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Abstract:



Recently, great attention has been paid to Ceria-based materials for selective catalytic reduction (SCR) with NH3 owing to their unique redox, oxygen storage, and acid-base properties. Two series of bimetallic catalysts issued from Titania modified by Ce and Nb were prepared by the one-step sol-gel method (SG) and by the sol-gel route followed by impregnation (WI). The resulting core-shell and bulk catalysts were tested in NH3-SCR of NOx. The impregnated Nb5/Ce40/Ti100 (WI) catalyst displayed 95% NOx conversion at 200 °C (GHSV = 60,000 mL·g−1·h−1, 1000 ppm NOx, 1000 ppm NH3, 5% O2/He) without forming N2O. The catalysts were characterized by various methods including ICP-OES, N2-physisorption, XRD, Raman, NH3-TPD, DRIFTS, XPS, and H2-TPR. The results showed that the introduction of Nb decreases the surface area and strengthens the surface acidity. This behavior can be explained by the strong interaction between Ceria and Titania which generates Ce-O-Ti units, as well as a high concentration of amorphous or highly dispersed Niobia. This should be the reason for the excellent performance of the catalyst prepared by the sol-gel method followed by impregnation. Furthermore, Nb5/Ce40/Ti100 (WI) has the largest NH3 adsorption capacity, which is helpful to promote the NH3-SCR reaction. The long-term stability and the effect of H2O on the catalysts were also evaluated.
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1. Introduction


Nitrogen oxides (NOx), emitted from the industrial combustion of fossil fuels and automobile exhaust gas, are major air pollutants leading to various environmental problems: acid rain, photochemical smog, ozone depletion, and the greenhouse effect [1,2,3]. The steady increase of NOx emissions necessitates the improvement of abatement technologies. The selective catalytic reduction (SCR) is the most promising way to remove NOx from stationary sources and vehicles exhaust gas [4,5,6]. A reducing agent is needed to convert NOx into inert components like water and nitrogen. For this purpose, mostly urea is used for fixed stations (nitric acid plants); however, it is also used in catalytic reactors fitted to diesel engines and some vessels because of the high NOx conversions that can be achieved at a high space velocity [4]. Nowadays, TiO2 (anatase) supported V2O5-WO3 or V2O5-MoO3 oxides have been commercialized for stationary applications [2,7]. V2O5 is the main redox active site, whereas WO3 (or MoO3) promotes the surface acidity [2,8]. However, some drawbacks of vanadium-based catalysts were observed during industrial application, such as the biological toxicity and volatility of V2O5, the narrow operating temperature window (300–400 °C), and high activity for the oxidation of SO2 to SO3 [9,10,11]. As an alternative, low-temperature catalysts—if available—could be placed downstream of electrostatic precipitator and desulfurization units. Therefore, it is crucial to develop novel, environment-friendly, and non-vanadium-based catalysts with high NOx conversion, high N2 selectivity, nontoxic species, and high resistance to H2O for NH3-SCR.



Ceria-based materials are of particular interest for NH3-SCR owing to their redox cycle between Ce3+ and Ce4+, ability for oxygen storage, and acid-base properties [12,13]. Ceria is not very toxic and comparatively cheap. Therefore, Ceria has already been widely used as an indispensable component in automotive three-way catalysts. Recently, many researchers studied the effect of introducing solid acid components on NH3-SCR catalysts such as CeO2-TiO2 [14,15], CeO2-WO3 [16,17,18,19,20,21,22], CeO2-SO42− [23,24,25], CeO2-Nb2O5 [26,27,28,29,30], CeO2-PO43− [31,32], and CeO2-MoO3 [33]. Additionally, CeO2 was reported to have the ability to resist SO2 and alkali poisoning [34].



Among them, CeO2-Nb2O5-based catalysts offer high potential for diesel exhaust gas treatment due to their multi-functionality, such as the hydrolysis of urea to NH3, the SCR of NOx with NH3, and the oxidation of soot [28,29,30]. Binary oxides of Cerium and Niobium were reported to improve the acidity of catalysts, which was suggested to be an important feature in the NH3-SCR reaction [29]. Niobium modification in general appears to be an effective strategy in selective catalytic reduction of NOx with ammonia or hydrocarbons [29,30]. The Nb–OH bond is the source for Brønsted acid sites and the Nb=O bond for Lewis acid sites, both of which are essential in the NH3-SCR reaction [29]. The positive effect of modifying the acidic properties with NbOx and the generation of structural defects in Ce-Nb (oxygen vacancies) increase the electron conductivity [29,30,35,36]. So, the combination of the Nb2O5 acid properties and the redox behavior of CeO2 may lead to a good SCR performance. Despite the availability of some data from these studies on SCR performance in different reaction conditions, an understanding of the structure-activity relationship of CeO2-Nb2O5-TiO2 catalysts is still missing, e.g., the correlation of De-NOx activity to surface acidity and redox ability.



Regarding the successful application of TiO2 as a support in V2O5-WO3/TiO2 and V2O5-MoO3/TiO2 catalysts for NH3-SCR and the potential of the CeO2-Nb2O5 catalyst for the SCR of NOx, it is of great interest to study a combination of them. The NH3-SCR performance of NOx on this type of supported metal oxide has not yet been studied.



In the present study, we synthesized Ce40/Ti100 (numbers indicate elemental ratios) and Nb5/Ce40/Ti100 catalysts (Nb given in weight percent) by the one-step sol-gel method or by the impregnation of support Ce40/Ti100 with Niobia and their efficiency in the low-temperature NH3-SCR was elucidated. The beneficial effect of Nb and Ce on NO conversion and N2 selectivity will be demonstrated and explained.




2. Results


2.1. NH3-SCR Performance


The results from NH3-SCR runs with different catalysts are given in Figure 1a,b, including some blank tests. The reference materials TiO2 (support) and Nb5/Ti100 (Ceria-free catalyst, 5 wt % Nb) were inactive below 300 °C; first upon raising the temperature to 400 °C, the conversion increased to 15 and 30%, respectively. On the other hand, the NOx conversion with the Nb-free Ce40/Ti100 (SG) catalyst showed a remarkable increase with temperature, reaching 78% at 200 °C and 99% at 300 °C. Presence of Ceria is essential for high SCR activity.


Figure 1. (a) NOx conversion and (b) N2-N2O selectivity for different catalysts (1000 ppm NOx, 1000 ppm NH3, 5% O2/He, GHSV = 60,000 mL·g−1·h−1).
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Both catalysts Nb5/Ce40/Ti100 (SG) and Nb5/Ce40/Ti100 (WI) outnumbered all these reference materials and showed almost complete conversion of NOx at 250 °C. At 200 °C, the Nb5/Ce40/Ti100 (WI) catalyst was more active and exhibited 95% NOx conversion, while Nb5/Ce40/Ti100 (SG) showed 87%. Even at 150 °C, the Nb5/Ce40/Ti100 (WI) showed higher conversion (30%) than Nb5/Ce40/Ti100 (SG) (24%) and Ce40/Ti100 (22%). A similar system with 20% CeO2/TiO2 prepared by an impregnation method was reported elsewhere, which affords 95% conversion in the range of 250–375 °C at a GHSV of 25,000 h−1 [15]. However, on setting the GHSV to 50,000 h−1, still being lower than the value applied in the present paper (60,000 mL·g−1·h−1), a much higher temperature of 350 °C was needed to reach 97% conversion. A comparison of three preparation methods for CeO2/TiO2 catalysts revealed that only the catalyst prepared by a single step sol-gel method showed complete conversion at 225 °C and GHSV = 50,000 h−1 [34]. In addition, the Ce-Nb system with a ratio of 1:1 prepared with the co-precipitation method presented 80% NO conversion in a temperature range of 200–450 °C with a GHSV = 120,000 mL·g−1·h−1 [29]. A ternary oxide system Mn/Ce/Nb/Ti exhibited complete NOx conversion at 150 °C at a high GHSV of 180,000 h−1 [37]. Mn-Ce oxide catalysts were found to allow complete conversions at 100–150 °C at a space velocity of 42,000 h−1 but showed considerable deactivation in the presence of 19% H2O [38]. The present catalyst does not reach such high values at these temperatures. However, Mn-based catalysts, due to their oxidative power, promoted the formation of undesired products N2O and NO2 [37]. It can be first pointed out that the addition of Nb to Ce-TiO2 improves the NOx conversion particularly at temperatures below 250 °C and in the absence of H2O, and a clear synergistic effect exists between Nb, Ce, and Ti species. Regarding these data, the presented catalyst Nb5/Ce40/Ti100 (WI) appears to be an attractive intermediate temperature catalyst as it avoids the over-oxidation as known from Mn catalysts. Furthermore, it shows higher activity than conventional V2O5/TiO2. In conclusion, Nb5/Ce40/Ti100 (WI) showed highly competitive results comparable to the state-of-art. Second, the applied preparation methods seem to have a significant effect on the catalyst efficiencies.



The N2 selectivity with Nb5/Ce40/Ti100 (WI) reaches 100% below 250 °C and exceeds 99% within the whole temperature range, as shown in Figure 1b; this indicates that the interaction of Nb species with Ce40/Ti100 (SG) suppresses the unselective catalytic oxidation of NH3 by O2 towards N2O and NO2 at high temperature, as it was observed elsewhere [29,37]. The N2O concentration recorded with these catalysts is especially low (<2.5%) at 300–400 °C.



Water vapor is an inevitable compound in automotive exhaust gases and always significantly influences the catalytic activity. To investigate the long-term stability and the effect of water (8 vol %) on the performance of the catalysts, runs were made at 200 °C to apply technically relevant conditions for low-temperature SCR.



When adding 8 vol % of water to the gas flow during catalyst testing, the conversion drops by 22% for Nb5/Ce40/Ti100 (WI) and by 27% for both Ce40/Ti100 and Nb5/Ce40/Ti100 (SG). Within the first 4 h on stream Nb5/Ce40/Ti100 (WI) showed a slight decrease in conversion from 65 to 62% (Figure 2). Upon switching off the water dosage, the NOx conversion rapidly recovered to 85%, indicating that the inhibition effect of water is largely reversible. However, the initial conversion of 95% (Figure 1a) was not recovered probably due to some minor structural changes which could occur in the presence of water, causing a deactivation of the catalyst. Nevertheless, on switching on H2O again, the conversion recovered, reached its initial value of 62%, and then decreased slowly to 60% over 12 h. Surprisingly, Ce40/Ti100 displayed during the first 4 h on stream comparable activity as Nb5/Ce40/Ti100 (SG) and even appeared more stable over 12 h. In general, the catalysts deactivate in the presence of H2O, but Nb5Ce40Ti100 (WI) is less pronounced deactivated compared to the others. This can be explained by the competitive adsorption between NH3/NOx and H2O on the active sites, leading to an inhibiting effect of H2O on the low-temperature SCR reaction [39,40].


Figure 2. Long-term activity and effect of water on the SCR activity at 200 °C (1000 ppm NOx, 1000 ppm NH3, 5 vol % O2, 8 vol % H2O, balance He, GHSV = 60,000 mL·g−1·h−1).
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2.2. Physicochemical Characterization


2.2.1. Structural and Textural Properties (ICP-OES, BET, XRD, and Raman)


The chemical compositions of the catalysts were analyzed by the ICP-OES technique and the weight percentage of each element is listed in Table 1. The values for Nb are lower than expected for all the catalysts, while for Ce, the content is slightly higher than expected. This can be explained by the method of drying the solvent under supercritical conditions, e.g., by partial leaching of Nb species by this solvent.


Table 1. Catalyst composition, specific BET surface area, and pore volume (SG = sol-gel route; WI = wet impregnation).





	
Catalyst

	
Element Composition (wt %)

	
SBET

(m2·g−1)

	
Pore Volume

(cm3·g−1)

	
Average Pore Diameter (nm)




	
Nb

	
Ce

	
Ti






	
TiO2

	
-

	
-

	
-

	
141

	
0.26

	
5.4




	
Nb5/Ti100 (WI)

	
4.3

	
-

	
49.1

	
121

	
0.26

	
7.3




	
Ce40/Ti100 (SG)

	
-

	
35.7

	
28.2

	
90

	
0.22

	
6.9




	
Nb5/Ce40/Ti100 (SG)

	
4.1

	
35.0

	
26.7

	
94

	
0.32

	
9.8




	
Nb5/Ce40/Ti100 (WI)

	
4.6

	
34.4

	
26.8

	
56

	
0.17

	
7.1










The textural properties of the samples were investigated by N2 adsorption-desorption at 77 K (Table 1). Figure 3a–e show the corresponding N2 adsorption-desorption isotherms and BJH pore size distributions for the catalysts, respectively. All the catalysts exhibited typical type IV isotherms with an obvious type H3 hysteresis loop as classified by IUPAC, which is always assigned to capillary condensation in mesopores ascribed to the interstices between the particles [41]. The specific BET surface area of the chosen TiO2 support was 141 m2·g−1 and a loss of 15% was observed upon impregnating with NbCl5 (WI). After sol-gel preparation with CeO2, the TiO2 supported sample lost 36% of its surface. Addition of Nb during the sol-gel (SG) technique did not cause any decrease in surface area, while by impregnation, the surface area decreased to 56 m2·g−1 as expected due to the blocking of pores. While the addition of Ce to Ti in the sol-gel formation of the support leads to a loss in BET surface area, the modification of the preparation method by adding Nb as a third component seems to enlarge the BET surface area, as well as the pore volumes and diameters. This might be explained by the incorporation of Nb in the framework formed by Ce and Ti species. In contrast, after impregnation of the sol-gel-based Ce40/Ti100 with Nb, parts of the pores are blocked. The average pore diameters of all samples are between 5 and 10 nm (Figure 3b), which confirms that mesopores account for the dominant role in the catalysts (Table 1).


Figure 3. N2 adsorption-desorption isotherms and BJH pore distributions for all fresh catalysts: (a) TiO2, (b) Nb5/Ti100, (c) Ce40/Ti100 (SG), (d) Nb5/Ce40/Ti100 (SG), (e) Nb5/Ce40/Ti100 (WI).
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The XRD patterns of the catalysts are presented in Figure 4. The powder patterns of the catalysts synthesized from the pure Ti(IV) isopropoxide indicate the presence of anatase modification of Titania (ICDD PDF-2 2017). After the impregnation of TiO2 with an Nb precursor, no additional reflexes which can be assigned to a Nb-containing phase were observed. Furthermore, no change of the unit cell parameters of anatase was seen. This suggests that the Nb species are highly dispersed on the surface or in an amorphous state. In contrast, the impregnation with Ce precursor leads to the formation of cubic Ceria (Figure 4, triangles) and a non-stoichiometric brannite-like structured Ceria-Titania-oxide (Ce0.97Ti2O5.95, Figure 4, hereinafter called CeTi2O6). Further treatment after impregnation with Niobium species (Nb5/Ce40/Ti100 (SG), Nb5/Ce40/Ti100 (WI)) leads to the loss of crystallinity, as indicated by the additional peak broadening (cf. calculated crystallite sizes, Table 2). In general, the catalyst prepared by the impregnation method was more crystalline than the catalysts obtained via the sol-gel method. As Nb5+ has a smaller ionic radius (0.064 nm) compared to Ce4+ (0.087 nm), Nb can diffuse into the lattice of CeO2 and decrease its crystallinity [42]. This may explain the decrease in Nb5/Ce40/Ti100 (SG) crystallinity compared to the impregnated sample, as due to the homogeneous distribution of the elements it is more likely that Nb interacts with Ce and Ti. This behavior is also proved by the decrease in the crystallite size of CeO2 and CeTi2O6 (Table 2). It is important to note that upon impregnating Ce40/Ti100 with Nb, there was a loss in surface area which enhances the agglomeration and causes an increase in the crystallite size of CeTi2O6. These effects were closely related to the catalyst preparation methods. However, the presence of Titania (anatase) can be discussed in all of the three samples which contain Ce as well.


Figure 4. XRD patterns of the fresh catalysts.
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Table 2. Crystallite sizes of prepared catalysts calculated with Scherrer’s formula [43].





	
Catalysts

	
Crystallite Size (nm)




	
CeTi2O6

	
TiO2

	
CeO2






	
Ce40/Ti100

	
23.5

	
-

	
5.6




	
Nb5/Ce40/Ti100 (SG)

	
12.6

	
6.2

	
4.3




	
Nb5/Ce40/Ti100 (WI)

	
18.8

	
-

	
7.4










These results are also backed by Raman spectra (Figure 5), wherein all the catalysts show typical bands of TiO2 (anatase) at 143, 396, 515, and 637 cm−1 [44,45,46]. These results are in good agreement with XRD data and further confirm that the anatase structure of the TiO2 support is retained. However, preparing the mixture of Ce and TiO2 with the sol-gel technique creates several new bands at 162, 191, 270, 332, 371, 571, and 641 cm−1, which can be assigned to CeTi2O6 [47,48]. The formation of such Ce-Ti phases is probably responsible for the improved catalyst performance. The band at 463 cm−1 can be attributed to CeO2 and/or CeTi2O6 phase. No bands for Nb2O5 were observed in all of the catalysts, suggesting the high dispersion of Nb species on the surface of Ce40/Ti100. Additionally, it is noticeable for the SG catalyst that the band intensities at 193, 332, 368, 571, and 640 cm−1 are lower compared to the WI sample, which proves that the addition of Niobium decreases crystallinity, thereby confirming the XRD results.


Figure 5. Raman spectra of all fresh samples.
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2.2.2. Acid Properties (NH3-TPD and DRIFTS)


NH3-TPD runs were carried out to analyse the amount and strength of the acid sites of the materials. These parameters correlate with the position and area of the desorption peak, respectively [49]. As shown in Figure 6, all of the catalysts possess one broad peak ranging from 150 to 500 °C with a maximum around 300 °C. TiO2 has the highest number of acidic centers (605.7 µmol/g) but they are weak ones (Table 3). Upon the addition of Nb to TiO2 (WI), the amount of acidity decreased to 556.7 µmol/g due to the Nb coverage of the TiO2 surface. However, a shoulder is observed at 410 °C, indicating the generation of stronger acidic sites. Furthermore, a comparison of both WI and SG samples reveals that in the WI sample, the shoulder is shifted to 385 °C and for the SG sample to 320 °C, and the overall acidity is higher (212 µmol/g) than in SG (146.2 µmol/g). In the case of the WI sample, Nb is mostly located on the surface and provides higher and stronger acidic sites than the SG sample, where a larger fraction of the Nb is expected to be located in the bulk. According to Table 3, the total amount of acidity for these catalysts follows the sequence TiO2 > Nb5/Ti100 > Ce40/Ti100 > Nb5/Ce40/Ti100 (WI) > Nb5/Ce40/Ti100 (SG).


Figure 6. NH3-TPD plots of supported Ceria-based catalysts and reference materials.
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Table 3. Total amount of NH3 desorbed in from the fresh samples.





	Catalysts
	Amount of NH3 Desorbed (µmol/g)





	TiO2
	605.7



	Nb5/Ti100
	556.7



	Ce40/Ti100
	213.4



	Nb5/Ce40/Ti100 (SG)
	146.2



	Nb5/Ce40/Ti100 (WI)
	212.7









In situ DRIFT spectroscopy was applied to the two catalysts prepared with SG and WI methods, as well as with Ce40/Ti100 to study the interaction with the feed components NO/O2 and NH3. The spectra obtained after exposure to NO/O2/He at 200 °C and flushing with He are depicted in Figure 7a. On all samples, a couple of distinct bands were observed and assigned to adsorbed NO2 (1606–1616 cm−1), bidentate nitrate (1570 and 1220 cm−1), and monodentate nitrate (around 1550 and 1370 cm−1) species [50,51]. All samples have in common that the bidentate nitrate species are only stable under NO/O2 flow and vanish after He flushing. The band intensities of the remaining monodentate nitrate species on the SG and WI samples differ from those observed for the Ce40/Ti100 sample. This suggests that a part of the adsorption sites available on the latter are blocked by doping with Nb, which is more pronounced for the WI sample. While under NO/O2 flow, significantly more nitrate species are formed on SG compared to the WI sample, the amount of remaining adsorbates after He flushing is comparable for both catalysts. A small moiety of NO2 is more strongly adsorbed on the SG sample and therefore also detectable after He flushing.


Figure 7. In situ DRIFT spectra of Ce40/Ti100, Nb5/Ce40/Ti100 (SG), and Nb5/Ce40/Ti100 (WI) measured at 200 °C after (a) NO/O2/He adsorption (dashed lines) and subsequent flushing with He (solid lines) and (b) exposure to NH3/He and subsequent flushing with He.
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In another experiment, the catalysts were exposed to NH3/He at 200 °C followed by flushing with He (Figure 7b). The bands at 1604 cm−1 and around 1200 cm−1 were assigned to asymmetric and symmetric bending vibrations of NH3, respectively, coordinatively bound to Lewis acid sites [52]. Compared to the Ce40/Ti100 sample, the symmetric bending vibration (1197 cm−1) is shifted to higher wavenumbers for the SG and WI samples (around 1216 cm−1), while the band intensities slightly increase. This points to a change of the strength and amount of acidic sites caused by Nb doping. The intensities of the bands around 1216 cm−1 are similar for the SG and WI catalysts, indicating a comparable amount of Lewis sites. However, for the SG catalyst, the band positions slightly differ. Here, a shoulder at 1238 cm−1 is observed besides the main band at 1209 cm−1, which suggests the appearance of Lewis sites with different strengths. Both experiments show that the introduction of Nb enhances the amount and strength of acid sites and therefore the ability for NH3 activation, as well as for NO oxidation, which are beneficial for good NH3-SCR activity in the temperature range below 250 °C.




2.2.3. Redox Properties (XPS and H2-TPR)


It is well known that the surface composition and oxidation states of catalysts are very important for the NH3-SCR reaction, as they can remarkably influence the adsorption and activation of reactant molecules. Therefore, the surface properties of these catalysts were investigated by XPS and the deconvoluted spectra are shown in Figure 8 and the atomic ratio percentage of Ce, Nb, and oxygen species are listed in Table 4.


Figure 8. XPS data of the Ceria-containing catalysts: (a) Ti 2p, (b) Ce 3d, (c) Nb 3d, and (d) O 1s.
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Table 4. Surface composition and element ratios of the supported Ceria-containing catalysts calculated from XPS.





	
Catalysts

	
Concentration (atom%)

	
Atomic Ratio (%)




	

	
Ce

	
Nb

	
Ti

	
O

	
Nb/(Ce + Ti)

	
Ce/(Ce + Ti)

	
Oα/(Oα + Oβ)






	
Nb5/Ce40/Ti100 (WI)

	
5.2

	
3.5

	
16.7

	
74.7

	
15.9

	
23.6

	
24.6




	
Nb5/Ce40/Ti100 (SG)

	
7.7

	
3.2

	
17.1

	
72.0

	
12.7

	
31.2

	
19.6




	
Ce40/Ti100 (SG)

	
9.8

	
-

	
21.1

	
69.1

	
-

	
31.6

	
-










The Ti 2p region is dominated by two main peaks around 459 and 464 eV due to 2p3/2 and 2p1/2 contribution (Figure 8a). The spectra exhibit different symmetries and full widths at half maximum, reflecting the different local environments of Ti atoms according to the preparation method used.



The Ce 3d XPS spectra (Figure 8b) exhibit a very broad signal in the region with binding energies between 880 and 917 eV. The XPS spectra for fully oxidized Ce4+ and fully reduced Ce3+ reveal six respective four peaks at similar energy values. In the literature, the quantitative estimation of relative amounts of Ce4+ and Ce3+ is reported by fitting a linear combination of reference materials. But in the present study, the peaks are too broad for reliable deconvolution [53].



Nb 3d XPS spectra are dominated by two contributions around 206.9 and 209.7 eV that can be ascribed to Nb 3d5/2 and Nb 3d3/2, respectively (Figure 8c). With respect to the 3d5/2 peak, a second contribution at a lower binding energy was detected. The energy shift is 1.9 eV for the SG sample and 1.3 eV for the WI sample, testifying to the role of different preparation methods on Nb electronic structure.



The O 1s spectra show a main signal for Ce40/Ti100 in all the samples with a maximum in the range of 530.1–530.4 eV (Figure 8d), which could be caused by lattice oxygen species named as Oβ. The other signal at 528.1–528.9 eV was assigned to the oxygen ions in CeO2 [37,54]. The signals at 531.5 and 532.1 eV for Nb5/Ce40Ti100 (WI) and (SG), respectively, are denoted as Oα, representing chemisorbed oxygen fixed on defective sites such as oxygen vacancies. The relative ratio of Oα/(Oα + Oβ) is quantified based on the areas of Oα and Oβ (Table 4). Accordingly, the amount of chemisorbed oxygen was higher in the WI sample (24.6%) than in the SG sample (19.6%). This could be due to the formation of Ce3+ as a result of the Ce-O-Nb unit, which forms charge imbalance and oxygen vacancies. These sites can promote the oxidation of NO to NO2, resulting in high SCR activity. That is the reason why the WI sample showed more activity compared to the SG sample. It must be noted that this activation effect of Nb is only relevant for the oxygen atoms in Ceria next to Nb [29,37]. This can also explain why upon the addition of Nb via WI preparation, the amount of reducible surface species is increased, as will be discussed later by means of TPR results.



Since the redox properties are crucial for the activity of the NH3-SCR catalyst, H2-TPR was carried out to compare the reducibility of the prepared catalysts (Figure 9). The H2-TPR profiles of all Ce, Ti, and Nb containing catalysts exhibit three reduction peaks between 400 and 900 °C. The low-temperature peak around 500 °C and the high-temperature peak around 800 °C can be attributed to the reduction of surface dispersed CeO2 and bulk-like CeO2, respectively [55,56]. Previous research [37,42] indicated that NbOx reduction partly overlaps with CeO2 reduction and therefore it is hard to distinguish the reduction peaks of NbOx at high temperatures. The mid-reduction peak at 584 °C may be assigned to the reduction of Ce-O-Ti species, which form via the interaction of CeO2 and TiO2. Comparing Ce40Ti100 (SG) with both Nb containing catalysts suggests that Nb addition increases the reduction temperature. On the other hand, the catalyst Nb/Ce40/Ti100 (WI) shows enhanced reduction of the surface Ce4+ species as the related peak intensity in the impregnated sample is highest. This indicates that a synergetic effect between Ce and Nb increases the amount of oxygen vacancies due to the charge imbalance between Nb5+ and Ce4+ on Nb–O–Ce interfaces, as reported in literature [30,42], generating more active oxygen for the SCR reaction, as has been discussed by means of XPS data above.


Figure 9. H2-TPR profiles of the fresh samples.
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The H2 consumption of these supported Ceria-based catalysts is summarized in Table 5. The actual H2 consumption of the Ce40/Ti100, Nb5/Ce40/Ti100 (SG), and (WI) catalysts is slightly higher than the theoretical H2 consumption. It is possible that part of TiO2 is also reduced to form Ti3+. All the above features are considered beneficial for the excellent SCR activity.


Table 5. H2 consumption calculated from temperature-programmed reduction (TPR).





	
Catalysts

	
H2 Consumption (mmol·g−1)




	
Experimental

	
Theoretical






	
Ce40/Ti100

	
1548

	
1401




	
Nb5/Ce40/Ti100 (SG)

	
1509

	
1343




	
Nb5/Ce40/Ti100 (WI)

	
1455

	
1319













3. Materials and Methods


3.1. Catalyst Preparation


All the chemicals used in this study were supplied by Sigma-Aldrich Chemie GmbH, Munich, Germany with purities of 98–99%. Pure TiO2 support was synthesized by a sol-gel method using Ti(IV) isopropoxide and anhydrous ethanol as the precursor. Next, ethyl acetoacetate (EAcAc) used as a complexing agent was added to the solution under stirring at room temperature. Finally, a solution of HNO3 (0.1 M) was added drop-wise and stirred until a yellow gel was formed. The gel was extracted with supercritical ethanol in an autoclave (T = 245 °C, p = 60 bar). The resulting product was calcined under O2 flow at 500 °C for 3 h (heating rate 3 K/min).



The Ce40/Ti100 sample (molar ratio 0.4:1) was prepared by adding (NH4)2Ce(NO3)6 dissolved in anhydrous ethanol to the above Ti precursor solution at 60 °C until complete dissolution. For preparation of Nb5/Ce40/Ti100 (SG), NbCl5 dissolved in anhydrous ethanol was added. Further processing was conducted as described for TiO2.



The Nb5/Ti100 (WI) and Nb5/Ce40/Ti100 (WI) catalysts were synthesized by impregnating the as-received pure TiO2 and Ce40/Ti100 powders, respectively, with NbCl5 and anhydrous ethanol. The nominal loadings of Nb were 5 wt %.




3.2. Activity Measurement


The NH3-SCR activity measurement was carried out in a fixed-bed quartz reactor (i. d. = 10 mm, length = 150 mm) from 150 to 400 °C at atmospheric pressure with 100 mg of catalyst (sieved in the range 315–710 µm). The feed gas consisted of 1000 ppm of NO, 1000 ppm of NH3, 5 vol % of O2 (8 vol % of water if used), and helium as the balance at a 100 mL/min total flow rate. The modified space velocity (GHSV) for activity measurement was kept at 60,000 mL·g−1·h−1. Before each test, the catalyst was pretreated with 5% O2 in helium at 500 °C for 30 min. The analysis of N2, N2O, and O2 in the product mixture was performed using on-line gas chromatography (HP 6890) employing a molecular sieve 5A column. Simultaneously, NO, NO2, and NH3 concentrations in the product stream were continuously monitored by a multigas sensor (Limas 11HW, ABB, Mannheim, Germany). The concentrations of NO, N2O, and NO2 were measured in ppm. The continuous reactor was kept for 1 h in steady state at each chosen reaction temperature. The NH3-SCR activity (NOx conversion) of catalysts was calculated using Equation (1) and the N2 selectivity was calculated using Equation (2):


[image: ]
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(2)







As all nitrogen-containing gaseous reactants were quantified, it was possible to calculate the nitrogen balance. Typically, the values ranged from 94 to 100%. To investigate the long-term stability and the effect of water (8 vol %) on the catalyst performance, the temperature was set to 200 °C.




3.3. Catalyst Characterization


The elemental compositions were determined by inductively coupled plasma optical emission spectroscopy (ICP-OES) using a 715-ES ICP emissions spectrometer (Varian, Palo Alto, CA, USA). The samples were digested in a mixture of HF and aqua regia and then treated in a microwave assisted sample preparation apparatus at 200 °C and 60 bar.



BET surface area and pore volume of the prepared catalysts were measured from nitrogen adsorption isotherms measured at −196 °C (Micromeritics ASAP 2010). Before the measurement, each sample was degassed at 200 °C for 4 h. The average pore diameters were calculated from the desorption branch of the isotherm using the BJH method.



XRD powder patterns were recorded on a X’Pert diffractometer (Panalytical, Almelo, The Netherlands) equipped with a Xcelerator detector, used with automatic divergence slits and Cu kα1/α2 radiation (40 kV, 40 mA; λ = 0.015406 nm, 0.0154443 nm). Cu beta-radiation was excluded by using nickel filter foil. The measurements were performed in 0.0167° steps and 25 s of data collecting time per step. The samples were mounted on silicon zero background holders. The collected data were converted from automatic divergence slits to fixed divergence slits (0.25°) before data analysis to obtain the correct intensities. Peak positions and profile were fitted with the Pseudo-Voigt function using the HighScore Plus software package (Panalytical, Almelo, The Netherlands). Phase identification was done by using the PDF-2 database of the International Center of Diffraction Data (ICDD). Crystallite size was calculated by applying the Scherrer equation using the integral breadth under the assumption of spherically shaped crystallites. K was set to 1.0747.



The Raman spectra of the samples were collected on a in Via Raman microscope (Renishaw, Wotton-under-edge, UK) using a 633 nm laser with a laser power between 0.81 and 1.61 mW. The samples were mounted onto object slides and an objective with a magnification of 50 was applied. To prove the homogeneity of the materials, spectra were acquired at different points of the sample.



X-ray photoelectron spectra were performed with a Thermo ESCALAB 220 iXL spectrometer (ThermoFisher, Walham, MA, USA) at room temperature using monochromatic AlKα radiation. Binding energies were corrected to C-C contribution at 284.8 eV in the C1s region. Signal intensities were normalized using the sensitivity factors of Scofield [57] and the transmission function of the spectrometer.



In situ DRIFT spectra were measured on a Nicolet 6700 FTIR spectrometer using a high-temperature reaction cell (Harrick) equipped with a temperature programmer (Eurotherm) and connected to a gas-dosing device with mass flow controllers (Bronkhorst). The catalyst samples were pretreated for 1 h at 300 °C in air, cooled to a reaction temperature of 200 °C in He, and subsequently exposed to a flow (30 mL/min) of 1000 ppm NO, 4% O2, balanced with He or 1000 ppm NH3, balanced with He, respectively, for 45 min. Then, the cell was flushed with He for 20 min. Generally, subtracted spectra were evaluated, obtained by subtraction of the spectrum recorded after pretreatment and He flushing at reaction temperature from the respected adsorbate spectra.



TPR measurement was done using a Autochem II 2920 instrument (Micromeritics, Aachen, Germany). A 70 mg sample was loaded into a U-shaped quartz reactor and heated from RT to 400 °C with 10 K/min in 5% O2/He (50 mL/min) for 30 min at 400 °C to remove any adsorbed species. Then, the system cooled down to RT in a flow of 5% O2/He. The TPR run was carried out from RT to 900 °C in a 5% H2/Ar flow (50 mL/min) with a heating rate of 10 K/min. The hydrogen consumption was continuously recorded using a thermal conductivity detector and quantitatively analyzed.



Temperature-programmed desorption of ammonia (TPD-NH3) was performed by inserting a 230 mg sample into a home-made quartz-tube reactor. The samples were flushed in He (100 mL/min) for 1 h at 100 °C. Then, the sample was exposed to 1000 ppm NH3/He (100 mL/min) for 1 h at 100 °C. Afterwards, physisorbed ammonia was removed by flushing the sample with He (100 mL/min) for 1 h at 100 °C. The sample was then ramped to 600 °C at a heating rate of 10 K/min in He (100 mL/min). The temperature was held at 600 °C for 30 min. The amount of ammonia desorbed with temperature was continuously monitored by a multigas sensor (Limas 11HW, ABB, Mannheim, Germany). The amount of acidity was calculated based on peak area integration.





4. Conclusions


The combination of three metal oxides (CeO2, TiO2, and Nb2O5) was chosen as the catalyst system for the SCR reaction and the effects of structure (core-shell vs bulk catalyst) and Nb doping on the catalytic activity were studied. Nb doped Ce40/Ti100 catalysts prepared by two methods WI and SG were used in the NH3-SCR reaction. Nb5/Ce40/Ti100 (WI) showed the highest SCR activity (95%) at 200 °C in the absence of H2O at GHSV = 60,000 h−1. To our knowledge, this is among the best results for catalysts based on this ternary system for an intermediate temperature SCR. The stability of the catalysts was tested in the presence of H2O, and the catalysts showed a loss of 22–27% in conversion. Nb5/Ce40/Ti100 (WI) exhibited higher conversions compared to the SG sample and showed a less pronounced deactivation over 12 h. It is noteworthy that at temperatures below 250 °C, byproduct formation is completely suppressed, which is advantageous compared to Mn-based systems. The latter tend to over-oxidize NO. On the other side, the Nb/Ce/Ti system could be an alternative to the V2O5/TiO2 system, due to higher activity, particularly if it would be able to avoid the oxidation of SO2 to SO3 (as known for V2O5/TiO2). The catalyst might be preferably applicable for intermediate temperature SCR. The results of BET, XRD, Raman, XPS, H2-TPR, in situ DRIFT, and TPD-NH3 studies clearly evidenced that the addition of Nb via wet impregnation leads to a high Nb concentration on the surface, which has a prominent effect on acidity, as well as the amount of adsorbed oxygen, with the latter resulting in a good redox ability. Second, the addition of Niobium improved the dispersion of Cerium, and third the coexistence of Nb and Ce/Ti species was of essential importance for a high NH3-SCR performance. These are the key factors for the good performance of the Nb-modified Ce-based catalyst in SCR. This means that both the preparation method (core-shell versus bulk catalyst) and metal addition are essential for generating a good catalyst which is active and selective.
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