. Chem. Lett. 31, 2549–2555. doi:10.1016/j.cclet.2020.04.012
 Qi, G., Yang, R. T., and Chang, R. (2004). MnOx-CeO2 mixed oxides prepared by co-precipitation for selective catalytic reduction of NO with NH3 at low temperatures. Appl. Catal. B Environ. 51, 93–106. doi:10.1016/j.apcatb.2004.01.023
 Ren, L. M., Zhang, Y. B., Zeng, S. J., Zhu, L. F., Sun, Q., Zhang, H. Y., et al. (2012). Design and synthesis of a catalytically active Cu-SSZ-13 zeolite from a copper-amine complex template. Chin. J. Catal. 33, 92–105. doi:10.1016/s1872-2067(10)60280-x
 Ren, L. M., Zhu, L. F., Yang, C. G., Chen, Y. M., Sun, Q., Zhang, H. Y., et al. (2011). Designed copper-amine complex as an efficient template for one-pot synthesis of Cu-SSZ-13 zeolite with excellent activity for selective catalytic reduction of NOx by NH3. Chem. Commun. 47, 9789–9791. doi:10.1039/c1cc12469b
 Richter, A., Burrows, J. P., Nuss, H., Granier, C., and Niemeier, U. (2005). Increase in tropospheric nitrogen dioxide over China observed from space. Nature 437, 129–132. doi:10.1038/nature04092
 Shan, Y. L., Du, J. P., Yu, Y. B., Shan, W. P., Shi, X. Y., and He, H. (2020). Precise control of post-treatment significantly increases hydrothermal stability of in-situ synthesized cu-zeolites for NH3-SCR reaction. Appl. Catal. B Environ. 266, 118655. doi:10.1016/j.apcatb.2020.118655
 Shan, Y. L., Du, J. P., Zhang, Y., Shan, W. P., Shi, X. Y., Yu, Y. B., et al. (2021). Selective catalytic reduction of NOx with NH3: Opportunities and challenges of Cu-based small-pore zeolites. Natl. Sci. Rev. 8, nwab010. doi:10.1093/nsr/nwab010
 Shan, Y. L., Shi, X. Y., Du, J. P., Yan, Z. D., Yu, Y. B., and He, H. (2019). SSZ-13 synthesized by solvent-free method: A potential candidate for NH3-SCR catalyst with high activity and hydrothermal stability. Ind. Eng. Chem. Res. 58, 5397–5403. doi:10.1021/acs.iecr.8b05822
 Shi, D., Feng, J., Wang, J., Zhao, W., and Li, X. (2020). Surface modification of Cu-SSZ-13 with CeO2 to improve the catalytic performance for the selective catalytic reduction of NO with NH3. Kinet. Catal. 61, 750–757. doi:10.1134/s0023158420050109
 Shwan, S., Skoglundh, M., Lundegaard, L. F., Tiruvalam, R. R., Janssens, T. V. W., Carlsson, A., et al. (2014). Solid-state ion-exchange of copper into zeolites facilitated by ammonia at low temperature. ACS Catal. 5, 16–19. doi:10.1021/cs5015139
 Simancas, R., Chokkalingam, A., Elangovan, S. P., Liu, Z. D., Sano, T., Iyoki, K., et al. (2021). Recent progress in the improvement of hydrothermal stability of zeolites. Chem. Sci. 12, 7677–7695. doi:10.1039/d1sc01179k
 Song, C. M., Zhang, L. H., Li, Z. G., Lu, Y. R., and Li, K. X. (2019). Co-Exchange of Mn: A simple method to improve both the hydrothermal stability and activity of Cu–SSZ-13 NH3-SCR catalysts. Catalysts 9, 455. doi:10.3390/catal9050455
 Song, J., Wang, Y. L., Walter, E. D., Washton, N. M., Mei, D. H., Kovarik, L., et al. (2017). Toward rational design of Cu/SSZ-13 selective catalytic reduction catalysts: Implications from atomic-level understanding of hydrothermal stability. ACS Catal. 7, 8214–8227. doi:10.1021/acscatal.7b03020
 Sun, M.-H., Zhou, J., Hu, Z.-Y., Chen, L.-H., Li, L.-Y., Wang, Y.-D., et al. (2020). Hierarchical zeolite single-crystal reactor for excellent catalytic efficiency. Matter 3, 1226–1245. doi:10.1016/j.matt.2020.07.016
 Takata, T., Tsunoji, N., Takamitsu, Y., Sadakane, M., and Sano, T. (2016). Nanosized CHA zeolites with high thermal and hydrothermal stability derived from the hydrothermal conversion of FAU zeolite. Microporous Mesoporous Mat. 225, 524–533. doi:10.1016/j.micromeso.2016.01.045
 Tang, C. J., Zhang, H. L., and Dong, L. (2016). Ceria-based catalysts for low-temperature selective catalytic reduction of NO with NH3. Catal. Sci. Technol. 6, 1248–1264. doi:10.1039/c5cy01487e
 Tang, Y. D., Wang, D., Wang, X., Zha, Y. H., An, H. M., Kamasamudram, K., et al. (2021). Impact of low temperature sulfur exposure on the aging of small pore Cu-zeolite SCR catalyst. Catal. Today 360, 234–240. doi:10.1016/j.cattod.2020.04.033
 Tian, H. Y., Ping, Y., Zhang, Y. B., Zhang, Z. S., Sun, L. W., Liu, P., et al. (2021). Atomic layer deposition of silica to improve the high-temperature hydrothermal stability of Cu-SSZ-13 for NH3 SCR of NOx. J. Hazard. Mat. 416, 126194. doi:10.1016/j.jhazmat.2021.126194
 Usui, T., Liu, Z. D., Ibe, S., Zhu, J., Anand, C., Igarashi, H., et al. (2018). Improve the hydrothermal stability of Cu-SSZ-13 zeolite catalyst by loading a small amount of Ce. ACS Catal. 8, 9165–9173. doi:10.1021/acscatal.8b01949
 Verma, A. A., Bates, S. A., Anggara, T., Paolucci, C., Parekh, A. A., Kamasamudram, K., et al. (2014). NO oxidation: A probe reaction on Cu-SSZ-13. J. Catal. 312, 179–190. doi:10.1016/j.jcat.2014.01.017
 Villamaina, R., Liu, S. J., Nova, I., Tronconi, E., Ruggeri, M. P., Collier, J., et al. (2019). Speciation of Cu cations in Cu-CHA catalysts for NH3-SCR: Effects of SiO2/AlO3 ratio and Cu-loading investigated by transient response methods. ACS Catal. 9, 8916–8927. doi:10.1021/acscatal.9b02578
 Wan, J., Chen, J. W., Zhao, R., and Zhou, R. X. (2021). One-pot synthesis of Fe/Cu-SSZ-13 catalyst and its highly efficient performance for the selective catalytic reduction of nitrogen oxide with ammonia. J. Environ. Sci. 100, 306–316. doi:10.1016/j.jes.2020.08.003
 Wang, B., Yu, H. F., Wang, M. X., Han, L. N., Wang, J. C., Bao, W. R., et al. (2021a). Microwave synthesis conditions dependent catalytic performance of hydrothermally aged CuII-SSZ-13 for NH3-SCR of NO. Catal. Today 376, 19–27. doi:10.1016/j.cattod.2020.10.023
 Wang, C., Yan, W. J., Wang, Z. X., Chen, Z. X., Wang, J. Q., Wang, J., et al. (2020a). The role of alkali metal ions on hydrothermal stability of Cu/SSZ-13 NH3-SCR catalysts. Catal. Today 355, 482–492. doi:10.1016/j.cattod.2019.06.074
 Wang, D., Gao, F., Peden, C. H. F., Li, J. H., Kamasamudram, K., and Epling, W. S. (2014). Selective catalytic reduction of NOx with NH3 over a Cu-SSZ-13 catalyst prepared by a solid-state ion-exchange method. ChemCatChem 6, 1579–1583. doi:10.1002/cctc.201402010
 Wang, J. C., Peng, Z. L., Qiao, H., Yu, H. F., Hu, Y. F., Chang, L. P., et al. (2016). Cerium-stabilized Cu-SSZ-13 catalyst for the catalytic removal of NOx by NH3. Ind. Eng. Chem. Res. 55, 1174–1182. doi:10.1021/acs.iecr.5b03221
 Wang, J. G., Liu, J. Z., Tang, X. J., Xing, C., and Jin, T. S. (2021b). The promotion effect of niobium on the low-temperature activity of Al-rich Cu-SSZ-13 for selective catalytic reduction of NOx with NH3. Chem. Eng. J. 418, 129433. doi:10.1016/j.cej.2021.129433
 Wang, J. H., Zhao, H. W., Haller, G., and Li, Y. D. (2017). Recent advances in the selective catalytic reduction of NOx with NH3 on Cu-Chabazite catalysts. Appl. Catal. B Environ. 202, 346–354. doi:10.1016/j.apcatb.2016.09.024
 Wang, J., Shao, L., Wang, C., Wang, J. Q., Shen, M. Q., and Li, W. (2018). Controllable preparation of various crystal size and nature of intra-crystalline diffusion in Cu/SSZ-13 NH3-SCR catalysts. J. Catal. 367, 221–228. doi:10.1016/j.jcat.2018.09.004
 Wang, J., Wang, L. Y., Zhu, D. L., Cui, W. H., Tian, P., and Liu, Z. M. (2021c). One-pot synthesis of Na+-free Cu-SSZ-13 and its application in the NH3-SCR reaction. Chem. Commun. 57, 4898–4901. doi:10.1039/d1cc00966d
 Wang, M. X., Peng, Z. L., Zhang, C. M., Liu, M. M., Han, L. N., Hou, Y. Q., et al. (2019a). Effect of copper precursors on the activity and hydrothermal stability of CuII-SSZ-13 NH3-SCR catalysts. Catalysts 9, 781. doi:10.3390/catal9090781
 Wang, X. F., Xu, Y., Qin, M. Y., Zhao, Z., Fan, X. F., and Li, Q. B. (2022a). Insight into the effects of Cu2+ ions and CuO species in Cu-SSZ-13 catalysts for selective catalytic reduction of NO by NH3. J. Colloid Interface Sci. 622, 1–10. doi:10.1016/j.jcis.2022.04.110
 Wang, X. H., Zhang, R. D., Wang, H., and Wei, Y. (2020b). Strategy on effective synthesis of SSZ-13 zeolite aiming at outstanding performances for NH3-SCR process. Catal. Surv. Asia 24, 143–155. doi:10.1007/s10563-020-09300-w
 Wang, X. Y., Sun, Y. M., Han, F. Y., and Zhao, Y. Q. (2022b). Effect of Fe addition on the structure and SCR reactivity of one-pot synthesized Cu-SSZ-13. J. Environ. Chem. Eng. 10, 107888. doi:10.1016/j.jece.2022.107888
 Wang, Y. J., Shi, X. Y., Shan, Y. L., Du, J. P., Liu, K., and He, H. (2020c). Hydrothermal stability enhancement of Al-rich Cu-SSZ-13 for NH3 selective catalytic reduction reaction by ion exchange with cerium and samarium. Ind. Eng. Chem. Res. 59, 6416–6423. doi:10.1021/acs.iecr.0c00285
 Wang, Y. J., Xie, L. J., Liu, F. D., and Ruan, W. Q. (2019b). Effect of preparation methods on the performance of CuFe-SSZ-13 catalysts for selective catalytic reduction of NOx with NH3. J. Environ. Sci. 81, 195–204. doi:10.1016/j.jes.2019.01.013
 Wang, Y., Li, Z. Q., Ding, Z. Y., Kang, N., Fan, R. R., Wang, Y., et al. (2021d). Effect of ion-exchange sequences on catalytic performance of cerium-modified Cu-SSZ-13 catalysts for NH3-SCR. Catalysts 11, 997. doi:10.3390/catal11080997
 Wang, Y., Nishitoba, T., Wang, Y. N., Meng, X. J., Xiao, F.-S., Zhang, W. P., et al. (2020d). Cu-Exchanged CHA-type zeolite from organic template-free synthesis: An effective catalyst for NH3-SCR. Ind. Eng. Chem. Res. 59, 7375–7382. doi:10.1021/acs.iecr.9b06708
 Wang, Z. H., Xu, X., Zhu, Y. X., He, H., Wang, N. L., Yang, X. B., et al. (2022c). One-pot synthesis of hierarchical MnCu-SSZ-13 catalyst with excellent NH3-SCR activity at low temperatures. Microporous Mesoporous Mat. 333, 111720. doi:10.1016/j.micromeso.2022.111720
 Wardani, M. K., Kadja, G. T. M., Fajar, A. T. N., Subagjo, Makertihartha, I. G. N. B., Gunawan, M. L., et al. (2018). Highly crystalline mesoporous SSZ-13 zeolite obtained via controlled post-synthetic treatment. RSC Adv. 9, 77–86. doi:10.1039/c8ra08979e
 Wu, G. X., Liu, S. Y., Chen, Z. Q., Yu, Q. Y., Chu, Y. H., Xiao, H., et al. (2022). Promotion effect of alkaline leaching on the catalytic performance over Cu/Fe-SSZ-13 catalyst for selective catalytic reduction of NOx with NH3. J. Taiwan Inst. Chem. Eng. 134, 104355. doi:10.1016/j.jtice.2022.104355
 Wu, T. R., Cui, Y. Y., Lian, A. P., Tian, Y., Li, R. F., Liu, X. Y., et al. (2023). Vehicle emissions of primary air pollutants from 2009 to 2019 and projection for the 14th Five-Year Plan period in Beijing, China. J. Environ. Sci. 124, 513–521. doi:10.1016/j.jes.2021.11.038
 Xi, Y. Z., Su, C. S., Ottinger, N. A., and Liu, Z. G. (2021). Effects of hydrothermal aging on the sulfur poisoning of a Cu-SSZ-13 SCR catalyst. Appl. Catal. B Environ. 284, 119749. doi:10.1016/j.apcatb.2020.119749
 Xie, L. J., Liu, C., Deng, Y., Liu, F. D., and Ruan, W. Q. (2022). Promotion effect of Fe species on SO2 resistance of Cu-SSZ-13 catalysts for NOx reduction by NH3. Ind. Eng. Chem. Res. 61, 8698–8707. doi:10.1021/acs.iecr.2c00789
 Xie, L. J., Liu, F. D., Ren, L. M., Shi, X. Y., Xiao, F.-S., and He, H. (2014). Excellent performance of one-pot synthesized Cu-SSZ-13 catalyst for the selective catalytic reduction of NOx with NH3. Environ. Sci. Technol. 48, 566–572. doi:10.1021/es4032002
 Xie, L. J., Liu, F. D., Shi, X. Y., Xiao, F.-S., and He, H. (2015). Effects of post-treatment method and Na co-cation on the hydrothermal stability of Cu–SSZ-13 catalyst for the selective catalytic reduction of NO with NH3. Appl. Catal. B Environ. 179, 206–212. doi:10.1016/j.apcatb.2015.05.032
 Xin, Y., Li, Q., and Zhang, Z. Z. (2018). Zeolitic materials for deNOx selective catalytic reduction. ChemCatChem 10, 29–41. doi:10.1002/cctc.201700854
 Xiong, X., Yuan, D. Z., Wu, Q. M., Chen, F., Meng, X. J., Lv, R. H., et al. (2017). Efficient and rapid transformation of high silica CHA zeolite from FAU zeolite in the absence of water. J. Mat. Chem. A 5, 9076–9080. doi:10.1039/c7ta01749a
 Xu, G. Y., Shan, W. P., Yu, Y. B., Shan, Y. L., Wu, X. D., Wu, Y., et al. (2021). Advances in emission control of diesel vehicles in China. J. Environ. Sci . doi:10.1016/j.jes.2021.12.012
 Xu, R. N., Wang, Z. Y., Liu, N., Dai, C. N., Zhang, J., and Chen, B. H. (2020). Understanding Zn functions on hydrothermal stability in a one-pot-synthesized Cu&Zn-SSZ-13 catalyst for NH3 selective catalytic reduction. ACS Catal. 10, 6197–6212. doi:10.1021/acscatal.0c01063
 Yang, L., Sukumar, B., Naseri, M., Markatou, P., and Chatterjee, S. (2017). After-treatment systems to meet China NS VI, India BS VI regulation limits. SAE Tech. Pap . 2017-01-0941. doi:10.4271/2017-01-0941
 Yang, X. F., Wu, Z. L., Moses-Debusk, M., Mullins, D. R., Mahurin, S. M., Geiger, R. A., et al. (2012). Heterometal incorporation in metal-exchanged zeolites enables low-temperature catalytic activity of NOx reduction. J. Phys. Chem. C 116, 23322–23331. doi:10.1021/jp3056043
 Yin, C. Y., Cheng, P. F., Li, X., and Yang, R. T. (2016). Selective catalytic reduction of nitric oxide with ammonia over high-activity Fe/SSZ-13 and Fe/one-pot-synthesized Cu-SSZ-13 catalysts. Catal. Sci. Technol. 6, 7561–7568. doi:10.1039/c6cy01027j
 Yu, R., Zhao, Z. C., Huang, S. J., and Zhang, W. P. (2020). Cu-SSZ-13 zeolite-metal oxide hybrid catalysts with enhanced SO2-tolerance in the NH3-SCR of NOx. Appl. Catal. B Environ. 269, 118825. doi:10.1016/j.apcatb.2020.118825
 Yue, Y. Y., Liu, B., Qin, P., Lv, N. G., Wang, T. H., Bi, X. T., et al. (2020). One-pot synthesis of FeCu-SSZ-13 zeolite with superior performance in selective catalytic reduction of NO by NH3 from natural aluminosilicates. Chem. Eng. J. 398, 125515. doi:10.1016/j.cej.2020.125515
 Zhang, J., Shan, Y. L., Zhang, L., Du, J. P., He, H., Han, S. C., et al. (2020a). Importance of controllable Al sites in CHA framework by crystallization pathways for NH3-SCR reaction. Appl. Catal. B Environ. 277, 119193. doi:10.1016/j.apcatb.2020.119193
 Zhang, J. Y., Liang, J., Peng, H. G., Mi, Y. Y., Luo, P., Xu, H., et al. (2021). Cost-effective fast-synthesis of chabazite zeolites for the reduction of NOx. Appl. Catal. B Environ. 292, 120163. doi:10.1016/j.apcatb.2021.120163
 Zhang, L., Wu, Q. M., Meng, X. J., Müller, U., Feyen, M., Dai, D., et al. (2019a). Recent advances in the preparation of zeolites for the selective catalytic reduction of NOx in diesel engines. React. Chem. Eng. 4, 975–985. doi:10.1039/c8re00214b
 Zhang, R. R., Li, Y. H., and Zhen, T. L. (2014). Ammonia selective catalytic reduction of NO over Fe/Cu-SSZ-13. RSC Adv. 4, 52130–52139. doi:10.1039/c4ra09290b
 Zhang, S. T., Pang, L., Chen, Z., Ming, S. J., Dong, Y. H., Liu, Q., et al. (2020b). Cu/SSZ-13 and Cu/SAPO-34 catalysts for deNOx in diesel exhaust: Current status, challenges, and future perspectives. Appl. Catal. A General 607, 117855. doi:10.1016/j.apcata.2020.117855
 Zhang, T., Qiu, F., Chang, H. Z., Li, X., and Li, J. H. (2016b). Identification of active sites and reaction mechanism on low-temperature SCR activity over Cu-SSZ-13 catalysts prepared by different methods. Catal. Sci. Technol. 6, 6294–6304. doi:10.1039/c6cy00737f
 Zhang, T., Qiu, F., and Li, J. H. (2016a). Design and synthesis of core-shell structured meso-Cu-SSZ-13@mesoporous aluminosilicate catalyst for SCR of NO with NH3: Enhancement of activity, hydrothermal stability and propene poisoning resistance aluminosilicate catalyst for SCR of NO with NH3: Enhancement of activity, hydrothermal stability and propene poisoning resistance. Appl. Catal. B Environ. 195, 48–58. doi:10.1016/j.apcatb.2016.04.058
 Zhang, X. Y., Dou, T. T., Wang, Y., Yang, J. Y., Wang, X., Guo, Y. Y., et al. (2019b). Green synthesis of Cu-SSZ-13 zeolite by seed-assisted route for effective reduction of nitric oxide. J. Clean. Prod. 236, 117667. doi:10.1016/j.jclepro.2019.117667
 Zhang, Y. N., Peng, Y., Li, J. H., Groden, K., McEwen, J.-S., Walter, E. D., et al. (2020c). Probing active-site relocation in Cu/SSZ-13 SCR catalysts during hydrothermal aging by in situ EPR spectroscopy, kinetics studies, and DFT calculations. ACS Catal. 10, 9410–9419. doi:10.1021/acscatal.0c01590
 Zhang, Y. N., Wu, Y. Q., Peng, Y., Li, J. H., Walter, E. D., Chen, Y., et al. (2020d). Quantitative Cu counting methodologies for Cu/SSZ-13 selective catalytic reduction catalysts by electron paramagnetic resonance spectroscopy. J. Phys. Chem. C 124, 28061–28073. doi:10.1021/acs.jpcc.0c07971
 Zhang, Y. N., Zhang, J., Wang, H. L., Yang, W. N., Wang, C. Z., Peng, Y., et al. (2022). Selective catalytic reduction of NOx with NH3 over Cu/SSZ-13: Elucidating dynamics of Cu active sites with in situ UV–Vis spectroscopy and DFT calculations. J. Phys. Chem. C 26, 8720–8733. doi:10.1021/acs.jpcc.2c01268
 Zhang, Y., Wang, H. N., and Chen, R. Y. (2015). Improved high-temperature hydrothermal stability of Cu-SSZ-13 by an ammonium hexafluorosilicate treatment. RSC Adv. 5, 67841–67848. doi:10.1039/c5ra09749e
 Zhao, H. W., Yang, G. P., Hill, A. J., Luo, B., and Jing, G. H. (2021a). One-step ion-exchange from Na-SSZ-13 to Cu-SSZ-13 for NH3-SCR by adjusting the pH value of Cu-exchange solution: The effect of H+ ions on activity and hydrothermal stability. Microporous Mesoporous Mat. 324, 111271. doi:10.1016/j.micromeso.2021.111271
 Zhao, H. W., Zhao, Y. N., Liu, M. K., Li, X. H., Ma, Y. H., Yong, X., et al. (2019a). Phosphorus modification to improve the hydrothermal stability of a Cu-SSZ-13 catalyst for selective reduction of NOx with NH3. Appl. Catal. B Environ. 252, 230–239. doi:10.1016/j.apcatb.2019.04.037
 Zhao, H. W., Zhao, Y. N., Ma, Y. H., Yong, X., Wei, M., Chen, H., et al. (2019b). Enhanced hydrothermal stability of a Cu-SSZ-13 catalyst for the selective reduction of NOx by NH3 synthesized with SAPO-34 micro-crystallite as seed. J. Catal. 377, 218–223. doi:10.1016/j.jcat.2019.07.023
 Zhao, W. Y., Shen, M. L., Zhu, Y. R., Wang, D. J., and Li, X. G. (2021b). Effect of mass ratio on micro-mesoporous Cu-SSZ-13/CeWTi composite catalysts for the selective catalytic reduction of NO with ammonia. RSC Adv. 11, 24883–24891. doi:10.1039/d1ra03317d
 Zhao, Z. C., Yu, R., Shi, C., Gies, H., Xiao, F.-S., Vos, D. D., et al. (2019c). Rare-earth ion exchanged Cu-SSZ-13 zeolite from organotemplate-free synthesis with enhanced hydrothermal stability in NH3-SCR of NOx. Catal. Sci. Technol. 9, 241–251. doi:10.1039/c8cy02033g
 Zhao, Z. C., Yu, R., Zhao, R. R., Shi, C., Gies, H., Xiao, F.-S., et al. (2017). Cu-exchanged Al-rich SSZ-13 zeolite from organotemplate-free synthesis as NH3-SCR catalyst: Effects of Na+ ions on the activity and hydrothermal stability. Appl. Catal. B Environ. 217, 421–428. doi:10.1016/j.apcatb.2017.06.013
 Zheng, W., Chen, J. L., Guo, L., Zhang, W. B., Zhao, H. R., and Wu, X. Q. (2020). Research progress of hydrothermal stability of metal-based zeolite catalysts in NH3-SCR reaction. J. Fuel Chem. Technol. 48, 1193–1210. doi:10.1016/s1872-5813(20)30081-5
 Zhou, S., Tang, F. S., Wang, H., Wang, S. N., and Liu, L. J. (2021). Effect of Cu concentration on the selective catalytic reduction of NO with ammonia for aluminosilicate zeolite SSZ-13 catalysts. J. Phys. Chem. C 125, 14675–14680. doi:10.1021/acs.jpcc.1c04055
 Zhou, S., Wang, H., Wang, S. N., and Liu, L. J. (2022). Effect of copper precursors on the performance of Cu/SSZ-13 catalysts for NH3 selective catalytic reduction of NO. Rare Met. Mat. Eng. 51, 669–694. doi:10.1021/acs.jpcc.1c04055
Conflict of interest: ZL was employed by National Engineering Laboratory for Mobile Source Emission Control Technology, China Automotive Technology & Research Center Co., Ltd.
The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Li, Xin, Zhang, Yang, Tang, Han, Jia, Wang, Li and Zhang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fchem-10-1033255-t005.jpg
Morphology

Method

Etching
agent/Template

Specific
surface
area (m?/g)

Pore/Partical
size
(nm)

Active temperature
window ('C)

(NO,

conversion >90%)

References

Sub-micron particle
size

Hierarchical pores

R

Hydrothermal
(Changing the

gel composition

and hydrothermal aging
time)

Two-stage synthesis

Hydrothermal (Adding
seed crystals)

FAU interzeolite
Desilication

Dual-template

Hard template

TMAdaOH

TMAdaOH

TMAdaOH

1-Adamantanamine

TMAdaOH

NaOH
TMAdaOH+C(MP
TMAdaOH+BCp 10

66

Carbon black

575

843

858
597
537.5
a2

664

450

216-288

50-150
2,300

120
1.0-3.0
36

55

25

200-500

175-450

220-450
240-390

175-450
250-450
240-450
175-500

180-500

Prodinger et al.
(2017)

Paléié¢ et al. (2020)

Peng et al. (2018)
Chen et al. (2021b)

Liang et al. (2020)
Oord et al. (2017)
Liu et al. (2020b)

Peng et al. (2021)

Liang et al. (2021)





OPS/xhtml/nav.xhtml
Contents

		Cover

		Recent progress in performance optimization of Cu-SSZ-13 catalyst for selective catalytic reduction of NOx		1 Introduction

		2 Modifying the Cu active sites		2.1 Synthesis methods

		2.2 Zeolite framework composition

		2.3 Cu content or Cu/Al ratio





		3 Introducing the heteroatoms or metal oxides		3.1 Alkali metal ions

		3.2 Transition metal ions

		3.3 Rare earth metal ions

		3.4 Metal oxides





		4 Regulating the morphology		4.1 Modulating the crystalline size of zeolites

		4.2 Fabricating hierarchical pores

		4.3 Constructing the core-shell structures





		5 Summary and outlook

		Author contributions

		Funding

		Publisher’s note

		References









OPS/images/fchem-10-1033255-t004.jpg
Composited Cu content  Metal Dopant content Active Active temperature  References
species (Wt%) oxides (Wt%) temperature window for
window for hydrothermal aged
fresh samples samples ('C)
(C) (NO, (NO,
conversion >90%)  conversion >90%)
Metal oxides 14 CeMnO, 1:3 (mass ratio) 200-380 - Andana et al.
(2022)
- MnO,-CeO,  6:4:90 (MnO:CeOCu-SSZ-  150-450 - Liu et al. (2017)
13, mole ratio)
0.87 (surface  CeWTi 1:4 (mass ratio) 250-500 250-450 Zhao et al. (2021b)
at%) oxides
34 Ce0,-$n0, 14 (mass ratio) 200-400 250-550 (SO, aged) Martinovic et al.
(2021)
22 710, 100 200-500 (de-greened)  200-500 Peng et al. (2020)
20 ZnTi, O, 1:5 (mass ratio) 180-500 180-500 Yu et al. (2020)





OPS/images/fchem-10-1033255-t003.jpg
Introduced Cu content Doped ions Dopant Active temperature Active temperature References
species (Wt%) content window for window for
(wt%) fresh samples hydrothermal aged
(°'C) (NO, samples ('C)
conversion >90%)  (NO, conversion >90%)
Rare earth metal ions 2.8 Y 13 190-550 190-550 Zhao et al. (2019¢)
114 Ce+Fe 0.82 +3.48 200-550 - Liu et al. (2015)
22 Ce 16 190-550 190-450 Zhao et al. (2019¢)
565 Ce 093 230-600 230-500 Wang et al. (2016)
36 Ce 03 200-500 - Usui et al. (2018)
1.83 (CuO) Ce 120 (ppm, Ce0)  200-500 250-450 Wang et al. (2021d)
581 Ce 240 150-500 - Li et al. (2019)
34 La 18 190-550 200-450 Zhao et al. (2019¢)
384 Cetla 078 + 075 180-390 210-270 Chen et al. (2020b)
34 sm 23 190-600 190-450 Zhao et al. (2019¢)
239 Sm 02 200-550 225-350 Chen et al. (2022a)





OPS/images/fchem-10-1033255-t002.jpg
Introduced Cu content  Dopedions Dopant Active temperature  Active temperature References
species (Wt%) content window for window for
(wt%) fresh samples hydrothermal aged
(°C) (NO, samples ('C)
conversion >90%)  (NO, conversion >90%)

Transition metal ions 399 Mn 168 200-450 300-400 Wang et al. (2022c)
020 (IE degree)  Mn 0.10 (IE degree) 175-525 200-500 Song et al. (2019)
26 (at%) Mn 18 (at%) 140-330 - Wan et al. (2021)
271 Fe 0357 200-450 200-375 Yang et al. (2012)
150 Fe 063 160-580 210-550 Wan et al. (2021)
451 Fe 51 150-450 - Wang et al. (2022b)
467 Fe 537 175-450 200-350 Zhang et al. (2014)
80 Fe 10 250-500 250-500 Yin et al. (2016)
23 Fe 089 200-550 250-350 Chen et al. (2021a)
255 Fe 149 200-500 200-500 Wu et al. (2022)
48 Fe 05 200-550 200-400 Yue et al. (2020)
33 Fe 30 250-450 - Wang et al. (2019b)
099 Co. 082 300-450 300-450 Lee et al. (2021a)
20 Nb 07 200-625 - Wang et al. (2021b)
24 Zn 83 250-600 300-550 Xu et al. (2020)









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
2 frontiers | Frontiers in Chemistry





OPS/images/fchem-10-1033255-g004.gif





OPS/images/fchem-10-1033255-g005.gif





OPS/images/fchem-10-1033255-g002.gif
Osi ®Al @Cu *0 1





OPS/images/fchem-10-1033255-g003.gif





OPS/images/fchem-10-1033255-t001.jpg
Introduced species Cu content Doped ions Dopant content Active temperature Active temperature References

(wt%) (wt%) window for window for
fresh samples hydrothermal aged
('C) (NO, samples ("C)

conversion >90%)  (NO, conversion >90%)

Alkali metal ions 178 Li 0.03 225-500 325-475 Ly et al. (2021b)
0.98 Li 04 200-500 225-500 Gao et al. (2015b)
27 Na 17 150-650 200-600 Zhao et al. (2017)
1.69 Na 0.07 250-500 225-475 Ly et al. (2021b)
0.98 Na 178 180-500 225-500 Gao et al. (2015a)
1.0 Na 15 210-500 - Cui et al. (2020)
1.73 Na 07 300-400 - Chen et al. (2020c)
1.46 K 0.11 250-500 250-500 Ly et al. (2021b)
0.98 K 421 225-500 - Gao et al. (20152)

1.50 Cs 076 250-500 - Ly et al. (2021b)





OPS/images/fchem-10-1033255-g006.gif





OPS/images/fchem-10-1033255-g007.gif





OPS/images/cover.jpg
& frontiers | Frontiers in Chemistry






OPS/images/fchem-10-1033255-.gif





OPS/images/fchem-10-1033255-g001.gif





