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Abstract: The reduction of NOx emission during the cold start period of diesel 

vehicles requires special attention in accordance with the emission regulations. In this 

work, the direct incorporation of cerium and copper in SAPO-18 catalyst with AEI type 

framework structure (CuCe-SAPO-18) resulting in a substantial enhancement of the 

performance in the low-temperature NH3-SCR reaction (<200 ℃). A small amount of 

cerium (0.13–0.31 wt.%) broadened the reaction temperature range of use and increased 

the hydrothermal stability of the catalyst considerably. The cerium species was 

introduced in the ion-exchange sites of Cu-SAPO-18 in the form of Ce3+ ions even with 

high loading (3.15 wt.%). The Ce3+ ions were found to affect the distribution of silicon 

and aluminum atom coordination (29Si-NMR, 27Al MAS NMR) in the AEI-type 

skeleton structure leading to an increase of both the amount of active Cu2+ species and 

the acidity of the CuCe-SAPO-18 catalysts that are beneficial for the NH3-SCR reaction.  

Keywords: CuCe-SAPO-18; One-pot synthesis; Low-temperature activity; Active 

Cu2+ ions; Acidity 

 

1. Introduction 

Nitrogen oxides (NOx) originated from diesel tail gas are one of the main air 

pollutants and environmental concerns [1–3]. In recent decades, selective catalytic 

reduction with ammonia (NH3-SCR) technology utilizing SCR catalyst to reduce NOx 

to N2 and H2O by NH3 is successfully commercialized and widely used [4–6]. More 

restricted demands for NOx emission are issued worldwide including the ultra-low NOx 

emissions raised by the California Air Resource Board (CARB) and the increased 
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weighting factor at low rotate speed/load for novel WHTC/WHSC cycle tests in China 

NS VI. The reduction of NOx from diesel vehicles during the cold start period (exhaust 

temperature below 200 ℃) becomes an important and urgent task [7–9]. 

At present, small pore Cu-based zeolites including CHA-type structure (Cu-SSZ-

13 and Cu-SAPO-34) and AEI-type structure (Cu-SSZ-39 and Cu-SAPO-18) are 

selected as SCR catalysts owing to their high catalytic activity and sufficient 

hydrothermal stability [10,11]. The Cu-AEI catalyst was reported to be highly active 

and more robust than Cu-CHA [12,13]. The Cu-AEI catalyst and more specifically the 

silicoaluminophosphate (Cu-SAPO-18) can be synthesized with high solid yields and 

various Si/Al ratio in comparison to the Cu-CHA (Cu-SSZ-39) using a common organic 

template [14]. 

To further enhance the performance of the SCR catalyst, the addition or doping 

with a second metal (promoter) is believed to be effective [15–17]. According to the 

previous research, the second metal would have the following effects: (1) Increasing 

the number of active sites. The Cu2+ species are generally accepted as the main active 

sites for SCR reaction so that many efforts have been made to provide higher amount 

of Cu2+ species [18–21]. Chen et al. [19] proposed a strategy to result in an effective 

migration of indigenous Cu2+ ions in 8MR to D6R sites of Cu-SSZ-13 which are more 

active at low temperature by introducing larger ions such as Ce4+ and La3+. The cerium 

and lanthanum with tetraethylenepentamine (TEPA) formed a Ce/La-TEPA complex 

occupying the exchange-sites of the SSZ-13. (2) Inhibiting metal oxides aggregations. 

The oxidation of Cu species and the consequent aggregation of the CuOx are considered 
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as a primary reason for the hydrothermal deactivation of Cu-based zeolite catalyst. 

Therefore, the stabilization of Cu species during the hydrothermal treatment is vital 

[22–26]. Usui et al. [23] tried to improve the hydrothermal stability of aluminum-rich 

Cu-SSZ-13 by leading into cerium. A small loading of cerium (0.2–0.4 wt.%) was found 

to be sufficient and ensure stabilization of the catalyst. Based on Rietveld refinement 

of XRD patterns, it was found that the appropriate number of cerium may occupy the 

ion-exchange sites of Cu-SSZ-13 and stabilize the Cu2+ ions during the hydrothermal 

treatment. (3) Suppressing the formation and deposition of poison species over the 

catalyst. A core-shell structure with a protective layer on the external surface of a 

catalyst, could efficiently prevent the detrimental effect of SO2 and H2O via adsorption 

and thus to improve the stability of the catalyst [27–29]. Li et al. [29] deposited a CeO2 

film on the surface of Cu-SAPO-18, and the thickness of the film was carefully tuned. 

This advanced core-shell catalyst showed a satisfactory NO conversion and resistance 

towards steam and SO2. 

Yet, using metal promoter is already known but to the best of our knowledge, few 

reports on the improvement of the low-temperature activity of Cu-SAPO-18 catalysts 

are available. Hence, the introduction of an appropriate metal promoter to optimize the 

performance of Cu-SAPO-18 catalyst in the NH3-SCR reaction is the goal of this 

investigation. The effect of cerium addition towards improving the low-temperature 

performance of Cu-SAPO-18 in the NH3-SCR reaction is studied in details. The method 

for cerium addition is investigated too. The traditional method includes an ion-

exchange using either parent zeolite support or as-prepared Cu-based catalyst with a 



5 

 

cerium precursor solution. However, due to the low ion-exchange capacity and the 

small opening pore of AEI type material, a low amount of cerium can be introduced. 

Most of these metal species are deposited on the surface leading to a poor 

reproducibility. More importantly, some of the silicoaluminophosphates are not stable 

during the ion-exchange process [30,31]. 

Herein, we report on the modification of Cu-SAPO-18 by cerium using a direct 

one-pot method. Utilizing tetraethylenepentamine (TEPA) and N, N-

diisopropylethylamine (DIPEA) as dual-templates allowed the introduction of cerium 

with a loading of 0–3.15 wt.% in the CuCe-SAPO-18 catalyst. Loading a small quantity 

of cerium (0.13–0.31 wt.%) is found sufficient to ensure both excellent activity and 

hydrothermal stability of the catalyst in the NH3-SCR reaction. The effect of cerium on 

the physicochemical properties of CuCe-SAPO-18 catalyst is evaluated by XRD, EPR, 

in situ DRIFT, 29Si-NMR and NH3-TPD characterizations. Furthermore, the state of 

cerium in the catalyst is characterized experimentally and by DFT modeling.  

2. Experimental 

2.1. Synthesis 

CuCe-SAPO-18 catalysts were prepared using a one-pot synthesis by 

hydrothermal method. The catalysts with different cerium contents were prepared from 

precursor mixtures with the following molar ratio: 1.0 Al2O3: 0.90 P2O5: 1.20 SiO2: 

1.55 DIPEA: 0.1 Cu: 0.2 TEPA: m CeO2: 45 H2O, where m=0.002, 0.006, 0.01, 0.04, 

0.08. Tetraethylenepentamine (TEPA, 95%, Aladdin) and N, N-diisopropylethylamine 

(DIPEA, 99%, Sigma-Aldrich) as templates were used. In a typical synthesis procedure, 
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Cu-TEPA complex was first formed by stirring CuSO4 aqueous solution and TEPA for 

0.5 h. Second, a certain amount of cerous nitrate was dissolved into the above solution 

and continually stirred for 0.5 h. Third, H3PO4 (85 wt.%, Aladdin) silicon solution (40 

wt.% SiO2, Sigma-Aldrich), pseudo boehmite and DIPEA were dropped into the 

mixture. The final gel was transferred into an autoclave with a Teflon liner and heated 

at 180 ℃ for 96 h. The product was purified and dried at 100 ℃ for 12 h and calcined 

at 600 ℃ for 5 h. The samples synthesized with different cerium contents were named 

as CuCe-SAPO-x, where x stands for the cerium weight content determined by ICP 

results. The cerium-free sample was named as Cu-SAPO-18. 

2.2. Experimental test 

A variety of techniques were used to analyze the structural characteristics, redox 

and acidity of the catalyst. The performance of the samples in the NH3-SCR reaction 

was evaluated in a fixed-bed reactor; the measurements with a powder sample (40–60 

mesh) loaded in a quartz tube were performed. The related details can be found in the 

Supporting Information. 

2.3. The reaction kinetics experiment 

The experiments performed to follow the reaction kinetics were carried out to 

investigate the contribution of cerium to the NO reduction over the catalysts with 

different cerium contents at low temperatures. The NH3 and O2 gaseous concentration 

was kept at 500 ppm and 5%, respectively, while the NO concentration varied from 300 

to 700 ppm. A high GHSV (i.e. 370 000–1 550 000 mL/(g·h)) was selected to obtain a 

low NO conversion (<20%) in order to eliminate the effect caused by the inner and 
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external diffusion. According to previous studies [32–34], the NH3-SCR reaction rate 

(i.e., δSCR) of catalysts was described as: δSCR = kL-H + kE-R[NO(g)], where δSCR and 

[NO(g)] represents the N2 formation rate and gaseous NO concentration (ppm), 

respectively. kL-H and kE-R represent the kinetic reaction constant through the Langmuir-

Hinshelwood (L-H) mechanism and the Eley-Rideal (E-R) mechanism, respectively. 

Therefore, kL-H and kE-R were obtained through the linear regression of the N2 formation 

rates and NO concentration; the kL-H is calculated from the intercept and kE-R is derived 

from the slope of this regression. 

2.4. Computational method 

The Vienna Ab Initio Package (VASP) was used for the density functional theory 

(DFT) calculations within the generalized gradient approximation (GGA) using the 

PBE formulation [35–37]. The projected augmented wave (PAW) potentials were 

chosen to describe the ionic cores and take valence electrons into account using a plane 

wave basis set with a kinetic energy cutoff of 400 eV [38,39]. Partial occupancies of 

the Kohn-Sham orbitals were allowed using the Gauss cian smearing method and a 

width of 0.05 eV. The electronic energy was considered self-consistent when the energy 

change was smaller than 10−5 eV. A geometry optimization was considered convergent 

when the force change was smaller than 0.02 eV/Å. 

The equilibrium lattice constants of orthogonal AlPO-18 unit cell were optimized, 

when using the Γ point in the Brillouin zone for Brillouin zone sampling: a =13.656 Å, 

b =11.742 Å and c =17.633 Å. The AlPO-18 unit cell model containing 24 Al, 24 P, and 

96 O atoms was used for the calculations. During structural optimizations, the Γ point 
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in the Brillouin zone was used for k-point sampling, and all atoms were allowed to relax. 

Various locating positions for both Cu and Ce atoms were tested. 

In order to compare the valence state of Ce atoms in the AlPO-18 with that in 

Ce2O3 and CeO2, unit cells of Ce2O3 and CeO2 were calculated as well. For these 

calculations, the on-site corrections (DFT+U) have been applied to the 3d electron of 

Ce atoms (Ueff=4.5 eV) [40]. The equilibrium lattice constants of hexagonal Ce2O3 unit 

cell were optimized using a 13x13x7 k-point grid in the Brillouin zone for Brillouin 

zone sampling: a=b=3.791 Å and c=6.181 Å. The equilibrium lattice constant of cubic 

fluorite-type CeO2 unit cell was optimized, when using a 11x11x11 k-point grid in the 

Brillouin zone for Brillouin zone sampling: a=5.500 Å. The atomic charges were 

obtained from Bader’s analysis based on the numerical implementation [41]. 

3. Results and discussion 

3.1. Physicochemical properties of CuCe-SAPO-x catalysts 

Table 1. Physicochemical properties of as-synthesized samples. 

Sample 
Cua 

(wt. %) 

Cea 

(wt. %) 
Si/(Si+Al+P)b Al/(Si+Al+P)b 

SBET
c 

(m2/g) 

Vtd 

(cm3/g) 

Cu-SAPO-18 1.87 0 0.254 0.396 372 0.178 

CuCe-SAPO-0.13 1.84 0.13 0.253 0.408 407 0.198 

CuCe-SAPO-0.31 1.81 0.31 0.256 0.407 413 0.199 

CuCe-SAPO-0.50 1.81 0.50 0.256 0.413 363 0.170 

CuCe-SAPO-1.52 1.84 1.52 0.264 0.400 366 0.177 

CuCe-SAPO-3.15 1.81 3.15 0.266 0.396 367 0.179 

a Determined by the ICP-OES measurement. b Determined by the XRF measurement. 
c Calculated by the BET method. d Calculated by the t-plot method. 
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The chemical composition of the as- synthesized samples is summarized in Table 

1. The samples have similar content of Si, Al, P, and Cu (Si/(Si+Al+P)=0.25 and 

Al/(Si+Al+P)=0.40 and the Cu loading is about 1.80 wt.%), indicating that the cerium 

addition does not affect the chemical composition of the materials. While the cerium 

amount in CuCe-SAPO-x samples is varied from 0.13 % to 3.15 wt.% depending on 

the chemical composition of the initial gel. 

 

Fig. 1. XRD patterns of (a) the hydrothermally treated catalysts. (b) Relative 

crystallinity and Ce content of the hydrothermally treated catalysts. 

The phase purity of the samples was examined by XRD. As shown in Fig. S1a, all 

as-prepared samples exhibit the characteristic peaks of AEI type framework structure, 

indicating the successful preparation of CuCe-SAPO-18 catalysts by one-pot synthesis 

method [18,42]. In the samples with increased cerium content, even as CuCe-SAPO-

3.15, no CeO2 diffraction peaks are present in the XRD pattern (Fig. S1b). The impact 

of cerium loading on the hydrothermal stability of Cu-SAPO-18 was also evaluated by 

XRD (Fig. 1a). After hydrothermal treatment at 750 ℃ for 16 h, although the catalyst 

maintains the AEI type framework structure, the peaks intensity is lower than for the as 

synthesized catalyst. The relative crystallinity of the aged samples compared to the 
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fresh ones is shown in Fig. 1b. A significant difference is observed after sample CuCe-

SAPO-0.31, the degradation of crystallinity is evident (Fig. 1b). These results suggest 

that the hydrothermal stability of the Cu-SAPO-18 is enhanced only after addition of a 

small amount of cerium (0.13 and 0.31 wt.%), i.e., samples CuCe-SAPO-0.13 and 

CuCe-SAPO-0.31 almost preserved their crystallinity. 

 

Fig. 2. SEM-EDS mappings of (a) Cu-SAPO-18, (b) CuCe-SAPO-0.13, (c) CuCe-

SAPO-0.31, (d) CuCe-SAPO-0.50, (e) CuCe-SAPO-1.52, and (f) CuCe-SAPO-3.15 
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samples. 

The dispersion of cerium species in the catalysts was examined by SEM-EDS 

element mapping (Fig. 2, Fig. S2). Due to the low cerium content in samples CuCe-

SAPO-0.13, -0.31, and -0.50, the precision of the EDS measurements was low. The 

cerium mapping for samples CuCe-SAPO-1.52 and -3.15 are shown in Fig. 2e-f. The 

high homogeneity of the samples (Si, Al, and P) confirmed that the one-pot synthesis 

is an appropriate synthesis method. The high concentration of cerium does not lead to 

formation of Ce clusters suggesting that the cerium species are uniformly distributed. 

This result is consistent with the XRD data shown above. 

3.2. Performance of CuCe-SAPO-x catalysts in NH3-SCR reaction 

 

Fig. 3. NH3-SCR performance of (a) fresh and hydrothermally aged catalysts at 150 ℃ 

and 200 ℃, and (b) reaction rates over the fresh catalysts at 150 ℃. 

The performances of the catalysts before and after hydrothermal treatment in the 

NH3-SCR reaction was evaluated. The focus was on the NO conversion at low 

temperatures (150 ℃ and 200 ℃). As shown in Fig. 3a, the cerium-free sample, Cu-

SAPO-18, shows a NO conversion of 18% and 76% at 150 ℃ and 200 ℃, respectively. 

In comparison, the NO conversion at 150 ℃ increases evidently to 65% and 75% when 
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the cerium loading in the Cu-SAPO-18 sample increases slightly from 0 to 0.13 and 

0.31 wt.% (samples CuCe-SAPO-0.13 and CuCe-SAPO-0.31), respectively. The NO 

conversion on these cerium-loaded samples increases further to approximately 98% at 

200 ℃. A continuous increase of the cerium loading on samples CuCe-SAPO-0.50, 

CuCe-SAPO-1.52, and CuCe-SAPO-3.15 causes, however, a gradual decrease in NO 

conversion activity. In the case of sample CuCe-SAPO-3.15, the NO conversion rate is 

even lower than that of Cu-SAPO-18 in the whole temperature range studied (Fig. S3a), 

pointing to the negative impact of high cerium loading on the NO reduction. Apparently, 

an appropriate amount of cerium can improve substantially the NH3-SCR activity and 

specially the catalytic conversion of NO at low temperature. The reaction rates 

calculated from kinetics experiment at 150 ℃ also demonstrate the activity 

improvement (Fig. 3b). The CuCe-SAPO-0.31 catalyst resulted in an about 1.7-fold 

increase in the NH3-SCR reaction rate at 150 ℃ compared to that of the Cu-SAPO-18 

catalyst (Fig. 3b). In addition, the active temperature window for the catalysts loaded 

with cerium is also expanded (Fig. S3a). The temperature range of NO conversion >90% 

(T90) for Cu-SAPO-18 is 225–400 ℃, while that for the CuCe-SAPO-0.31 is expanded 

to 200–500 ℃. The hydrothermal aging causes a loss in NO conversion rate especially 

in the high temperature range >350 ℃ (Fig. S3b). This is due to the structure 

degradation of SAPO-18 which was evidenced by XRD (see Fig. 1). As expected, both 

CuCe-SAPO-0.13 and CuCe-SAPO-0.31 catalysts show high NO conversion rate 

within the temperature range studied, and the low-temperature deNOx activity almost 

maintains (Fig. 3a), highlighting the outstanding hydrothermal stability of CuCe-
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SAPO-x catalysts modified with an appropriate amount of cerium. In addition, we have 

tested the stability of Cu-SAPO-18 and CuCe-SAPO-0.31 during long-term NH3-SCR 

under the investigated conditions at 200 °C (Fig. S4). Obviously, the NO conversion on 

the catalysts remained basically unchanged in a span of 24 h, indicating that the CuCe-

SAPO-x catalysts could remain stable over a long-term NH3-SCR test. 

The N2O yield is considered as an important aspect of NH3-SCR catalyst. As 

shown in Fig. S3a, the N2O yields is lower than 10 ppm for all as-synthesized catalysts 

over the entire temperature range. While after the hydrothermal treatment, the aged 

catalysts yield more N2O than the fresh counterparts (Fig. S3b). Yet still the CuCe-

SAPO-0.13-aged and CuCe-SAPO-0.31-aged show the lowest N2O yields (<10 ppm) 

among the samples thus proving the great effect of cerium in an appropriate 

concentration on catalysts stability. 

3.3. Effect mechanism of Ce addition on low-temperature NH3-SCR of catalysts 

3.3.1. The existence of Ce species in the catalysts 

 

Fig. 4. Ce 3d XPS spectra of as-synthesized CuCe-SAPO-x catalysts (left) and DFT 

optimized structures of (a) pure AlPO-18 and (b) Cu and Ce loaded CuCe-SAPO-x 

catalysts (right). 

To study the chemical states of cerium, XPS analysis of the samples was 

performed. The Ce 3d spectra of CuCe-SAPO-x catalysts are shown in Fig. 4, and no 
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peaks due to cerium species are observed in CuCe-SAPO-0.13 and CuCe-SAPO-0.31 

samples. The XPS technique is a surface sensitive analytical method with a limited 

detection depth in the range of 1–10 nm [43,44]. Therefore, we could conclude that in 

samples CuCe-SAPO-0.13 and CuCe-SAPO-0.31, the cerium species are either highly 

dispersed on the surface of catalyst which is below the detection limit or are located in 

the internal structure of zeolite. With increasing the cerium content in samples CuCe-

SAPO-0.50, -1.51 and -3.52, four peaks at 886.1, 882.8, 904.5 and 901.2 eV assigned 

to Ce3+ are detected [21]. It was suggested that Ce3+ ions are major cerium species 

located on the surface of a catalyst even after a high amount of cerium added [20,21,45]. 

Interestingly, in our present study, even in sample CuCe-SAPO-3.15 with the highest 

cerium content, the Ce4+ ions are hardly detected by XPS. Further the valence states of 

cerium in samples CuCe-SAPO-x is study by DFT calculations. The optimized 

structures of CuCe-SAPO-x with the Cu and Ce location is shown in Fig. 4. The results 

demonstrate that both Cu and Ce ions preferably occupy the center of 8MR. Based on 

the optimized structure, the cerium atom in CuCe-SAPO-x is calculated to contain 

10.32 outer electrons. When it comes to the cerium atom in Ce2O3 and CeO2, the 

number of outer electrons in each structure is 10.00 and 9.60, respectively. Compared 

to the neutral cerium atoms containing 12 outer electrons, the cerium atom in the CuCe-

SAPO-x loses 1.68 electrons, which is more in line with the lost 2.00 electrons of that 

in Ce2O3 rather than 2.40 electrons in CeO2. As a result, it is speculated that the valence 

state of cerium species in CuCe-SAPO-18 is close to +3 and much smaller than +4. 

Table 2. Rietveld refinement results of as-synthesized CuCe-SAPO-x catalysts. 
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Sample Ce 

(wt. %) 

x y z Occupancy Rwp 

(%) 

Cu-SAPO-18 0 - - - - 0.26 

CuCe-SAPO-0.13 0.13 0.78010 1.09210 0.25280 0.0233 0.28 

CuCe-SAPO-0.31 0.31 0.78010 1.09210 0.25280 0.0566 0.30 

CuCe-SAPO-0.50 0.50 0.78010 1.09210 0.25280 0.0911 0.34 

CuCe-SAPO-1.52 1.52 0.78010 1.09210 0.25280 0.2726 0.39 

CuCe-SAPO-3.15 3.15 0.78010 1.09210 0.25280 0.5727 0.31 

To further verify the location of cerium species, Rietveld refinement of the XRD 

patterns recorded for as-prepared samples with different cerium content (0 to 3.15 wt.%) 

is conducted; the results from the Rietveld refinement are shown in Fig. S5 and Table 

S1-6. The occupation sites and amount of Cu and Ce are carefully determined based on 

the ICP-OES results. The copper is assumed to exist as Cu2+ species. The distributions 

of Cu2+ species in the catalysts are found less affected by the cerium addition according 

to the results from NH3-DRIFTS (Fig. 5) presented hereinafter; the respective amount 

of Cu in D6R and 8MR are set to be 40% and 60% (Fig. 5b, Table S9). The cerium is 

present as Ce3+ based on the XPS results and probably placed in the ion-exchange sites 

of 8MR according to the early reports [19,23]. The atomic positions, cerium occupancy 

and agreement factors (Rwp) from the refinement analysis are summarized in Table 2. A 

good Rwp is obtained for all refinements. Then, notably, the obtained cerium occupancy 

which reflects the content of cerium filling the ion-exchange sites increases in 

proportion to the detected cerium content from 0.13 to 3.15 wt.%, implying that the 

cerium species reside in the ion-exchange sites as isolated ions even for the cerium 
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loading is up to 3.15 wt.% [23]. The XPS and XRD results show that the cerium species 

are present as Ce3+ rather than Ce4+ or CeO2. 

To assess the role of cerium ions in the NH3-SCR reaction, H-SAPO-18 and the 

one-pot synthesized Ce-SAPO-18 (details are shown in Table S7 and Fig. S7) were 

examined in the NH3-SCR reaction. The NO conversion is negligible for both H-SAPO-

18 and Ce-SAPO-18 samples illustrating that cerium species is inactive for NOx 

conversion. In other words, the addition of a small amount of Ce affects the reactivity 

of NH3-SCR by acting on the copper species or molecular sieve structure. The amount 

of Cu2+ species and acidity of Cu-based zeolite SCR catalyst are highly important since 

they are responsible for the low-temperature denitrification efficiency.  

3.3.2. The effect of Ce species on Cu species 

 

Fig. 5. (a) EPR spectra of as-synthesized catalysts, (b) amount of Cu2+ species 
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represented as normalized area from the NH3-saturated DRIFTS spectra. NH3-saturated 

DRIFTS spectra of (c) Cu-SAPO-18, CuCe-SAPO-0.13, CuCe-SAPO-0.31 and (d) 

CuCe-SAPO-0.50, CuCe-SAPO-1.52, CuCe-SAPO-3.15. 

As mentioned above, the cerium addition has little effect on the total Cu loading. 

The probable changes in the Cu species after cerium loading were studied. The Cu2+ 

species are the active sites in the NH3-SCR reaction and the EPR measurements toward 

detection of Cu2+ ions are usually conducted [46–50]. Fig. 5a displays the EPR results 

for the freshly prepared catalysts at 93 K. Upon hydration, all samples present similar 

values of g// = 2.391 and A= 12.99 mT due to the presence of Cu2+ species in bivalent 

oxidation state [51]. The quantification of total Cu2+ species could be examined by 

double integration of the EPR spectra. The peak area of samples CuCe-SAPO-0.13 and 

CuCe-SAPO-0.31 is depicted as an inset in Fig. 5a, and this result indicates the 

abundant Cu2+ species present. With further increasing the cerium content, the peak 

area gradually reduces and eventually is lower than the Cu-SAPO-18. The EPR result 

strongly suggests that the presence of a small amount of cerium loading (0.13–0.31 

wt.%) favors the formation of Cu2+ species which are beneficial for the NH3-SCR 

reaction. 

According to previously reported results, two types of Cu2+ ions in dehydrated Cu-

CHA and Cu-AEI catalysts exist: isolated Cu2+ ions in D6R balanced by a couple of 

framework negative charges and [Cu(OH)]+ ions in 8MR balanced by only a single 

framework negative charge, respectively [51–55]. To probe the redistribution of Cu2+ 

species after the introduction of cerium in the catalysts, DRIFTS experiments under 

NH3 adsorption were conducted [51,56]. The DRIFTS spectra of NH3-adsorbed 
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samples are shown in Fig. 5c, d. All samples show two high-resolved negative bands 

centered at 896 cm-1 and 860 cm-1 that correspond to the NH3 adsorbed on [Cu(OH)]+ 

and isolated Cu2+ ions, respectively. These bands occurred at lower wavenumbers 

compared to the Cu-LTA (962 and 926 cm-1) and Cu-CHA (950 and 900 cm-1), which 

could be explained by the different framework structure [57]. Among all, the samples 

CuCe-SAPO-0.13 and CuCe-SAPO-0.31 show much intense negative bands. This 

result is consistent with the EPR, indicating the larger number of Cu2+ species in these 

two samples. In order to elucidate the evolution of [Cu(OH)]+ and isolated Cu2+ ions 

after the cerium introduction, the total area of CuCe-SAPO-0.31 is set as unity, and the 

areas of other samples are normalized. The proportion of two Cu2+ species are also 

calculated based on the respective peak areas and the results are presented in Fig. 5b 

and Table S9. Interestingly, although the total amount of Cu2+ species is varied, it is 

clear that the proportion of two Cu2+ species is nearly identical among the different 

cerium-loaded samples. The [Cu(OH)]+ dominates at around 60% and the isolated Cu2+ 

ions accounts for around 40%, indicating that migration between two Cu2+ species is 

not observed. Based on the above results we could conclude that the addition of cerium 

may lead to a change in the amount of Cu2+ species but no obvious effect on the relative 

amount of different Cu2+ species is expected. 

The EPR results show that the addition of cerium enhances the dispersion of Cu2+ 

species in the sample during the crystallization process. This effect is dependent on the 

cerium content. We demonstrated that further increase of cerium content is 

disadvantageous for the catalytic activity of the SAPO-18, which indicates a probable 
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relationship between the cerium and copper species. Xu et al. [58] reported on an 

interaction between Zn and Cu species in Cu/Zn-SSZ-13 by DFT, which is believed to 

affect the SCR performance. Unfortunately, these interactions are not fully understood. 

In addition, XRD refinement shows that cerium is present at the ion exchange site. It 

can be inferred that when a large amount of cerium is present, it will occupy the ion 

exchange site and reduce the amount of Cu2+. In our study, the addition of cerium is 

found to affect the Si coordination structure resulting in different acidity. It is speculated 

that the number of positively charged cerium ions may affect the distribution of Si atom 

and Al atom.  

3.3.3. The effect of Ce species on the coordination of Si and Al Atoms in zeolite 

framework 

 

Fig. 6. (a) NH3 uptakes of as-synthesized catalysts with different acid sites and (b) 

different Si species in the as-synthesized catalysts. 

The NH3-TPD measurements for as-synthesized catalysts were conducted. As 

shown in Fig. S9, the peak intensity of CuCe-SAPO-x is different from the Cu-SAPO-

18, indicating that the cerium affects the acidity of the catalysts. The NH3 desorption 

spectra of Cu-SAPO-18 and CuCe-SAPO-x catalysts are deconvolved into three 

regions (Fig. S10). The low-temperature peak A (160–180 ℃) is attributed to 
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ammonium species on weak Lewis acid sites, the medium-temperature peak B (240–

270 ℃) is assigned to the desorbed NH3 on strong Lewis acid sites created by Cu2+ ions 

and the high-temperature peak C (360–400 ℃) belong to NH3 desorption on Brønsted 

acid sites [18,42,59]. As displayed in Fig. 6a and Table S10, the NH3 uptakes from all 

three acid sites are increased after addition of a small amount of cerium (CuCe-SAPO-

0.13 and CuCe-SAPO-0.31). Further increase of cerium suppress the NH3 adsorption 

on SAPO-18 remarkably (CuCe-SAPO-0.50, CuCe-SAPO-1.52, and CuCe-SAPO-

3.15). A clear difference is evident by comparing the acidity of Cu-SAPO-18, CuCe-

SAPO-0.31 and CuCe-SAPO-3.15. The total acidity of CuCe-SAPO-3.15 is similar to 

the Cu-SAPO-18, suggesting that the cerium species in the SAPO-18 have a low affinity 

for NH3. 

To clarify the distinct changes in the acidity of the catalysts due to the presence of 

cerium, the Si coordination in the AEI structure was examined. 29Si-NMR spectra and 

the peak deconvolution are shown in Fig. S11. The 29Si-NMR spectra of Cu-SAPO-18 

and CuCe-SAPO-x catalysts contain peaks at -89.7, -94.2, -99.4, -105.1 and -114.1 ppm 

attributed to Si(4OAl), Si(3OAl), Si(2OAl), Si(1OAl) and Si(0OAl), respectively 

[42,60]. The contribution of each peak is calculated by the Gaussian area fitting and the 

results are shown in Fig. 6b. The Si coordination in the AEI type structure is changed 

under cerium addition. The proportion of Si(0OAl), which generates Si islands by the 

SM3 substitution mechanism, decreases in samples CuCe-SAPO-0.13 and CuCe-

SAPO-0.31 and then increases to some extend as further cerium amount increased. In 

addition, the ratio of Si(1OAl) and Si(2OAl) in the CuCe-SAPO-0.13 and CuCe-SAPO-
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0.31 structures is much higher than for the other catalysts. It is known that the Si islands 

could not provide any acid sites and the acidity generated by Si coordinated in the 

structure increases in the following order Si(4OAl) < Si(3OAl) < Si(2OAl) < Si(1OAl) 

[61]. The chemical composition of the samples after addition of cerium did not changed, 

thus no conclusions for Si distribution and coordination were made [62]. The 29Si-NMR 

result (Fig. 6b, Fig. S11) implies that a small amount of cerium may influence the Si 

insertion mechanism during the direct one-pot hydrothermal synthesis and the SM2 

substitution is more likely to occur. The formation of larger number of Si(1OAl) and 

Si(2OAl) in the CuCe-SAPO-0.13 and CuCe-SAPO-0.31 samples with high acidity is 

probably causing the enhanced total NH3 uptake. 

The peaks in 27Al MAS NMR spectra (Fig. S12) around 9.1 and 53.4 ppm are 

assigned to octahedral and tetrahedral coordination of aluminum in catalysts, which 

represent extra-framework aluminum (AlEF) and framework aluminum (AlTF), 

respectively [63,64]. When a small amount of Ce is added, the peak intensity of the 

framework aluminum is significantly enhanced, indicating that Ce doping makes more 

aluminum into the framework. In a word, it was found through 29Si-NMR and 27Al-

NMR that a small amount of Ce addition did change the coordination of silicon atoms 

and aluminum atoms, causing in an increase in the aluminum content of the framework. 

With the increase of Si(1OAl) and Si(2OAl) contents, the Brønsted acid of zeolite 

skeleton is enhanced. On the other hand, the increase of framework aluminum leads to 

the imbalance of framework charge, resulting in more Cu2+ coordination with it, and at 

the same time, the Lewis acid caused by Cu2+ is also improved. 
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3.3.4. The effect of Ce addition on the reaction mechanism 

 

Fig. 7. In situ DRIFTS spectra of (a) Cu-SAPO-18 and (b) CuCe-SAPO-0.31 with pre-

adsorbed NH3 species at 150 °C during the reaction of NO+O2. In situ DRIFTS spectra 

of (c) Cu-SAPO-18 and (d) CuCe-SAPO-0.31 with pre-adsorbed NO+O2 species at 

150 °C during the reaction of NH3. 

The formation and transformation of adsorbed species on the surface of Cu-SAPO-

18 and CuCe-SAPO-x samples were studied by in situ DRIFTS experiments, and the 

effects of Ce addition on the activation capacity, reaction pathway of the intermediates 

and reaction mechanism were clarified. NH3 was used as the probe molecule to detect 

the surface acid sites of the catalyst (Fig. S13). The bands centered at 1619, 1281, 1212, 

and 994 cm-1 were designated as the asymmetric and symmetric bending vibrations of 

the N-H bond, corresponding to the NH3 attached to the Lewis acid site [65–67]. The 

bands at 1736 and 1457 cm-1 were owing to the symmetric and asymmetric bending 
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vibrations of the NH4
+ substance at the Brønsted acid site [65–67]. Comparing the peak 

strength of Fig. S13a, b, it can be seen that the acid strength on the surface of the catalyst 

increases after Ce addition, which is conducive to the adsorption and activation of 

ammonia, resulting in excellent NH3-SCR activity over the entire temperature range. 

To illustrate the nitrate species formed during the reaction, we recorded the DRIFTS 

spectra of NO+O2 co-adsorption on Cu-SAPO-18 and CeCu-SAPO-0.31 samples at 

150 °C, as shown in Fig. S14. The Cu-SAPO-18 catalyst mainly forms bridging nitrates 

(1616 cm-1) and bidentate nitrates (1569 cm-1). In addition to bridging nitrates and 

bidentate nitrates, monodentate nitrites (1463 cm-1) and NO+ species (2164 cm-1) were 

also formed over CuCe-SAPO-0.31 catalyst [65–67]. The NO+ species are mainly 

derived from the dimerization and disproportionation reactions of nitrogen dioxide. The 

addition of Ce changed the adsorption capacity of NO+O2 on Cu-SAPO-18 catalyst. 

The number of NOx species adsorbed on CuCue-SAPO-0.31 catalyst increased, and the 

peak strength increased, indicating that the addition of Ce promoted the adsorption and 

activation of NO on the catalyst surface. 

Fig. 7a showed the DRIFTS spectrum of the reaction between NO+O2 and 

preadsorbed NH3 on the Cu-SAPO-18 sample at 150 °C. When the sample surface was 

saturated with NH3, absorption bands attributable to Lewis acid sites (1619, 1281, 1212, 

and 994 cm-1) and Bronsted acid sites (1736 and 1457 cm-1) were detected. After the 

introduction of NO+O2, NH3 (L) species (1281, 1212, 1619, and 994 cm-1, decreasing 

from 8 min) were quickly consumed, but NH4
+ (B) species (1457 cm-1) were consumed 

slowly. The results showed that NH3 (L) acted as the main active intermediate and 
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reacted with NO in the gaseous phase, following Eley-Rideal (E-R) mechanism. After 

that, the excessive introduction of NO+O2 resulted in the formation and accumulation 

of nitrate species on the sample surface, leading to the appearance of bridging nitrate 

(1616 cm-1) and bidentate nitrate (1567 cm-1). The CuCe-SAPO-0.31 catalyst also 

follows the E-R mechanism, similar to Cu-SAPO-18. Comparing Fig. 7a, b, the CuCe-

SAPO-0.31 catalyst has a stronger NH3 activation ability, and the NH3 (L) species is 

consumed faster (decreasing from 3 minutes), which is considered to be the initial 

intermediates of the E-R mechanism. Because the partial substitution of Cu by Ce 

induced the coordinated unsaturated cation sites of the CeCu-SAPO-0.31 sample, more 

Lewis acid sites were formed [18]. The production of NH3 (L) species is believed to 

increase low-temperature activity. Fig. 7c, d showed the DRIFTS spectrum of the 

reaction between the preadsorbed NO+O2 and NH3 on Cu-SAPO-18 and CuCe-SAPO-

0.31 samples at 150 °C. For the Cu-SAPO-18 sample, the peak of nitrate species was 

gradually consumed after the introduction of NH3, and then the surface of the sample 

was mainly covered by adsorbed NH3 species. It is proved that the reaction between 

NH3 and adsorbed NOx species on Cu-SAPO-18 follows the Langmuir-Hinshelwood 

(L-H) mechanism. In the CuCe-SAPO-0.31 sample, the bridging (1702 cm-1), bidentate 

nitrate (1617 cm-1) and monodentate nitrite (1463 cm-1) formed after preadsorption of 

NO+O2 was quickly consumed after introduced NH3, indicating that it also follows the 

L-H mechanism. 

Through in situ DRIFTS results, it was found that both the L-H and E-R 

mechanisms on the Cu-SAPO-18 and CuCe-SAPO-0.31 catalysts occured during the 
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NH3-SCR reaction. For the L-H mechanism, Ce doping increases the isolated Cu2+ 

content, which is conducive to the adsorption and activation of NO molecules, 

especially the formation of NO+, which is transformed from the dimerization and 

disproportionation of nitrogen dioxide. Therefore, the "fast SCR" reaction promotes the 

reaction between the adsorbed NO+O2 species and NH3, and further improves the low-

temperature activity. For the E-R mechanism, the NH3 (L) species is considered the 

most important initial intermediates. Due to the coordinated unsaturated cation sites 

induced by the introduction of Ce, more Lewis acid sites were generated in the CuCe-

SAPO-0.31 sample, thus promoting the production of NH3 (L) species. The kinetic test 

was further explained below. 

 

Fig. 8. Rate constants of the SCR reaction following the Eley-Rideal mechanism (kE‑R) 

and the Langmuir-Hinshelwood mechanism (kL‑H). 

The effect of cerium on the NH3-SCR reaction mechanism is studied following the 

early reports [68–70]. By linear regression shown in Fig. S15, the kL-H and kE-R 

representing the rate constant according to the Langmuir-Hinshelwood (L-H) and Eley-

Rideal (E-R) mechanisms are obtained and depicted in Fig. 8 and Table S11. It is first 

found that loading with 0.13 and 0.31 wt.% of cerium promote both kL-H and kE-R 
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constants, while more cerium leads to the reduction of the rate constants. This result is 

well coincided with the deNOx activity of fresh samples shown in Fig. S3a, which 

suggests that a small content of cerium increases the catalytic activity. In addition, the 

value of kE-R[NO] is found greater than the kL-H, suggesting that the E-R mechanism 

dominates the reaction process (Table S11). Next, although loading cerium has been 

confirmed to affect both kL-H and kE-R, notably, a small amount of Ce addition 

significantly increased kL-H, indicating that Ce addition mainly affects the L-H 

mechanism. 

4. Conclusions 

In conclusion, the one-pot synthesis method led to the introduction of cerium in 

the CuCe-SAPO-x catalysts with different cerium loading (0–3.15 wt.%). The use of 

the direct synthesis method and TEPA as a template allowed cerium species to be 

introduced in the ion-exchange sites of Cu-SAPO-18 in the form of Ce3+ ions even with 

high loading (3.15 wt.%). The influence of cerium in the CuCe-SAPO-x catalysts on 

NH3-SCR performance was studied. The presence of cerium is found to improve the 

low-temperature activity (<200 ℃) and hydrothermal stability of the catalyst. Adding 

a small amount of Ce affects the coordination of Si and Al atoms, resulting in more 

framework aluminum. Si(1OAl) and Si(2OAl) increase the Brønsted acid in the zeolite 

framework. At the same time, due to the imbalance of the skeleton charge, more Cu2+ 

coordination is caused, which makes Lewis acid increase. This is conducive to 

improving the E-R and L-H mechanisms, which improves the low-temperature SCR 

property of the catalyst. 
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