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Abstract 

A novel Ti
4+

 and Sn
4+

 co-incorporated CeO2-MnOx based catalyst was 

synthesized by an inverse co-precipitation method with the purpose of inhibiting the 

formation of N2O and enhancing the NOx conversion of CeO2-MnOx catalyst for 

NH3-SCR at low temperature. The obtained catalysts were characterized by a series of 

XRD, Raman, N2-physisorption, NH3-TPD, H2-TPR, XPS, and in situ DRIFTS 

techniques in details. The experiment results suggested that CeO2-MnOx-TiO2-SnO2 

(Ce-Mn-Ti-Sn) catalyst displayed the optimal catalytic performance with an 

enhancement of 30% compared with CeO2-MnOx (Ce-Mn) in the range of 225-275 °C. 

Moreover, the N2O formation was inhibited remarkably compared to Ce-Mn (152 

ppm), and there was no N2O (0 ppm) detected even at 250 °C. This is linked to 

moderate weakening of redox property, more generation of acid sites, enhancement of 

acidic strength, as well as large amount of Ce
3+

, oxygen vacancies, and absorbed 

oxygen species, which are contributed to improving the chemical property of 

Ce-Mn-Ti-Sn catalyst, and further enhancing the catalytic performance and inhibiting 

the generation of N2O. 
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1. Introduction 

With the rapid development of economy and industry, the emission of NOx from 

stationary (e.g., coal-fired power plants) and mobile sources has caused serious air 

pollution and resulted in a series of negative effects on the ecological environment 

[1-4], which has drawn great attention in recent years. Therefore, there is an urgent 

demand for NOx removal. Selective catalytic reduction of NOx by NH3 (NH3-SCR) 

has been demonstrated to be the most admirable and mature means among currently 

available technologies to satisfy the strict emission standards of NOx from stationary 

source [5]. 

V2O5/TiO2 promoted by WO3 or MoO3 is adopted as commercial catalysts for 

this process, and this kind of catalyst is active within a temperature window of 

300-400 °C [6]. However, the existence of dusts and SO2 is unavoidable in practical 

applications, which can lead to the deactivation of this kind of catalyst. Thus, the 

denitration unit is designed to be located downstream of the desulfurizer and 

electrostatic precipitator for alleviating the denitration catalysts deactivation that is 

caused by dusts and SO2. It is a question that the temperature of flue gas which is 

treated by dusts removal and desulfurization is remarkably lower than 300 °C [7]. 

Therefore, it is of great importance to devote a novel environmental friendly 

denitration catalyst with an outstanding catalytic performance at low temperature 

(<300 °C). 

Considerable efforts, which aim to develop novel NH3-SCR catalysts with 

excellent catalytic performance at low temperature, have been devoted, and 

CeO2-MnOx catalyst is recognized as a promising low temperature NH3-SCR catalyst 

[6, 8]. Drawback existing for this catalyst is that the formation of main by-product 

N2O increases with temperature goes up (>150 °C), which may be resulted from the 

non-selective catalytic oxidation of NH3; furthermore, the poor resistance of H2O and 

SO2 can not be ignored [9-12]. Therefore, for CeO2-MnOx catalyst, it is a key to 

inhibit the generation of N2O as well as enhance H2O and SO2 resistance for 

NH3-SCR at low temperature. Diversification of catalyst components by metal ions 

incorporation has become a hot topic for CeO2-MnOx based catalysts, which can 
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efficiently adjust the physical and chemical properties of the catalysts. Ma et al. [13] 

reported that the production of N2O over CeO2-MnOx catalyst was suppressed 

effectively by W
6+

 incorporation. Casapu et al. [14] screened a series of CeO2-MnOx 

catalysts modified with different metal oxides (Nb2O5, Fe2O3, WO3 and ZrO2), and 

found that the niobium-modified catalyst showed the highest NOx conversion as well 

as the best N2 selectivity among these CeO2-MnOx based catalysts, while the 

resistance of SO2 was not improved. Gao et al. [15] used NiO and Co3O4 to modify 

the CeO2-MnOx catalyst, and in comparison with CeO2-MnOx catalyst, the modified 

catalysts showed larger surface area, smaller pore size, more active sites, and more 

chemisorbed oxygen, which facilitate the improvement of NH3-SCR activity and SO2 

resistance. Chang et al. [16, 17] found that the catalytic activity, N2 selectivity, H2O 

and SO2 resistance of CeO2-MnOx catalyst could be enhanced after Sn
4+

 

incorporation. Xiong et al. [18] proved that for MnOx/CeO2 catalyst incorporated by 

Ti
4+

, the oxygen storage capacity was enhanced, the BET surface area was enlarged, 

and the surface acidity got increased, all of which finally benefited to enhancing the 

catalytic performance and SO2 resistance. 

As mentioned above, both Ti
4+

 and Sn
4+

 have been reported to be incorporated 

alone as additives and the modified catalyst performs enhanced catalytic performance. 

Since the CeO2-MnOx catalyst modified by co-incorporation of Ti
4+

 and Sn
4+

 has not 

yet been reported, we synthesized a novel CeO2-MnOx-TiO2-SnO2 catalyst for low 

temperature NH3-SCR reaction in this work. In order to explore the influence of Ti
4+

 

and Sn
4+

 co-incorporation on the CeO2-MnOx catalyst in detail, we carried out a series 

of characterization techniques in subsequent experiments. 

 

2. Experimental 

2.1. Catalysts preparation 

The CeO2-MnOx-TiO2-SnO2 catalyst with a molar ratio of Ce:Mn:Ti:Sn=8:2:1:1 

was obtained by inverse co-precipitation method. Firstly, the required amounts of 

Ce(NO3)3·6H2O, Mn(NO3)2 (50%), TiCl4 and SnCl4·5H2O were dissolved with 

appropriate distilled water together at ambient temperature to form a solution. 
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Secondly, the solution formed above was cautiously added dropwise into the excess 

ammonia (25%) with vigorous stirring until pH=10. Thirdly, the resulting solution 

was kept in stirring for another 3 h, followed by aging for 24 h. Next, the precipitate 

was filtered, washed several times with distilled water until no pH changed and no 

Cl
−
 (detected by the solution of AgNO3) observed. And then, the obtained cakes were 

dried at 110 °C for 12 h, and finally calcined at 500 °C in the flowing air for 5 h. 

Furthermore, the CeO2-MnOx-TiO2 (Ce:Mn:Ti=8:2:1 molar ratio), CeO2-MnOx-SnO2 

(Ce:Mn:Sn=8:2:1 molar ratio), CeO2-MnOx (Ce:Mn=8:2 molar ratio) and pure 

CeO2 were obtained by the same procedure as described above for comparison. We 

denoted these samples as Ce-Mn-Ti-Sn, Ce-Mn-Ti, Ce-Mn-Sn, Ce-Mn for short in the 

following sections, respectively. 

2.2. Catalysts characterization 

X-ray diffraction (XRD) patterns of these catalysts were collected on a Philips 

X'Pert3 Powder diffractometer with Ni-filtered Cu Kα radiation (λ = 0.15418 nm). The 

operating voltage and current of the X-ray tube were 40 kV and 40 mA, respectively. 

Raman spectra of these catalysts were recorded on a Renishaw inVia Reflex 

Laser Raman spectrometer with an Ar
+
 laser beam having an excitation wavelength of 

532 nm. The laser power was set at 5 mW. 

Textural properties of these catalysts were obtained by the BET method using a 

Belsorp-max analyzer. Prior to each measurement, samples were degassed under 

vacuum at 300 °C for 4 h. 

NH3-temperature programmed desorption (NH3-TPD) experiments were also 

performed on the chemisorption analyzer (TP-5076). 200 mg catalyst was 

preprocessed with N2 at 300 °C for 1 h prior to saturating the catalyst with an 

NH3-N2 mixed gas (1% NH3 by volume, 30 mL min
–1

) at 100 °C for 1 h. Then, the 

catalyst was flushed with a flow of high purity N2 at 100 °C for an additional 1 h to 

sweep away excessive NH3 in the gas phase. Finally, the NH3-TPD profile was 

recorded from room temperature to 800 °C under a flow of high purity N2 (30 mL 

min
–1

) at a ramp rate of 10 °C min
–1

. 

H2-temperature programmed reduction (H2-TPR) experiments were performed 
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using a chemisorption analyzer (TP-5076) with a H2-N2 mixture (5% H2 by volume, 

30 mL min
–1

) as a reductant. Before the reduction, 50 mg catalyst was preprocessed 

with high purified He at 300 °C for 1 h, and then cooled to room temperature. 

Thereafter, the H2-N2 mixture was introduced, and the H2-TPR profile was collected 

at a ramp rate of 10 °C min
–1

. 

X-ray photoelectron spectra (XPS) of these catalysts were recorded using a PHI 

5000 Versa Probe system with monochromatic Al Kα radiation (1486.6 eV) having an 

accelerating power of 15 kW. Prior to the test, samples were outgassed in an 

ultra-high vacuum chamber (<5×10
−7

 Pa). The sample charging effects were 

compensated by calibrating the binding energy (BE) with adventitious C 1s peak at 

284.6 eV. 

The in situ DRIFTS experiments of the representative catalysts were performed 

on a Nicolet 5700 FT-IR spectrometer equipped with a high-sensitivity mercury 

cadmium telluride detector. The sample holder was filled with powder catalyst, which 

was carefully flattened for better IR reflection. Before the DRIFTS test, the sample 

was purged by a flow of high purity N2 at 350 °C for 0.5 h to remove impurities 

absorbed on the surface. Next, the sample background collection at each desired 

temperature was achieved during the cooling process. And then, a controlled stream of 

NH3-N2 (1% NH3 by volume) or/and NO-N2 + O2-N2 (1% NO and 5% O2 by volume) 

was introduced at a rate of 50 mL min
–1

, keeping 1 h to achieve saturation of the 

sample at room temperature (25 °C). Finally, the spectra of adsorbed species by 

subtracting the corresponding background reference was collected as the sample was 

heated from room temperature to 350 °C at a rate of 10 °C min
–1

. 

2.3 Catalytic performances tests 

The catalytic performance of the synthesized samples was evaluated by an 

NH3-SCR model reaction under steady state, involving a feed stream with a fixed 

composition: 500 ppm NO, 500 ppm NH3, 5% O2, 100 ppm SO2 (when used), 5% 

H2O (when used), and N2 in balance. 200 mg catalyst with 40-60 mesh was placed in 

a quartz tube, and preprocessed in a high purity N2 stream at 300 °C for 1 h. And then 

the mixed reaction gases were introduced after cooling to room temperature. The 
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reaction was operated at different temperatures with a space velocity of 60000 mL 

g
−1

 h
−1

. The concentrations of NOx and N2O were detected by flue gas analyzer and 

N2O analyzer, respectively. The NOx conversion (%) was calculated as the following 

equation: 

                     
        

       
       

 

3. Results and discussion 

3.1. Catalytic performance and H2O + SO2 resistance results (NH3-SCR model 

reaction) 

Fig. 1(a) shows the NH3-SCR performance of Ce-Mn, Ce-Mn-Sn, Ce-Mn-Ti and 

Ce-Mn-Ti-Sn catalysts as a function of reaction temperature (50-275 °C). The NOx 

conversion for all the catalysts shows a volcano curve with the increasing of reaction 

temperature. The NOx conversion for all the catalysts that incorporated by metal ions 

(Ti
4+

 or/and Sn
4+

) is higher than Ce-Mn above 125 °C. Compared to Ce-Mn, an 

enhancement of 30%, 20% and 17% is observed for Ce-Mn-Ti-Sn, Ce-Mn-Ti and 

Ce-Mn-Sn catalysts in the range of 225-275 °C, respectively. What’s more, the 

Ce-Mn-Ti-Sn catalyst exhibits the highest NOx conversion with more than 83% from 

225 °C to 275 °C. To make a further investigation of the catalytic performance of 

these catalysts, the main by-product N2O, normally in relation to the non-selective 

oxidation of NH3 and partial reduction of NO [11, 19], was detected during the whole 

reaction temperature range of 50-275 °C. As shown in Fig. 1(b), the formation of N2O 

is suppressed remarkably on Ce-Mn-Sn, Ce-Mn-Ti and Ce-Mn-Ti-Sn catalysts. 

Except for Ce-Mn-Ti-Sn, the N2O formation of others grows up with temperature 

rises (<250 °C). The max value of N2O formation during the process for Ce-Mn, 

Ce-Mn-Sn and Ce-Mn-Ti catalysts is 152 ppm, 73 ppm and 68 ppm, respectively. 

Uniquely, the formation of N2O for Ce-Mn-Ti-Sn catalyst still remains at 0 ppm even 

at 250 °C. In principle, substantially decrease of N2O production is beneficial to the 

complete reduction of NOx to N2, thus leading to corresponding increases in the N2 

selectivity. That is to say that the co-incorporation of Ti
4+

 and Sn
4+ 

plays an important 
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role in promoting
 
the N2 selectivity of the Ce-Mn catalyst in this experiment. From the 

obtained results all above, we conclude that the catalytic performance of these 

catalysts is in a sequence of Ce-Mn-Ti-Sn > Ce-Mn-Ti > Ce-Mn-Sn > Ce-Mn between 

225 and 275 °C. 

Since the existence of water and sulfur dioxide is inevitable in the practical 

application, the effect of H2O and SO2 on the catalytic activities of the Ce-Mn and 

modified Ce-Mn catalysts was evaluated at 250 °C, and the corresponding results are 

displayed in Fig. 2. It shows that all catalysts exhibit a similar trend during the test 

process, i.e., the catalytic activity remains stable at first 120 minutes, then, decreases 

rapidly to some extent and trends to stable after switching on the H2O and SO2, finally, 

the catalytic activity recovers to some degree without completely recovery after 

cutting off the injection of H2O + SO2. Generally speaking, the effects of H2O and 

SO2 on the catalytic process are mainly attributed to three aspects. The first aspect is 

that the competitive adsorption between reactant molecules and H2O + SO2, which 

results in that both of NH3 and NO+O2 adsorption are restrained on catalysts; the 

second aspect is ascribed to the accumulation of sulfates (such as NH4HSO4 and 

(NH4)2SO4), which induce the blocking of active sites or catalyst pores; the third one 

is the sulfation of active species (e.g., formation of Ce(SO4)2, Ce2(SO4)3 and/or 

MnSO4) [6, 18, 20, 21]. In our present work, it is obviously to see that all the 

modified catalysts showed better catalytic activity during the whole test process of 

H2O and SO2 resistance. All of these results suggest that the sulfur and water induced 

deactivation of CeO2-MnOx catalyst can be relieved to some extent by Ti
4+

 or/and 

Sn
4+

 incorporation. That is to say, the loss of active species may be alleviated by the 

reaction of SO2 with dopants. 

In terms of the catalytic activity results and N2O concentration results, we 

propose a certain interaction tacking place by Ti
4+

 or/and Sn
4+

 incorporating into the 

Ce-Mn catalyst, which promotes better catalytic performance for low temperature 

NH3-SCR. These catalysts were characterized by a series of techniques to help us a 

further understanding of how the dopants modify Ce-Mn catalyst, and the 

corresponding results are discussed in the following sections. 
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3.2. Structural and textural characteristics (XRD, Raman, and N2-physisorption) 

The XRD patterns of the samples are shown in Fig. 3. Compared the obtained 

spectrum with the standard PDF card of CeO2 (PDF-ICDD 34-0394), we find that the 

diffraction peaks of all samples just fit with the standard PDF card of CeO2. So the 

standard PDF cards of MnOx, TiO2 or SnO2 are not given anymore. In other words, 

typical diffraction peaks assigned to the cubic fluorite structure of CeO2 are just 

observed, with no diffraction peak of MnOx is observed in all samples. Moreover, the 

diffraction peaks ascribed to TiO2 or SnO2 are not detected at all. Finally, we found 

both a decrease of intensity and slightly shift toward to higher angle direction as 

compared to the pure CeO2, and it just provides evidence that Ti
4+

 or/and Sn
4+

 are 

incorporated into ceria lattice by giving that the radius of Ti
4+

 ions (0.68 Å) and Sn
4+

 

ions (0.71 Å) are smaller than Ce
4+

 ions (0.92 Å) [22, 23]. Considering observations 

above, we propose the formation of a solid solution making the interaction between 

components stronger, which is consistent with the previous research of Xiong et al. 

[18]. 

Raman spectra of different samples are presented in Fig. 4. The band observed 

around 460 cm
–1

 on all samples is attributed to the triply degenerate F2g mode of 

fluorite CeO2, while the weak band around 275 cm
–1

 and the shoulder around 600 

cm
–1

 are attributed to the normal Raman inactive (IR active) transverse and 

longitudinal optical (LO) phonon modes, respectively, at the Brillouin zone center; it 

reports that these phonon modes should not be observed by Raman spectroscopy, but 

the presence of some defects can involve the relaxation of selection rules, in particular, 

these bands have been linked to oxygen vacancies in the CeO2 lattice; in other words, 

the bands around 600 cm
–1

 and 275 cm
–1

 are related to the formation of oxygen 

vacancies, and the concentration of oxygen vacancies can be indirectly reflected by 

the (SI+SII)/SF2g value (Table 1) [5, 24, 25]. The value of different samples follows 

the listed order: CeO2 < Ce-Mn < Ce-Mn-Sn < Ce-Mn-Ti < Ce-Mn-Ti-Sn. 

Furthermore, the peak around 460 cm
–1

 is weakened and widened after incorporation 

of Ti
4+

 or/and Sn
4+

. The possible reasons are as follows: new species of Ce-O-Ti (Sn) 

generate with the incorporation of Ti
4+

 or/and Sn
4+

, thus the content of F2g mode 
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reduces, which results in weakening of peak intensity around 460 cm
–1

; besides, with 

the incorporation of Ti
4+

 or/and Sn
4+

 into the CeO2 lattice, the growth of crystal grain 

is inhibited and leads to smaller grain size, thus broaden the band around 460 cm
–1

, 

which can be supported by the XRD results. In summary, the difference of Raman 

spectra over these samples reveals that Ti
4+

 or/and Sn
4+

 are incorporated into ceria 

lattice resulting lattice distortion, which is consistent with the XRD results. 

Consequently, oxygen vacancies are formed, and previous research has reported that it 

is beneficial to promote the dissociation of NOx molecules, finally further promote the 

elevation of catalytic performance [1, 26]. 

The BET surface area in Table 1 has no obvious difference after Ti
4+

 or/and Sn
4+

 

incorporation into Ce-Mn catalyst, indicating that it is not the major factor that affects 

the catalytic performance of the catalysts in this experimental system. Therefore, 

subsequent catalyst characterizations are needed to further investigate why the 

catalytic performance of Ce-Mn catalyst gets improvement by Ti
4+

 or/and Sn
4+

 

incorporation. 

3.3. NH3-TPD results 

As we all know, the surface acid property is crucial to the adsorption and 

activation of NH3 on catalysts for the NH3-SCR reaction. Therefore, it is necessary for 

us to explore the acid amount and the acid strength in these catalysts by NH3-TPD. 

Since the variability of adsorbed NH3 species with different thermal stabilities, 

NH3 desorption of these catalysts was observed over a wide temperature range, the 

results are illustrated in Fig. 5. All samples exhibit three desorption peaks (labeled as I, 

II and III). According to literatures [27, 28], the area and position of these desorption 

peaks link to the acid amount and the acid strength, respectively. The desorption peak 

I at low temperature is recognized as desorption of NH3 from weak acid sites and 

desorption of physical adsorbed NH3; the peak of II at middle temperature is related to 

desorption of NH3 from middle strong acid sites; while the last one (peak III) at high 

temperature results from NH3 desorption from strong acid sites [27-29]. Interestingly, 

the peak temperature of desorption peak II and peak III over these samples both give a 

sequence of Ce-Mn-Ti-Sn > Ce-Mn-Ti > Ce-Mn-Sn > Ce-Mn (Table 2), which is in 
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agreement with the catalytic performance discussed above, indicating an enhancement 

of acid strength with the introducing of Ti
4+

 or/and Sn
4+

 into Ce-Mn catalyst. For the 

total acid amount of these samples, it follows the same order with Ce-Mn-Ti-Sn > 

Ce-Mn-Ti > Ce-Mn-Sn > Ce-Mn from Table 2. Especially, the amount of middle 

strong acid sites increases significantly with the incorporation of Ti
4+

 or/and Sn
4+

. 

Moreover, the temperature of middle strong acid desorption peak (about 300 °C) is 

close to the high activity temperature window of NH3-SCR reaction, which is 

important for the improvement of catalytic activity. Therefore, we conclude that the 

introduction of Ti
4+

 or/and Sn
4+

 can not only enhance the acid strength, but also 

elevate the total acid amount (especially for the middle strong acid) of Ce-Mn catalyst, 

which might promote the adsorption and activation of NH3, and finally result in the 

enhancement of catalytic performance for NH3-SCR reaction. 

3.4. H2-TPR results 

It is widely reported that the redox properties of catalysts play an important role 

in NH3-SCR reaction. Therefore, the reduction behavior of these catalysts was 

investigated by H2-TPR, and the corresponding results are exhibited in Fig. 6. Three 

different reduction peaks are observed between 100 and 600 °C on each catalyst, 

labeled as I, II and III, respectively. The reduction peak I and reduction peak II are 

mainly assigned to the stepwise reduction of Mn
n+

, i.e., Mn
4+

 to Mn
3+

 and Mn
3+

 to 

Mn
2+

, respectively; about the reduction peak III, it is mainly related to the reduction 

of surface Ce
4+

 to Ce
3+

 [30]. The H2 consumption and reduction peak temperature of 

different samples are listed in Table 3. It is well known that the higher temperature of 

reduction peaks reflects that they are more hardly to be reduced. Compared with 

Ce-Mn catalyst, the corresponding reduction peaks of Ce-Mn-Ti-Sn, Ce-Mn-Ti, and 

Ce-Mn-Sn shift to higher temperature to some extent, which just suggests that the 

redox properties of Ce-Mn-Ti-Sn, Ce-Mn-Ti and Ce-Mn-Sn catalysts decrease to 

some extent by incorporation of Ti
4+

 and/or Sn
4+

, thus alleviating non-selective 

catalytic oxidation of NH3 to restrain N2O formation. H2 consumption of Ce-Mn-Ti 

catalyst is very similar to that of Ce-Mn catalyst, which suggests that the 

incorporation of Ti
4+

 almost has no obvious influence on the H2 consumption. 
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However, for the Sn-contained samples (i.e., Ce-Mn-Sn and Ce-Mn-Ti-Sn catalysts), 

their H2 consumption is remarkably larger than that of Ce-Mn catalyst, which may be 

related to the reduction of Sn
4+

 to Sn
2+

, and the reduction of more surface Ce
4+

 to Ce
3+

 

due to the incorporation of Sn
4+

 into the lattice of CeO2. These results indicate that: (1) 

the reduction peaks of Ce-Mn-Sn and Ce-Mn-Ti-Sn catalysts also include the 

reduction of Sn
4+

 besides the stepwise reduction of Mn
n+

 and the reduction of surface 

Ce
4+

; (2) the incorporation of Sn
4+

 can efficiently enhance the interaction among the 

components of Ce-Mn-Sn and Ce-Mn-Ti-Sn catalysts to promote the reduction of 

more surface Ce
4+

. 

3.5. XPS results 

To further investigate the surface composition and valance state of these samples, 

XPS measurements were carried out, and the spectra of Ce 3d, Mn 2p and O 1s are 

presented in Fig. 7. It is well known that the valence state of Mn can influence the 

catalytic performance of Mn-based catalysts efficiently for NH3-SCR reaction. Both 

of Mn 2p1/2 and Mn 2p3/2 are observed with three components for each sample (Fig. 

7(a)). The three binding energy peaks of Mn 2p3/2 at 643.5 eV, 641.3 eV and 639.6 eV 

are assigned to Mn
4+

, Mn
3+

 and Mn
2+

, respectively, suggesting the co-existing of Mn
4+

, 

Mn
3+

 and Mn
2+

 on the surface of these samples [29]; early research has reported that 

higher valence state of Mn species (i.e., Mn
4+

) is superior for redox property over the 

Mn-based catalysts, and further contributes to the excellent catalytic performance for 

NH3-SCR reaction [18, 31, 32]. Therefore, the relative content of surface Mn
4+

 of 

these samples is calculated and exhibited in Table 4. We find that the relative content 

of surface Mn
4+

 of these synthesized catalysts is in an order of Ce-Mn > 

Ce-Mn-Ti-Sn > Ce-Mn-Ti > Ce-Mn-Sn. However, the catalytic performance of 

Ce-Mn catalyst is the worst while Ce-Mn-Ti-Sn is the best. It can be explained by the 

appropriate weakening of redox property for Ce-Mn-Ti-Sn catalyst, further alleviating 

the non-selective catalytic oxidation of NH3 to restrain N2O formation, thus 

promoting the catalytic performance at low temperature. 

The Ce 3d spectra (Fig. 7(b)) can be separated into eight binding energy peaks 

for each sample, labeled as v,v
o
 (882.4 eV), v′ (884.9 eV), v′′ (888.8 eV), v′′′ (898.4 
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eV), u,u
o
 (901.1 eV), u′ (903.5 eV), u′′ (907.5 eV), and u′′′ (916.6 eV), in which, v′ 

and u′ are related to Ce
3+

, while the others are ascribed to Ce
4+

, indicating that Ce is 

dominated by Ce
4+

 accompanied with some Ce
3+

 in the synthesized catalysts; 

furthermore, it is reported that the oxygen vacancy comes into being accompanied 

with the formation of Ce
3+

, and further promotes the dissociation of NOx species [33, 

34]. Therefore, the relative content of surface Ce
3+

 of these samples is estimated and 

presented in Table 4. It shows that Ce-Mn-Ti-Sn catalyst owns the largest relative 

content of surface Ce
3+

, followed by Ce-Mn-Ti, Ce-Mn-Sn, Ce-Mn, which is in 

accordance with the Raman results and further explains the good catalytic 

performance of Ce-Mn-Ti-Sn catalyst for low temperature NH3-SCR reaction. 

Two binding energy peaks are separated from the O1s spectra (Fig. 7(c)) of each 

catalyst. The peak labeled as O′ in the range of 529.3-529.6 eV is attributed to the 

lattice oxygen, and the peak labeled as O″ in the range of 531.6-531.9 eV is related to 

the weakly adsorbed surface oxygen [18]. It is obvious that for Ce-Mn-Ti-Sn catalyst, 

the O′ peak shifts to higher binding energy. Generally speaking, the shift of XPS 

binding energy position is related to the change of electronic cloud density around 

elements, i.e., the lower of the electronic cloud density, the higher of the XPS binding 

energy. Therefore, in our present work, the shift of O' to a higher binding energy 

position on the Ti
4+

 and Sn
4+

 co-incorporated catalyst may be due to that electrons 

around the lattice oxygen are transferred to the metal ions through the formed 

-Ce-O-Mn-O-Ti-O-Sn- solid solution structure, thus the electron cloud density around 

the lattice oxygen is decreased. It further demonstrates that the co-incorporation of 

Ti
4+

 and Sn
4+

 into the Ce-Mn catalyst results in an electronic interaction among each 

component, which is advantageous for the NH3-SCR reaction. In addition, the value 

of O″/(O′+O″) is the highest for Ce-Mn-Ti-Sn and followed by Ce-Mn-Ti, Ce-Mn-Sn, 

Ce-Mn, respectively. The adsorbed surface oxygen (O″) could be obtained by reaction 

of oxygen vacanies+O2+e
–
→O″. This improved the oxygen migration ability, which is 

beneficial to the oxidation of NO to NO2, thus promoting the enhancement of catalytic 

activity for low temperature NH3-SCR reaction through the “fast NH3-SCR route” 

[35]. 
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3.6. In situ DRIFTS results 

3.6.1. NH3 adsorption 

The Ce-Mn-Ti-Sn catalyst shows the ideal catalytic performance for the low 

temperature NH3-SCR model reaction. Thus, Ce-Mn-Ti-Sn and Ce-Mn (for 

comparison) catalysts were selected as representative samples. In situ DRIFTS is an 

effective means to distinguish L acid and B acid. Thus the NH3 adsorption in situ 

DRIFTS were performed over the representative samples to make a further 

investigation about the type of surface acid sites as well as the evolution of absorbed 

NH3 species throughout the entire heating process. And the corresponding results are 

displayed in Fig. 8. For Ce-Mn catalyst (Fig. 8(a)), when exposed to NH3-N2 mixed 

gases at ambient temperature, several IR bands in the range of 1000-2000 cm
–1

 and 

3000-3600 cm
–1

 are detected. According to the literatures [18, 29, 36-41], the bands at 

1122 cm
–1

, 1156 cm
–1

 and 1590 cm
–1

 are assigned to asymmetric and symmetric 

bending vibrations of the N-H bonds in NH3 coordinated to L acid sites; the bands at 

1430 cm
–1

, 1404 cm
–1

 and 1288 cm
–1

 are ascribed to NH4
+
 ions bonded on B acid sites; 

the N-H stretching vibration modes of the coordinated NH3 are reflected by the bands 

at 3370 cm
–1

 and 3260 cm
–1

; while the bands at 1055 cm
–1

 and 1545 cm
–1

 are resulted 

from hydrogen atom of NH3 bonding to the surface oxygen atom of CeO2 and the 

asymmetric bending vibration of N-H bond in -NH3
+ 

group which forms with the 

decomposition of NH4
+
 chemisorbed on B acid sites, respectively. 

With regard to Ce-Mn-Ti-Sn catalyst (Fig. 8(b)), the bands of L acid sites, B acid 

sites and -NH3
+ 

group are also detected at the corresponding positions. While new 

bands at 1140 cm
–1

 and 1605 cm
–1

 corresponding to L acid sites are formed at room 

temperature, which means the promotion of NH3 adsorption on the Ce-Mn-Ti-Sn 

catalyst, and it is in accordance with the NH3-TPD results [42-44]. Moreover, for 

Ce-Mn-Ti-Sn catalyst, it is obvious to see that the intensity of bands at 1430 cm
–1

 (B 

acid sites) and 1122 cm
–1

 (B acid sites) decrease with temperature rises and the two 

bands both vanish at 250 °C, while for Ce-Mn catalyst, the corresponding bands 

vanish at 150 °C and 200 °C, respectively. The bands at 3360 cm
–1

 and 3235 cm
–1

 

decrease with temperature rises, and still remain weak intensity until 350 °C, while 
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for Ce-Mn catalyst, the corresponding two bands decrease with temperature rises and 

disappear at 200 °C. These results suggest the adsorption of NH3 on Ce-Mn-Ti-Sn 

catalyst is more stable than that on Ce-Mn catalyst. 

3.6.2. NO+O2 co-adsorption 

NO+O2 co-adsorption in situ DRIFTS studies were performed on these 

representative samples to investigate the adsorption behavior of NOx species, the 

results are exhibited in Fig. 9. For Ce-Mn catalyst (Fig. 9(a)), subsequent to the 

introduction of NO+O2, a series of vibration bands related to adsorbed NOx species 

are observed in the range of 1000 cm
–1

 to 2000 cm
–1

 at room temperature. As we can 

see, the bands at 1207 cm
–1

, 1240 cm
–1

 and 1611 cm
–1

 are recognized as bridging 

nitrates; while the bands at 1282 cm
–1

 and 1012 cm
–1

 are resulted from vibration of 

the linear nitrites and a NO2 symmetric vibration mode, respectively; moreover, the 

band at 1579 cm
–1

 is ascribed to bidentate nitrates [7, 42, 45, 46]. As the temperature 

elevates, the bands of adsorbed NOx species mentioned above are weakened in 

intensity owing to transformation/decomposition/desorption during the heating 

process, which contributes to NH3-SCR reaction. 

Similarly, as respect to Ce-Mn-Ti-Sn catalyst (Fig. 9(b)), the bands of linear 

nitrites, bridging nitrates and NO2 symmetric vibration mode also appeared at 

corresponding positions at room temperature. In contrast with Ce-Mn catalyst, a new 

band owing to bridged nitrates [47] generates at 100 °C. Moreover, as the temperature 

increases, the intensity of all the bands observed on Ce-Mn-Ti-Sn catalyst decreases 

more evidently than Ce-Mn catalyst. That is to say, compared with Ce-Mn catalyst, 

the adsorbed NOx species are easier to be desorbed or transformed or decomposed 

during the heating process on the Ce-Mn-Ti-Sn catalyst. Thus, we conclude that the 

co-incorporation of Ti
4+

 and Sn
4+

 promotes the enhancement of interaction among the 

components to make
 
it easier for the absorbed NOx species on Ce-Mn-Ti-Sn catalyst 

to be desorbed or activated, which finally leading to better catalytic performance. 

3.6.3. NH3+NO+O2 co-adsorption 

In order to explore the interaction between the catalysts and reactants to help 

further understanding of the NH3-SCR reaction mechanism, NH3+NO+O2 
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co-adsorption in situ DRIFTS were carried out. The corresponding results of these 

representative catalysts are exhibited in Fig. 10 and Fig. 11. In terms of Fig. 10, with 

the NH3-NO-O2-N2 mixture introduced into the in situ DRIFTS cell at room 

temperature, a weak band of nitrite anion with νs (NO2) (1330 cm
–1

 ) is detected on 

Ce-Mn catalyst; while the strong signal bands of L acid sites (1190 cm
–1

, 1600 cm
–1

) 

and B acid sites (1430 cm
–1

) are detected [37, 38, 48]. The competitive adsorption 

between NH3 and NO can explain this phenomenon. Since NH3 and NO are 

simultaneously absorbed on the catalyst surface, the selective catalytic reduction of 

NO by NH3 over the Ce-Mn catalyst follows a Langmuir-Hinshelwood (L-H) 

mechanism. Moreover, the bands of NH3 adsorbed species at 1430 cm
–1

 and 1190 

cm
–1

 decrease evidently with the temperature increases, and disappear at 150 °C and 

300 °C, respectively. When temperature increases to 200 °C, new bands ascribed to 

N2O appear at 2237 cm
–1

 and 2207 cm
–1

 (Fig. 10); the bands ascribed to chelating 

bidentate nitrates (1261 cm
–1

, 1545 cm
–1

, 1530 cm
–1

) and L acid sites (1210 cm
–1

) 

appear successively over 200 °C; thus resulting in the decrease of NOx conversion for 

NH3-SCR reaction [42, 46]. These findings are also in agreement with the results of 

the NH3-SCR model reaction. 

Similarly, with regard to Ce-Mn-Ti-Sn catalyst (Fig. 11), in the presence of the 

NH3-NO-O2-N2 mixture at room temperature, the bands related to L acid sites and B 

acid sites are observed at corresponding positions as well as a weak band interpreted 

to adsorbed NO2 is observed at 1681 cm
–1

 [46]. The co-adsorption of NH3 and NO on 

the surface of Ce-Mn-Ti-Sn catalyst indicates that the co-incorporation of Ti
4+

 and 

Sn
4+

 do not affect the NH3-SCR reaction mechanism in this experiment. However, the 

band for B acid sites on the Ce-Mn-Ti-Sn catalyst is stronger comparing with the 

Ce-Mn catalyst and the relative intensity of B acid sites to L acid sites on 

Ce-Mn-Ti-Sn catalyst is remarkably larger than Ce-Mn catalyst. Previous research 

reported that B acid sites are crucial for low temperature NH3-SCR reaction [38, 49]. 

Moreover, the bands of NH3 adsorbed species at 1435 cm
–1

 and 1204 cm
–1

 are 

weakening with temperature goes up, and vanish just at 150 °C. Comparing to Ce-Mn 

catalyst, the bands related to N2O are detected at a higher temperature with 250 °C 

javascript:;
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(Fig. 11). In contrast with Ce-Mn catalyst over 200 °C, the bands of adsorbed species 

on the Ce-Mn-Ti-Sn catalyst exhibit smaller amount and almost vanished. That is to 

say, the reaction between NH3 and NO is easier on the Ce-Mn-Ti-Sn catalyst, which is 

in consistent with the NH3-SCR model reaction. Combining NH3 adsorption in situ 

DRIFTS results observed above, we propose that the co-introduction of Ti
4+

 and Sn
4+

 

mainly enhances the dissociation or transformation of activated species on 

Ce-Mn-Ti-Sn catalyst, consequently promotes the low temperature catalytic 

performance of Ce-Mn-Ti-Sn catalyst. 

 

4. Conclusions 

In the present work, a novel Ce-Mn-Ti-Sn catalyst for the selective catalytic 

reduction of NOx by NH3 has been successfully developed. We have carefully 

explored the effect of Ti
4+

 and Sn
4+

 co-incorporation on the physicochemical property 

and catalytic performance of Ce-Mn catalyst for low temperature NH3-SCR by means 

of various characterization techniques. The obtained results suggest the catalytic 

performance of the catalyst co-incorporated with Ti
4+

 and Sn
4+

 is the optimal, which 

with an enhancement of 30% NOx conversion compared with Ce-Mn catalyst in the 

range of 225-275 °C, and a good inhibition in N2O formation (i.e., 0 ppm N2O is 

detected even at 250 °C, compared to 152 ppm detected on Ce-Mn catalyst). In terms 

of characterization analyses on Ce-Mn-Ti-Sn catalyst, suitable redox property 

alleviates the non-selective catalytic oxidation of NH3 significantly, and further 

restrains the formation of N2O; large amount of oxygen vacancy and Ce
3+

 contributes 

to the dissociation and transformation of adsorbed NOx species; abundance of acid 

sites is beneficial to the adsorption and transformation of activated NH3 species. All of 

these lead to better catalytic performance and remarkable inhibition of N2O formation. 

Besides, it can be inferred from the NH3+NO+O2 co-adsorption in situ DRIFTS that 

the NH3-SCR reaction over Ce-Mn-Ti-Sn catalyst follows an L-H mechanism. Finally, 

combining the current research hotspots, we plan to further enhance NOx conversion 

of Ce-Mn-Ti-Sn catalyst for NH3-SCR reaction by designing the structure, regulating 

the morphology and crystal plane, optimizing the synthesis methods and adjusting the 



  

18 

precipitants in the next work. 
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Table and Figure Captions 

Table 1 Quantitative results of Raman spectra, and textural data for the synthesized 

catalysts. 

Table 2 Quantitative analysis of NH3-TPD over CeO2-MnOx and modified 

CeO2-MnOx catalysts. 

Table 3 The information of peak temperature and H2 consumption of these catalysts 

obtained from H2-TPR. 

Table 4 The surface composition of the synthesized catalysts. 

Fig. 1 The results of (a) NOx conversion, and (b) N2O concentration. 

Fig. 2 H2O + SO2 resistance of CeO2-MnOx and modified CeO2-MnOx catalysts at 

250 °C. 

Fig. 3 XRD patterns of CeO2, CeO2-MnOx and modified CeO2-MnOx catalysts. 

Fig. 4 Raman spectra of CeO2, CeO2-MnOx and modified CeO2-MnOx catalysts. 

Fig. 5 NH3-TPD profiles of CeO2-MnOx and modified CeO2-MnOx catalysts. 

Fig. 6 H2-TPR profiles of CeO2-MnOx and modified CeO2-MnOx catalysts. 

Fig. 7 XPS spectra of these CeO2-MnOx and modified CeO2-MnOx catalysts: (a) Mn 

2p, (b) Ce 3d and (c) O 1s. 

Fig. 8 NH3 adsorption in situ DRIFTS of (a) Ce-Mn, and (b) Ce-Mn-Ti-Sn catalysts. 

Fig. 9 NO+O2 co-adsorption in situ DRIFTS of (a) Ce-Mn, and (b) Ce-Mn-Ti-Sn 

catalysts. 

Fig. 10 NH3+NO+O2 co-adsorption in situ DRIFTS of Ce-Mn catalyst. 

Fig. 11 NH3+NO+O2 co-adsorption in situ DRIFTS of Ce-Mn-Ti-Sn catalyst. 
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Table 1 

Quantitative results of Raman spectra, and textural data for the synthesized catalysts. 

 

Catalyst Position of F2g (cm
-1

) FWHM of F2g (cm
-1

) SI+SII/SF2g BET surface area (m
2
/g) Total pore volume (cm

3
/g) Mean pore diameter (nm) 

CeO2 462 18.1 0.0508 / / / 

Ce-Mn 462 21.8 0.1062 102.5 0.3642 14.2 

Ce-Mn-Sn 461 31.4 0.2488 98.8 0.3694 15.0 

Ce-Mn-Ti 462 26.6 0.3134 99.3 0.3221 13.0 

Ce-Mn-Ti-Sn 461 34.8 0.3503 87.4 0.2451 11.2 
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Table 2 

Quantitative analysis of NH3-TPD over CeO2-MnOx and modified CeO2-MnOx catalysts. 

 

Catalyst 
Peak temperature (°C) 

 
Acid amount (a.u.) 

  
TI TII TIII SI SII SIII SI+SII+SIII 

Ce-Mn 130 239 444 
 

514 936 1001 2451 

Ce-Mn-Sn 142 275 508 
 

534 1023 1131 2688 

Ce-Mn-Ti 138 280 545 
 

576 1391 776 2743 

Ce-Mn-Ti-Sn 146 294 549 
 

664 1429 677 2770 
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Table 3 

The information of peak temperature and H2 consumption of these catalysts obtained from H2-TPR. 

 

Catalyst 
Peak temperature (°C) 

 

H2 consumption (μmol/g) 
 

TI TII TIII SI SII SIII SI+SII+SIII 

Ce-Mn 

Ce-Mn-Sn 

Ce-Mn-Ti 

Ce-Mn-Ti-Sn 

224 

304 

303 

298 

315 

376 

408 

401 

390 

486 

472 

487 

 

307 

823 

341 

658 

314 

280 

314 

456 

370 

144 

329 

245 

991 

1247 

984 

1359 
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Table 4 

The surface composition of the synthesized catalysts. 

 

Catalyst 
Atomic concentration (%) 

 
Surface atomic ratio (%) 

Ce Mn Ti Sn O 
 

Ce
3+

/(Ce
3+

+Ce
4+

) Mn
4+

/(Mn
2+

+ Mn
3+

+ Mn
4+

) O″/(O′+O″) 

Ce-Mn 16.52 3.59 / / 79.89 
 

14.90 27.56 14.10 

Ce-Mn-Sn 15.46 4.73 / 3.34 76.47 
 

16.55 24.27 14.23 

Ce-Mn-Ti 13.80 3.67 3.73 / 78.80 
 

17.07 25.93 14.85 

Ce-Mn-Ti-Sn 12.67 5.53 3.24 2.80 75.76 
 

19.85 26.09 16.13 
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Fig. 1 The results of (a) NOx conversion, and (b) N2O concentration. 
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Fig. 2 H2O + SO2 resistance of CeO2-MnOx and modified CeO2-MnOx catalysts at 

250 °C. 
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Fig. 3 XRD patterns of CeO2, CeO2-MnOx and modified CeO2-MnOx catalysts. 
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Fig. 4 Raman spectra of CeO2, CeO2-MnOx and modified CeO2-MnOx catalysts. 
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Fig. 5 NH3-TPD profiles of CeO2-MnOx and modified CeO2-MnOx catalysts. 
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Fig. 6 H2-TPR profiles of CeO2-MnOx and modified CeO2-MnOx catalysts. 
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Fig. 7 XPS spectra of these CeO2-MnOx and modified CeO2-MnOx catalysts: (a) Mn 

2p, (b) Ce 3d, and (c) O 1s. 
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Fig. 8 NH3 adsorption in situ DRIFTS of (a) Ce-Mn, and (b) Ce-Mn-Ti-Sn catalysts. 
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Fig. 9 NO+O2 co-adsorption in situ DRIFTS of (a) Ce-Mn, and (b) Ce-Mn-Ti-Sn 

catalysts. 
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Fig. 10 NH3+NO+O2 co-adsorption in situ DRIFTS of Ce-Mn catalyst. 
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Fig. 11 NH3+NO+O2 co-adsorption in situ DRIFTS of Ce-Mn-Ti-Sn catalyst. 
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Graphical abstract 
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Highlights 

1. Ti
4+

 and Sn
4+

 co-incorporation enhanced the catalytic performance of 

Ce-Mn catalyst. 

2. N2O formation is suppressed remarkably over Ce-Mn-Ti-Sn catalyst. 

3. NH3-SCR reaction over Ce-Mn-Ti-Sn catalyst follows an L-H mechanism. 

 


