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Abstract 
[bookmark: OLE_LINK109]The increasingly stringent requirements for controlling nitrogen oxide (NOx) emissions during the cold start conditions of diesel engines serve as a powerful driving force to enhance the low-temperature NH3-SCR performance of state-of-the-art commercial Cu-SSZ-13. In this study, the coupled catalysts were synthesized to create additional active sites for NO oxidation and NH3 adsorption/activation, and the synergistic effect between Cu species and CeO2/Sm2O3 leads to a substantial boost in the low-temperature NH3-SCR activity of CSZ. The results suggest that 6% Ce-2% Sm/CSZ, as the optimal coupled catalyst, achieves a NOx conversion of 93.1% at 200 ℃, significantly higher than that of CSZ. The coupled CeO2 and Sm2O3 enhance the number of both Brønsted and Lewis acid sites on CSZ, promoting the adsorption and activation of NH3. Therefore, 6% Ce-2% Sm/CSZ can form more NH+ 4 adsorbed on the Lewis acid sites, which reacts with free ionic nitrates to form NH4NO3. More importantly, the coupled Sm2O3 facilitates the conversion of NH4NO3 by NO to easily decomposable NH4NO2. In addition, additional oxygen vacancies provided by Ce3+ can adsorb O2 and promote the transport of oxygen ions, and electron donation from Sm3+ to [ZCu2+(OH)]+ enhances the low-temperature activity of the latter. Ultimately, the low-temperature NH3-SCR performance of CSZ is improved via a synergistic effect. The NH3-SCR reaction over 6% Ce-2% Sm/CSZ co-follows the Eley-Rideal (E-R) and Langmuir-Hinshelwood (L-H) mechanisms.
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1. Introduction
Nitrogen oxides (NOx) are thought of as one of the major detrimental atmospheric pollutants which are inextricably linked to a spectrum of serious problems including human health and ecological environment [1–4]. Currently, the measures to reduce NOx from mobile sources are frequently used in conjunction with optimizing combustion systems to decrease NOx formation and implementing high-efficiency exhaust after-treatment technologies to purify NOx [5–8], thereby meeting emission regulations and legislation. Among these technologies, the selective catalytic reduction of NOx by NH3 (NH3-SCR) under conditions of excess O2 has been proved to be one of the most effective and best available methods for decreasing NOx emissions [9,10]. Nowadays, the state-of-the-art commercial Cu-SSZ-13, with chabazite (CHA) structure, has been acknowledged as one of the most prevalently employed catalysts in the NH3-SCR reaction process, primarily attributing to its outstanding catalytic performance, excellent hydrothermal stability and high N2 selectivity [11–13]. Actually, Cu-SSZ-13 catalyst still encounters some inevitable problems when applied in the field of denitration. Based on the fact that the light-off temperature of the Cu-SSZ-13 catalyst (i.e., the minimum temperature at which it starts to exert catalytic activity) is typically higher than the exhaust temperature emitted by the engine during the cold start phase, the catalytic performance of the Cu-SSZ-13 catalyst at low temperatures falls short of meeting the demands of practical applications [14]. Therefore, there is an eager anticipation for the improvement of the Cu-SSZ-13 catalyst, which should be capable of functioning efficiently at low temperatures and possessing a broad operational temperature range.
The general consensus is that Z2Cu2+ located at the 6-membered rings (6MRs) and [ZCu2+(OH)]+ located at the 8-membered rings (8MRs) (Z stands for the framework negative charge) are considered to be the main active sites of SSZ-13 in NH3-SCR [15,16]. Meanwhile, the [ZCu2+(OH)]+ plays a crucial role in the low-temperature region [9,17]. At present, it has been discovered that introducing a secondary cation can facilitate the exchange of Cu2+ onto the sites of SSZ-13, resulting in the formation of a greater number of [ZCu2+(OH)]+ ions. For example, Wang et al. [18] reported that Nb-incorporated Cu-SSZ-13 possesses a larger number of [ZCu2+(OH)]+ which is the active center at low temperature since niobium (Nb) can promote the occupation of Cu2+ ions at sites located on the 8MRs of SSZ-13. Lee et al. [19] proposed that Cu2+ ions exist more predominantly in the form of [ZCu2+(OH)]+ ions compared to Z2Cu2+ ions due to the fact that pre-loaded Co2+ ions have a tendency to preferentially occupy the sites in 6MRs. Despite the fact that introducing a secondary cation to increase the number of [ZCu2+(OH)]+ ions represents an effective means of enhancing the activity of Cu-SSZ-13 under low-temperature conditions, the number of exchangeable sites in SSZ-13 is finite. Researchers have been persistently exploring more efficient and practical methods with the aim of markedly enhancing the activity of catalysts in low-temperature environments.
In 1994, a “metal oxide + zeolite” coupled catalyst for HC-SCR reactions was successfully synthesized by Yokoyama et al [20]. They utilized a mechanical mixing technique to combine Ce/ZSM-5 with Mn2O3 or CeO2, achieving a significant improvement in the denitrification efficiency of Ce/ZSM-5 at low temperatures. Since then, a substantial amount of composite or coupled catalysts have undergone extensive and profound investigation. Huang et al [21] demonstrated that the low-temperature NH3-SCR performance of Cu-SSZ-13 was directly affected by oxygen species derived from metal oxides, including CeOx, ZrOx and MnOx. MnOx with abundant chemisorbed oxygen promoted the formation of highly active bridging nitrate species, whereas CeOx and ZrOx with abundant lattice oxygen tended to form less reactive bidentate and monodentate nitrate species. Kim et al [22] successfully prepared a dual-functional hybrid catalyst and clearly pointed out that improved low-temperature performance was attributed to the fact that the zeolite promoted the decomposition of nitrate derived from MnOx. Xu et al. [23] reported that unstable intermediate HONO species were formed on the solid solution (CeZrOx) during NO oxidation and migrated to the active component (Cu-SSZ-13) reacting with NH3 adsorbed on the Brønsted acid sites to produce NH4NO2. Kim et al [24] designed an ingenious hybrid catalyst system in which the activated NO intermediates generated over MnOx migrated to the Brønsted acid sites of the H-Y zeolite. This hybrid catalyst exhibited excellent low-temperature activity. Based on the above analysis, it was found that the highly active intermediates were formed on the metal oxides and subsequently migrated to zeolites for decomposition or reaction.
Typically, other metals are introduced into Cu-SSZ-13 to enhance its performance. For instance, CeO2 has been subject to extensive and in-depth research in the NH3-SCR reaction since it can provide wonderful oxygen storage and release capacity to adjust the concentration of oxygen in the exhaust gas and unexceptionable redox properties connected with the valence state transition capability between Ce3+ and Ce4+, thereby promoting the elimination of NOx. However, it also has some drawbacks. The catalytic activity of Ce-modified Cu-SSZ-13 may be insufficient under low-temperature conditions (≤250 ℃), which further restricts its application during the cold-start phase of diesel engines [25,26]. Recently, the introduction of an appropriate amount of Sm into MnOx, CeO2-MnOx and/or MnOx-TiO2 could effectively promote the formation of Mn⁴⁺ and chemically adsorbed oxygen, thereby enhancing their low-temperature NH3-SCR performance [27–29]. However, there are limited research reports available on the development of coupled catalysts incorporating metal oxides (CeO2 and SmO2) with Cu-SSZ-13 for enhancing low-temperature NH3-SCR performance. In addition, a definitive explanation for the detailed synergistic mechanisms between zeolites and metal oxides in coupled catalysts has not been fully established. Therefore, in this study, the combination of rare earth oxides (CeO2 and/or Sm2O3) with commercial Cu-SSZ-13 aims to obtain coupled catalysts (6% CeO2-2% Sm2O3/Cu-SSZ-13, indicated as 6% Ce-2% Sm/CSZ) by the slurry method to markedly enhance the low-temperature performance of CSZ at 200 ℃. More importantly, the synergy mechanism of 6% Ce-2% Sm/CSZ coupled catalyst is more thoroughly explored and unveiled by employing advanced technology.
2. Experiment and Method
2.1 Preparation of coupled catalysts
[bookmark: OLE_LINK1]The coupled catalysts were successfully synthesized. The Cu-SSZ-13 (Zhuoran Environmental Protection Co., Ltd) with a pore size of 0.3 ~ 0.4 nm and SiO2/Al2O3 molar ratio of 20 was purchased and the Cu content in Cu-SSZ-13 accounted for 4.12 wt%. A specific quantity of silica sol (Zhengzhou Xinpei Chemical products Co., Ltd) + aluminum sol (Dezhou Keying New Material Co., Ltd) as well as cellulose (Macklin, ≥ 95.0%) was utilized as complexing agent and dispersing agent, respectively. The slurry was formulated with Cu-SSZ-13 (32 wt%), binder (3 wt%), cellulose (1 wt%) and deionized water (64 wt%). Subsequently, an appropriate amount of CeO2 (Macklin, ≥ 99.9%) or CeO2 + Sm2O3 (Macklin, ≥ 99.9%) was introduced into the slurry, respectively. Among them, the Ce/Sm element contents and Cu-SSZ-13 contents in the slurry were maintained at 32 wt%. A 300 cpsi honeycomb cordierite monolith (CC, Shandong Aofu Environmental Protection Technology Co, Ltd) with 30 mm length, 20 mm diameter and 0.18 mm wall thickness was put into the slurry. The surplus slurry inside the straight track was cleared away by compressed air, effectively preventing any blockage of the channel. The prepared catalysts were dried at 120 ℃ for 12 h and calcined at 550 ℃ for 4 h to obtain the final coupled catalysts. The desired coating loading of 36 wt% was deposited onto CC. As a comparison, the slurry containing only Cu-SSZ-13 was designated as CSZ. In addition, the Ce element contents in Ce/CSZ of 5, 6, 7, 8 and 10 wt%, and second promoting metal Sm element contents in Ce-Sm/CSZ of 1, 2 and 3 wt% were employed in this study. The obtained coupled catalysts were labeled as x% Ce-y% Sm/CSZ, where x and y represented the weight contents of the Ce and Sm elements, respectively. In addition, the actual contents of Cu, Sm, and Ce in the coupled catalysts were measured by ICP-OES, and the results are presented in Table 1.
	Table 1 Actual contents of Cu, Ce, and Sm in the coupled catalysts

	Coupled catalysts
	Cu (wt%)
	Ce (wt%)
	Sm (wt%)

	CSZ
	3.45
	–
	–

	6% Ce/CSZ
	3.24
	6.02
	–

	8% Ce/CSZ
	3.15
	7.93
	–

	10% Ce/CSZ
	2.96
	10.17
	–

	6% Ce-2% Sm/CSZ
	3.12
	5.91
	1.97


2.2. Characterization of coupled catalysts
[bookmark: OLE_LINK65]The elemental contents of Cu, Ce and Sm, crystal structure, texture properties and element distribution of the coupled catalysts were investigated by means of inductively coupled plasma-optical emission spectrometry (ICP-OES), X-ray diffraction (XRD), scanning electron microscope (SEM) and energy dispersive spectrometer (EDS). For the analysis of Cu species in the coupled catalysts, the redox properties and electrostatic interactions were examined through the application of H2 temperature-programmed reduction (H2-TPR) and X-ray photoelectron spectra (XPS) techniques. The adsorption and desorption behaviors of NOx and NH3 on the coupled catalysts were tested by NH3/(NO+O2)-temperature-programmed desorption (NH3/(NO+O2)-TPD) and in situ diffuse reflectance infrared fourier transform spectroscopy (In situ DRIFTS). In addition, the comprehensive experimental procedures have been outlined in the Supplementary data.
2.3. NH3-SCR steady-state reaction experiments
The NH3-SCR steady-state reaction experiments were carried out in a fixed-bed continuous flow quartz reactor with an inner diameter of 20 mm at atmospheric pressure. The desired reaction temperature and flow rate were regulated and controlled by the furnace with PID control and the mass flow controller, respectively. The gas hourly space velocity (GHSV) of the reaction feed gas was 70,000 h-1 (total flow rate of 8.110 L min-1), with a composition comprising 1100 ppm NH3, 1000 ppm NO, 10 vol% O2, 5 vol% water vapour (only used for the water vapour tolerance research) and argon (Ar) as the balance gas. To assess the influence of thermal aging on the performance of the coupled catalysts, the coupled catalysts were subjected to a thermal treatment at 800°C for 4 h. The steady-state outlet concentrations of NO2, N2O, NH3 and NO during the NH3-SCR reaction were tracked using an online mass spectrometer manufactured by V&F corporation from Austria. The essential parameters for assessing the catalytic performance of the coupled catalysts were expressed through equations (1) and (2):
	

	(1)

	

	(2)


where the Cg,in and Cg,out denote feed and effluent gases concentration of species g.
3. Results and Discussion
[bookmark: OLE_LINK112]3.1 NH3-SCR catalytic performance
NH3-SCR steady-state performance of the coupled catalysts was tested, as depicted in Fig. 1 and Fig. S1. The optimal catalytic performance of CSZ is observed between 250 and 450 ℃ (Fig. 1a). However, CSZ demonstrates poor catalytic performance at 200 ℃ (69.2%) and 225 ℃ (83.3%). After coupled CeO2, the coupled catalysts outperform CSZ in catalytic performance. 8% Ce/CSZ possesses higher catalytic performance at 219–405 ℃ (NOx conversion above 95%) and achieves nearly 100% NOx conversion at 250–350 ℃. In particular, the NOx conversion on 8% Ce/CSZ (83.4%) is 14.2% higher than that on CSZ (69.2%) at 200 ℃. After coupled CeO2 and Sm2O3, the NOx conversion of x% Ce-y% Sm/CSZ shows a similar trend across the reaction temperature window (Fig. S1a), and the 6% Ce-2% Sm/CSZ demonstrates the optimal catalytic performance among x% Ce-y% Sm/CSZ. Furthermore, the NH3-SCR performance of 6% Ce-2% Sm/CSZ surpasses that of CSZ and 8% Ce/CSZ, particularly evident in its NOx conversion exceeding 90% within 190–550 ℃. What's more, a NOx conversion of 93.1% is achieved over 6% Ce-2% Sm/CSZ at 200 ℃. These results can indicate that a synergistic effect exists between Ce and Sm to promote low-temperature NH3-SCR. As shown in Fig. S1b, for CSZ, 8% Ce/CSZ and 6% Ce-2% Sm/CSZ, no N2O products are detected when the reaction temperature is less than 250 ℃. However, the N2O product is detected at reaction temperatures above 250 ℃. It is notable that the N2O concentration in the 6% Ce-2% Sm/CSZ remains below 10 ppm for the duration of the reaction. In addition, all the catalysts display a N2 selectivity of more than 93% (Fig. 1b).
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Fig. 1. (a) NOx conversion and (b) N2 selectivity of the coupled catalysts.
Fig. S2a displays the NH3-SCR performance of the coupled catalysts in the presence of 5 vol% water vapour. There is a slight increase in NH3-SCR performance for coupled catalysts across the temperature range of 100–550 ℃. Fig. 2a shows the NOx conversion of the coupled catalysts as a function of time at 200 ℃ under 5 vol% water vapor conditions. An increase in NOx conversion is observed for CSZ, 8% Ce/CSZ and 6% Ce-2% Sm/CSZ (from 100 to 400 min). For instance, the NOx conversion enhances gradually from 83.9 to 87.6% for 8% Ce/CSZ and from 93.1 to 97.7% for 6% Ce-2% Sm/CSZ (from 100 to 180 min). It has been reported that water vapour significantly reduces the reaction energy barrier between [CuI(NH3)2]+ and [CuII(NH3)2]2+ [30,31]. Another viewpoint holds that NH3 adsorbed on Brønsted acid sites can diffuse to Lewis acid sites because hydrogen bonds are formed by adsorbed NH3 and water vapour [32,33]. Consequently, an enhancement in catalytic activity is achieved. Full recovery of NO conversion can be achieved by removing water vapour from the reaction atmosphere, which indicates that the change in catalytic performance of the coupled catalysts induced by water vapour is reversible.
NOx conversion reduces to different extents in coupled catalysts after thermal aging treatment at 800 ℃ for 4 h, but the use of coupled CeO2 and/or Sm2O3 can effectually alleviate the loss of NOx conversion in CSZ (Fig. 2b), particularly at reaction temperatures ranging from 175 to 300 ℃. Consistent NOx conversion above 80% is maintained on CSZ in the temperature range of 247 to 550 ℃, while more than 80% NOx conversion on 6% Ce-2% Sm/CSZ and 8% Ce/CSZ is achieved at 193–550 ℃ and 223–550 ℃, respectively. These results indicate that coupled Ce and/or Sm can broaden the reaction window of low-temperature NH3-SCR. As shown in Fig. S2, the N2 selectivity of the coupled catalysts after thermal aging slightly decreases compared to that of the fresh coupled catalysts. After thermal aging, it is noteworthy that the N2 selectivity of 6% Ce-2% Sm/CSZ is superior to that of CSZ and 8% Ce/CSZ. For instance, the N2 selectivity of CSZ and 8% Ce/CSZ exceeds 98% in the temperature ranges of 197–372 ℃ and 188–471 ℃, respectively. In contrast, the N2 selectivity of 6% Ce-2% Sm/CSZ remains above 98% over a significantly wider temperature range of 125–550 ℃.
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Fig. 2. NOx conversion of CSZ, 8% Ce/CSZ and 6% Ce-2% Sm/CSZ (a) in the presence of 5 vol% water vapour at 200 ℃ and (b) after thermal aging treatment at 800 ℃ for 4 h.
[bookmark: OLE_LINK113]3.2 Textural properties
XRD was employed to detect the crystal structure and phase composition of the coupled catalysts, and the results are displayed in Fig. 3. The major characteristic diffraction peaks located at 2θ = 9.5°, 12.9°, 14.1°, 16.0°, 17.8°, 20.6°, 25.1° and 30.6° are accurately associated with the internal crystal structure of SSZ-13 (PDF# 47–0762), which demonstrates that all the coupled catalysts continue to retain the typical CHA structure after coupled CeO2 and CeO2-Sm2O3. There are not any characteristic diffraction peaks identified as associated with Cu species or Sm2O3, indicating that the Cu species are very well incorporated onto the active sites within the SSZ-13 framework and the Sm2O3 species are extremely uniformly distributed on the surface of SSZ-13 or the introduced Sm2O3 species are in the nanoscale size. After coupled CeO2, a more noteworthy phenomenon is that the characteristic diffraction peaks attributed to CeO2 are detected at 2θ angles of 28.5°(1,1,1), 33.0°(2,0,0), 47.3°(2,2,0), 56.3°(3,1,1) and 59.0°(2,2,2), which correspond to CeO2 with a cubic crystal structure (PDF# 43-1002).
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Fig. 3. XRD patterns of CSZ and the coupled catalysts.
For the purpose of conducting a more in-depth observation and analysis of the morphological changes and elemental distribution in the coupled catalysts, SEM and EDS imaging were performed on Cu-SSZ-13, x% Ce/CSZ (x = 6, 8 and 10) and 6% Ce-2% Sm/CSZ, as demonstrated in Fig. 4 and Fig. S3. Cu-SSZ-13 displays cubic crystals with sizes ranging from 0.25 to 0.30 μm (Fig. 4) and exhibits a uniform distribution of Cu, Si, Al and O elements (Fig. S3). The morphologies of CSZ, x% Ce/CSZ (x = 6 and 8) and 6% Ce-2% Sm/CSZ show similarities to those of Cu-SSZ-13, and the CeO2 and/or Sm2O3 species exhibit a uniform distribution on the surface of CSZ with cubic crystals, as verified by the SEM and EDS data in Fig. 4 and Fig. S3. Severe agglomeration is observed in the 10% Ce/CSZ. Additionally, the XRD analysis reveals that the intensities of the characteristic diffraction peaks at 2θ = 9.5° and 20.6° are slightly lower than those of CSZ and the ICP-OES results indicate that the actual Cu content (2.96 wt%) is slightly lower than the nominal Cu content (3.11 wt%). According to the changes in the intensities of the characteristic diffraction peaks and the actual Cu content, it can be inferred that excess CeO2 covers part of the SSZ-13 framework structure. This result could be one of the factors contributing to the reduced catalytic activity of 10% Ce/CSZ coupled catalyst.
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Fig. 4. SEM images of Cu-SSZ-13 and the coupled catalysts.
3.3 Active species
To explore the effects of CeO2 and/or Sm2O3 on the catalytic activity of the coupled catalysts, the reduction properties of Cu species in the coupled catalysts were studied by using H2-TPR. As illustrated in Fig. 5a, the reduction peaks are detected at approximately 220, 297, 380 and 445 ℃, corresponding to the reduction of [ZCu2+(OH)]+ to Cu+, CuO to Cu0, Z2Cu2+ to Cu+ and Cu+ to Cu0, respectively [23,34–36]. The reduction peak temperature of the x% Ce/CSZ does not change significantly compared to CSZ. It demonstrates that the reduction properties of Cu species remain unaffected by the presence of CeO2. In addition, [ZCu2+(OH)]+ and Z2Cu2+, as the most important catalytically active sites, exhibit significantly different effects on catalytic performance during the NH3-SCR reaction [18,34]. Nevertheless, [ZCu2+(OH)]+ serves as the catalytically active sites at low temperatures [9,17]. Compared with CSZ and 8% Ce/CSZ, the reduction peak temperature of [ZCu2+(OH)]+ in 6% Ce-2% Sm/CSZ shifts toward lower temperatures by 10 and 9 ℃, respectively, which suggests that Sm species can enhance the reduction property of [ZCu2+(OH)]+. Tong et al. [37] pointed out that Sm species can modulate the reduction property of active components. Therefore, 6% Ce-2% Sm/CSZ displays the best catalytic performance. In addition, the concentration of [ZCu2+(OH)]+ in the coupled catalysts reduced by H2 was calculated and summarized in Table 2. The H2 consumption of 85.01 μmol g-1 is observed for [ZCu2+(OH)]+ on CSZ. After coupled CeO2 and/or Sm2O3, the gradual decrease in H2 consumption of [ZCu2+(OH)]+ on the coupled catalysts is attributed to the reduced proportion of CSZ in the coupled catalysts. The H2 consumption of [ZCu2+(OH)]+ in 8% Ce/CSZ and 6% Ce-2% Sm/CSZ is remarkably similar, at approximately 77.58 μmol g-1, indicating that the concentration of [ZCu2+(OH)]+ is not influenced by CeO2 and CeO2-Sm2O3. Unexpectedly, the opposite experimental phenomenon was discovered. Xu et al. [23] pointed out that CeZrOx enhanced the concentration of [ZCu2+(OH)]+ in CeZrOx-Cu/SSZ-13. Actually, the concentration of [ZCu2+(OH)]+ may be influenced by preparation conditions, such as the pH and particle size of the slurry, the selection and dosage of binders, the Si/Al molar ratio and Cu content in SSZ-13 and other factors. In addition, the catalytic performance of 8% Ce/CSZ and 6% Ce-2% Sm/CSZ at low temperatures is superior to that of CSZ, which further demonstrates the synergistic effect between rare earth oxides (CeO2 and/or Sm2O3 species) and [ZCu2+(OH)]+ ions. Interestingly, the improvement of catalytic activity in CSZ achieved by combining CeO2 and Sm2O3 is greater than that achieved by CeO2 alone, indicating the differing contributions of CeO2 and Sm2O3 to the NH3-SCR reaction.
[bookmark: _Hlk207726678]The information about surface component and oxidation states in the coupled catalysts needs to be investigated. Therefore, XPS characterization was performed. The coupled catalysts' Cu 2p, O 1s, Ce 3d and Sm 3d spectra are illustrated in Fig. 5b-e, and the surface Cu2+/(Cu2+ + CuO) concentration and peak area proportion (Oads and Ce3+) are presented in Table 2. Fig. 5b illustrates that the spin-orbit splitting results in two distinct Cu 2p peaks located at approximately 932.6 eV (Cu 2p3/2) and 953.1 eV (Cu 2p1/2), respectively [25,38,39]. Additionally, the shake-up satellite of Cu is detected at around 944.1 eV, which suggests that the Cu species in the coupled catalysts mainly exist in the form of + 2 [40,41]. The Cu 2p3/2 peak can be split into two peaks presenting at approximately 933.2 eV (CuO species) and 936.6 eV (Cu2+) [36,42]. After coupled CeO2, the binding energy (at approximately 936.6 eV) of Cu2+ and the surface Cu2+/(Cu2+ + CuO) concentration (at approximately 15 at%) in CSZ and x% Ce/CSZ (x = 6 and 8) remain almost unchanged (Fig. 5b and Table 2), indicating that CeO2 does not affect the characteristics of Cu2+ species. However, compared with CSZ and 8% Ce/CSZ, the binding energy of Cu2+ in 6% Ce-2% Sm/CSZ shifts toward lower binding energy by 0.7 and 0.6 eV, respectively. This result further confirms electron transfer between Sm3+ and [ZCu2+(OH)]+. In addition, [ZCu2+(OH)]+ serves as the active sites under low-temperature conditions. Chen et al. [9] pointed out that the activity of [ZCu2+(OH)]+ is enhanced because Sm3+ can transfer electrons to [ZCu2+(OH)]+, which leads to better performance in the low-temperature NH3-SCR reaction.
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Fig. 5. (a) H2-TPR, (b) Cu 2p, (c) O 1s, (d) Ce 3d and (e) Sm 3d spectra of the coupled catalysts.
The coupled catalysts' O 1s spectra illustrated in Fig. 5c can be divided into lattice oxygen (Olat) at 532.1–532.6 eV and chemisorption oxygen (Oads) at 533.2–534.4 eV [9,18]. Compared with CSZ, the O 1s peaks for x% Ce/CSZ remain virtually unchanged, which suggests that the oxygen species derived from Ce species demonstrate negligible interaction with Cu2+ ([ZCu2+(OH)]+ or Z2Cu2+). It can be clearly observed from Table 2 that the corresponding peak area proportion of Oads/(Olat + Oads) in 6% Ce/CSZ (35.08%), 8% Ce/CSZ (41.61%), 10% Ce/CSZ (33.17%) and 6% Ce-2% Sm/CSZ (43.79%) is higher than that in CSZ (30.67%). It should be pointed out that Oads, as the most active oxygen species, can directly affect redox reactions [43]. After coupled Sm2O3, the binding energy of Olat and Oads in 6% Ce-2% Sm/CSZ shifts to higher binding energy, indicating that there exist strong interactions between oxygen species originated from Sm species and Cu2+ [9,44]. In addition, the corresponding peak area proportion of Oads/(Olat + Oads) in 6% Ce-2% Sm/CSZ is significantly higher than that in CSZ and 8% Ce/CSZ. Therefore, it can be inferred that Oads consists of chemisorption oxygen and hydroxyl group. The additional Brønsted acid sites provided by the hydroxyl group can serve as active centers for NH3 adsorption and activation [45]. Thus, 6% Ce-2% Sm/CSZ exhibits the best low-temperature activity.
The coupled catalysts' Ce 3d and Sm 3d spectra are illustrated in Fig. 5d and e. It can be seen from Fig. 5d that the peaks denoted as m (~ 882.0 eV), m' (~ 883.8 eV), m'' (~ 888.2 eV) and m''' (~ 898.6 eV) are deemed to be Ce 3d5/2, and the peaks marked as n (~ 900.7 eV), n' (~ 903.2 eV), n'' (~ 906.4 eV) and n''' (~ 917.3 eV) are considered to be Ce 3d3/2, respectively [46,47]. In addition, m' and n' peaks are designated as Ce3+, and the other peaks are assigned as Ce4+. The corresponding peak area proportion of Ce3+/(Ce3+ + Ce4+) in 6% Ce/CSZ and 6% Ce-2% Sm/CSZ is 24.13 and 24.63% (Table 2), respectively. It enhances slightly after coupled Sm2O3, so it can be inferred that Sm species can improve the formation of Ce3+ to a certain extent. It has been reported that the additional oxygen vacancies provided by Ce3+ can effectively adsorb O2 in the gas phase and promote the transport of oxygen ions in the coupled catalysts [48,49]. In brief, it can improve catalytic activity at low temperatures. This result indicates that a synergistic interaction exists among Ce, Sm and Cu species. According to Fig. 5e, the peaks at around 1111.3 and 1084.4 eV of the Sm 3d are ascribed to Sm 3d3/2 and Sm 3d5/2, respectively. The Sm 3d5/2 peaks can be split into two peaks, i.e., one peak at around 1080.4 eV corresponds to Sm2+, and the other peak at around 1084.5 eV corresponds to Sm3+ [50,51], which suggests that Sm exists primarily in the form of + 3 in 6% Ce-2% Sm/CSZ.
	Table 2 Changes in the content of Cu species and in the relative area proportion of Oads and Ce3+ over the coupled catalysts.

	Coupled catalysts
	a H2 consumption (μmol g-1)
	b Surface Cu2+/(Cu2++CuO)
concentration (at%)
	b Oads/(Oads+Olat)
(%)
	b Ce3+/(Ce3++Ce4+)
(%)

	
	[ZCu2+(OH)]+
	Z2Cu2+
	Total
	
	
	

	CSZ
	85.01
	191.40
	276.41
	16.47
	30.67
	—

	6% Ce/CSZ
	79.18
	178.28
	257.46
	14.23
	35.08
	24.13

	8% Ce/CSZ
	77.69
	174.93
	252.62
	15.45
	41.61
	27.81

	10% Ce/CSZ
	65.35
	147.11
	212.46
	9.39
	33.17
	21.25

	6% Ce-2% Sm/CSZ
	77.47
	174.38
	251.85
	16.13
	43.79
	24.63

	a Analyzed by H2-TPR. b Analyzed by XPS.


3.4 Adsorption/Desorption and activation of NO+O2 
3.4.1. NO+O2 adsorption
NOx adsorption plays a particularly critical role in the coupled catalysts, given that NOx is one of the principal reactants in the NH3-SCR reaction. Therefore, in situ DRIFTS was used to study the adsorbed NOx species on the coupled catalyst during the NOx absorption process at 50 ℃, and the results are presented in Fig. 6. Symmetric vibrations of monodentate nitrates (1331 cm-1), free ionic nitrates (1372 cm-1), asymmetric vibrations of monodentate nitrates (1424 cm-1), chelating bidentate nitrates (1615 cm-1), bridging nitrates (1429 cm-1) and absorbed N2O4 (1730 cm-1) are observed on CSZ [52–55], and the peak intensity of adsorbed NOx species gradually enhances with adsorption time from 1 to 10 min. After coupled CeO2, the peak intensity of adsorbed NOx species on both 6% Ce/CSZ and 8% Ce/CSZ is consistently lower than that on CSZ at any given time point (Fig. 6a, b and c) due to the fact that the proportion of CSZ in the coupled catalysts decreases, which suggests that the adsorption sites for NOx are exclusively located on Cu species. Furthermore, this is consistent with the adsorbed NOx species on x% Ce/CSZ (x = 6 and 8) and CSZ, indicating that Ce species do not alter the adsorbed NOx species on the coupled catalysts. After coupled Sm2O3, an increase in peak intensity of NOx is detected at 1331, 1615 and 1629 cm-1, while a reduction in peak intensity of NOx is observed at 1372 cm-1 compared to CSZ and 8% Ce/CSZ at any given time point. However, an interesting phenomenon is that a new peak at 1472 cm-1 is noted for 6% Ce-2% Sm/CSZ (Fig. 6d), which is assigned to absorbed NO2 [56]. This result demonstrates that the Sm species are able to form a rich diversity of adsorbed NOx species, especially the formation of NO2 on 6% Ce-2% Sm/CSZ. It is widely known that NO2 can participate in the reaction between NO and NH3, that is, the “Fast SCR” reaction. As a consequence, 6% Ce-2% Sm/CSZ exhibits excellent low temperature NH3-SCR performance.
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Fig. 6. In situ DRIFTS of NO+O2 adsorption on: (a) CSZ, x% Ce/CSZ and 6% Ce-2% Sm/CSZ at 50 ℃ at 10 min; (b)–(d) Time-dependent profiles for (b) CSZ, (c) 8% Ce/CSZ and (d) 6% Ce-2% Sm/CSZ with exposure durations spanning 1–10 min (at 1 min intervals) at 50 ℃.
3.4.2. NO+O2 desorption
NO species desorption from the coupled catalysts is displayed in Fig. 7. A shoulder NO desorption peak in the temperature range of 50 to 190 ℃, centered at approximately 122 ℃, can be classified as the decomposition of monodentate nitrates and free ionic nitrates, while another broad and low NO desorption peak in the temperature range of 220 to 450 ℃, centered at around 327 ℃, can be ascribed to the decomposition of bridging nitrates and chelating bidentate nitrates, respectively [27,36,38,57]. After coupled CeO2 and/or Sm2O3, the NO desorption peaks in x% Ce/CSZ and 6% Ce-2% Sm/CSZ show almost no change compared to those in CSZ, which suggests that the NO desorption is not affected by Ce and/or Sm species. In addition, it can be seen from Table 3 that the desorption capacities of NOx species on CSZ and 6% Ce/CSZ, 8% Ce/CSZ are 238.61, 214.26 and 188.51 μmol·g-1, respectively. However, the desorption capacity of NOx species on 6% Ce-2% Sm/CSZ closely resembles that on 8% Ce/CSZ. This result reveals that the coupled catalysts exhibit a lower NO desorption capacity compared to CSZ. However, the performance of the coupled catalysts is superior to that of CSZ, which further confirms that there is no significant direct correlation between the desorption capacity of NO species and the catalytic activity.
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Fig. 7. (NO+O2)-TPD patterns of the coupled catalysts.
3.5 Acid sites
3.5.1 NH3 adsorption
The catalytic performance of the coupled catalysts during the NH3-SCR reaction process is largely governed by the adsorption and activation of NH3 on adsorption sites (e.g, Brønsted and Lewis acid sites and hydroxyl groups), as displayed in Fig. 8. The peaks located at around 3340, 3267/1454 and 3198 cm-1 can be divided into NH+ 4 species adsorbed on Si-OH groups, Lewis acid sites (L-NH+ 4) and Brønsted acid sites (B-NH+ 4), while the peaks centered at approximately 3740/3683/3604 and 1611 cm-1 can be classified as NH3 species adsorbed on Si-OH groups/Al-OH groups/Cu-OH groups and Lewis acid sites (L-NH3), respectively [18,58–61]. The adsorption sites for NH3 species on the coupled catalysts do not alter, while the peak intensity for NH3 species on the coupled catalysts changes relative to CSZ (Fig. 8a), which suggests that the NH+ 4 formation and NH3 adsorption can be directly affected by the coupled CeO2 and/or Sm2O3. Therefore, the coupled catalysts exhibit different catalytic activities. Additionally, the temporal evolution of adsorbed NH3 species over CSZ, 8% Ce/CSZ and 6% Ce-2% Sm/CSZ is monitored via in situ DRIFTS at 50 ℃ (Fig. 8b, c and d). An increase in adsorption time from 1 to 10 min results in a gradual increase in the peak intensity of NH3 on the catalysts. There are obvious differences in the peak intensity of NH3 on the catalysts at all times. However, the peak intensity of L-NH+ 4 (3199 cm-1) and L-NH3 (1609 cm-1) on 6% Ce-2% Sm/CSZ is higher than that on CSZ and 8% Ce/CSZ. The NH3 and NH+ 4 provided by the Lewis acid sites can act as reactive intermediate species, thereby significantly impacting the low-temperature NH3-SCR activity of the coupled catalysts [18,62]. Additionally, the formation of B-NH+ 4 on 6% Ce-2% Sm/CSZ is significantly higher than that on CSZ and 8% Ce/CSZ. NH+ 4 provided by the Brønsted acid sites can act as a mobile intermediate in the low-temperature NH3-SCR reaction [63]. Therefore, the formation of more NH3 and NH+ 4 on the adsorption sites is more favorable for the low-temperature NH3-SCR reaction. This is also one of the factors contributing to the optimal catalytic activity of 6% Ce-2% Sm/CSZ.
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Fig. 8. In situ DRIFTS of NH3 adsorption on: (a) CSZ, x% Ce/CSZ and 6% Ce-2% Sm/CSZ at 50 ℃ at 10 min; (b)–(d) Time-dependent profiles for (b) CSZ, (c) 8% Ce/CSZ and (d) 6% Ce-2% Sm/CSZ with exposure durations spanning 1–10 min (at 1 min intervals) at 50 ℃.
3.5.2. NH3 desorption
The desorption behavior of NH3 species and acid content on the coupled catalysts were measured using NH3-TPD, and the results are displayed in Fig. 9. The desorption peaks of NH3 species at 178–182 ℃, 326–332 ℃ and 438–443 ℃ can be classified as NH3 species adsorbed on the weak Lewis acid sites (WLACs), moderate strong Lewis acid sites (MLACs) and Brønsted acid sites (representing the strong acid sites, BACs), respectively [41,64,65]. For all the catalysts, there is no significant difference in the desorption peak temperature of NH3 species, which suggests that the coupled Ce and/or Sm has no effect on the desorption behavior of NH3 species at the adsorption sites. The acid content in the coupled catalysts was calculated and summarized in Table 3. The acid content of WLACs, MLACs and BACs on CSZ is only 1.40, 0.37 and 0.10 mmol·g-1, respectively, while the acid content of WLACs, MLACs and BACs on 6% Ce-2% Sm/CSZ is 1.99, 0.59 and 0.21 mmol·g-1, respectively. This result demonstrates that the coupled Ce and/or Sm primarily enhances the acid amount of WLACs and MLACs. In addition, the additional Lewis acid sites provided by Ce and/or Sm can adsorb more NH3 species, thereby promoting the low-temperature NH3-SCR reaction [18,62]. Therefore, the presence of plentiful WLACs and MLACs in 6% Ce-2% Sm/CSZ results in its exceptional low-temperature NH3-SCR activity.
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Fig. 9. NH3-TPD patterns of the coupled catalysts.
	Table 3 Changes in the desorption capacity of NOx species and acid content from the coupled catalysts.

	Coupled catalysts
	a(NO+O2)-TPD (μmol·g-1)
	bNH3-TPD (mmol·g-1)

	
	50–190 ℃
	220–440 ℃
	Total
	Weak Lewis
acid sites (WLACs)
	Moderate Lewis acid sites 
(MLACs) 
	Brønsted acid sites (BACs)
	Total

	CSZ
	150.35 
	88.26 
	238.61
	1.40
	0.37
	0.10
	1.87

	6% Ce/CSZ
	135.59
	78.66
	214.25
	1.78
	0.47
	0.15
	2.40

	8% Ce/CSZ
	126.13
	62.38
	188.51
	1.92
	0.53
	0.16
	2.61

	10% Ce/CSZ
	69.35
	42.12
	111.47
	1.53
	0.45
	0.13
	2.11

	6% Ce-2% Sm/CSZ
	121.25
	59.61
	180.86
	1.99
	0.59
	0.21
	2.79

	a Analyzed by (NO+O2)-TPD. b Analyzed by NH3-TPD.


3.6 Reaction route study
3.6.1 Reactions between pre-adsorbed NO + 10% O2 and NH3 + 10% O2
The low-temperature NH3-SCR reaction route between pre-adsorbed NOx species and NH3 on 8% Ce/CSZ and 6% Ce-2% Sm/CSZ was investigated using in situ DRIFTS, and the results are displayed in Fig. 10. After exposure to the atmosphere of NH3 and O2, throughout the 20-minute monitoring period, no peak related to adsorbed NH3 species for 8% Ce/CSZ and 6% Ce-2% Sm/CSZ is observed. This finding suggests that pre-adsorbed NOx species can be capable of reacting with gaseous NH3. For 8% Ce/CSZ and 6% Ce-2% Sm/CSZ, the free ionic nitrates (1372 cm-1) and monodentate nitrates (1423 and 1331 cm-1), as a very important type of reactive intermediates, can participate in low-temperature NH3-SCR reaction with gaseous NH3. For 6% Ce-2% Sm/CSZ, an interesting phenomenon is that pre-adsorbed NO2 (1472 cm-1) can react with gaseous NH3. It can be inferred that the “Fast SCR” reaction takes place. Consequently, the 6% Ce-2% Sm/CSZ demonstrates improved performance for NH3-SCR under low-temperature conditions. In brief, pre-adsorbed NOx species on 8% Ce/CSZ and 6% Ce-2% Sm/CSZ react with gaseous NH3 in the low-temperature NH3-SCR reaction via the Eley-Rideal (E-R) route.
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Fig. 10. In situ DRIFTS of pre-adsorbed NO + O2 followed by reaction with NH3 + O2 on (a) 8% Ce/CSZ and (b) 6% Ce-2% Sm/CSZ at 200 ℃.
3.6.2 Reactions between pre-adsorbed NH3 + 10% O2 and NO + 10% O2
The low-temperature NH3-SCR reaction route between pre-adsorbed NH3 species and NO on 8% Ce/CSZ and 6% Ce-2% Sm/CSZ was investigated using in situ DRIFTS, and the results are displayed in Fig. 11. After exposure to the atmosphere of NO and O2, there exists a significant reduction trend of B-NH+ 4 (1483/1482 and 3265 cm-1), L-NH3 (1619/1621 cm-1), L-NH+ 4 (3199/3200 cm-1) and NH+ 4 (3340 cm-1) on 8% Ce/CSZ and 6% Ce-2% Sm/CSZ at 200 ℃. Lewis acid sites (L-NH3 and L-NH+ 4) react more rapidly with NOx than Brønsted acid sites (B-NH+ 4). It is well-known that Lewis acid sites are the primary sites for adsorbing and activating NH3 in low-temperature NH3-SCR, forming the essential foundation for initiating efficient low-temperature reaction pathways. More importantly, the free ionic nitrates are observed after 15 min on 8% Ce/CSZ and 6% Ce-2% Sm/CSZ. Meanwhile, NH4NO3 located at 3057 or 3043 cm-1 [36] is detected on 8% Ce/CSZ at 20 min and on 6% Ce-2% Sm/CSZ at 15 min. The formation of NH4NO3 may involve the reaction between free ionic nitrates and NH+ 4 originating from Lewis acid sites via the Langmuir-Hinshelwood (L-H) route. Moreover, the NH+ 4 located at the Brønsted acidic sites can migrate to the Lewis acidic sites [63], thus also promoting the formation of NH4NO3. Additionally, NH4NO3 has been identified as a key intermediate species in the low-temperature NH3-SCR reaction pathway, while NH4NO3 decomposition has been confirmed as a critical step in the mechanism of low-temperature NH3-SCR. In addition, NH4NO3 decomposes via the following pathway: NH4NO3 + NO → NH4NO2, and then NH4NO2 → N2 + H2O. However, the reaction of NH4NO3 with NO proceeds much more slowly [36], and the formation of NH4NO3 from the reaction between free ionic nitrates (NO- 3) and NH+ 4 (NO- 3 + NH+ 4 → NH4NO3) is very fast [36]. When the decomposition of NH4NO3 is slower than its formation, NH4NO3 may accumulate at the active sites or on the coupled catalyst surface, thereby hindering the progress of the reaction and leading to a decrease in catalytic performance [54,63]. However, the peak intensity of NH4NO3 on 6% Ce-2% Sm/CSZ is lower than that on 8% Ce/CSZ, indicating that the coupled Sm2O3 can facilitate the conversion of NH4NO3 by NO to NH4NO2 [23]. Ultimately, NH4NO2, as an extremely unstable intermediate species, easily decomposes into N2 and H2O [36,66]. Therefore, 6% Ce-2% Sm/CSZ exhibits excellent low-temperature NH3-SCR performance.
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Fig. 11. In situ DRIFTS of pre-adsorbed NH3 + O2 followed by reaction with NO + O2 on (a) 8% Ce/CSZ and (b) 6% Ce-2% Sm/CSZ at 200 ℃.
4. Conclusion
An effective strategy involving the coupling of rare earth oxides (CeO2 and Sm2O3) was employed to enhance the low-temperature NH3-SCR performance of CSZ. Meanwhile, the coupled CeO2 and Sm2O3 were conducted an in-depth analysis of the synergistic mechanism in the coupled catalysts. 6% Ce-2% Sm/CSZ, as the optimal coupled catalyst, achieves a NOx conversion of 93.1% at 200 ℃ and demonstrates excellent N2 selectivity in a broad temperature range (100–550 ℃). Additionally, this coupled catalyst also maintains outstanding performance even after exposure to 5 vol% water vapour and thermal aging treatment at 800 °C for 4 h. Physicochemical characterization was performed on the coupled catalysts. The results indicate that crystalline CeO2 is present on the surface of SSZ-13, while the coupled Sm2O3 is extremely uniformly distributed on the surface of SSZ-13 or the introduced Sm2O3 is in the nanoscale size. Additional chemisorption oxygen (Oads) provided by coupled CeO2 is critical for enhancing redox activity. In addition, [ZCu2+(OH)]+ serves as the active sites under low-temperature conditions, and Sm3+ can transfer electrons to [ZCu2+(OH)]+ to enhance its activity. The coupled Sm2O3 can improve the formation of Ce3+ to a certain extent. Additional oxygen vacancies provided by Ce3+ can effectively adsorb O2 in the gas phase and promote the transport of oxygen ions in the coupled catalysts. After coupled CeO2 and Sm2O3, the monodentate nitrates and free ionic nitrates react with gaseous NH3 via the Eley-Rideal (E-R) route. More importantly, the coupled Sm2O3 can generate abundant adsorbed NO2, which reacts with gaseous NH3 to participate in the “Fast SCR” reaction. Additionally, the coupled CeO2 and Sm2O3 contain considerable content of both Brønsted and Lewis acid sites on the coupled catalysts, which promote the NH3 adsorption and facilitate NH3 activation into NH+ 4. NH+ 4 located at the Brønsted acidic sites can migrate to the Lewis acidic sites. NH+ 4 originating from Lewis acid sites reacts with free ionic nitrates to form NH4NO3 via the Langmuir-Hinshelwood (L-H) route. Additionally, the coupled Sm2O3 can promote the oxidation of NH4NO3 by NO and further form easily decomposable NH4NO2. Ultimately, the synergistic effect between Cu species and CeO2/Sm2O3 leads to a substantial boost in low-temperature NH3-SCR activity of CSZ.
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