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Abstract 

The NH3-SCR performance in the presence of short and long chain hydrocarbons (propylene and dodecane) as well as 

of formaldehyde was investigated for a series of V2O5-MoO3/TiO2 (VMoTi) and V2O5-WO3/TiO2 (VWTi) catalysts. 

The results demonstrate that vanadium oxides act as the main catalytically active component for NOx conversion, 

hydrocarbon (HC) and formaldehyde oxidation. Among VMoTi and VWTi materials with different vanadium loading, 

the catalysts containing 3 wt.% V2O5 lead to the highest catalytic activity. The ability to simultaneously remove NOx, 

HC and HCHO over VMoTi is inferior to that of the conventional WO3-based catalyst. However, VMoTi exhibits 

higher CO2 selectivity, especially during oxidation of long-chain HCs, which represents an important advantage for a 

possible multifunctional catalyst. Apart from CO, formaldehyde was detected as byproduct during HC oxidation for 

both catalyst formulations. 
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1. Introduction 

Selective catalytic reduction (SCR) of NOx with ammonia is to date the best-developed and most widespread method 

for NOx removal [1-3]. SCR catalysts based on vanadia and metal exchanged zeolites are proven technologies for NOx 

reduction in diesel engines. Cu- or Fe-exchanged zeolites are particularly used for low temperature applications [4,5]. 

Vanadia-catalysts are widely applied for NOx reduction in heavy-duty diesel engines, for natural gas engines and other 

stationary applications due to their good NOx conversion efficiency and high durability against sulfur-poisoning [6-8]. 

Particularly the last aspect is highly important for NOx removal systems in emerging countries, where the sulfur content 

in fuel is still significant (in some regions >50 ppm, [9]). Commercial vanadia-based SCR catalysts typically contain  

titania as support, vanadia as active component and tungsten or molybdenum oxide as structural and chemical 

promoters, i.e. V2O5-WO3/TiO2 and V2O5-MoO3/TiO2  (VWT and VMoTi, respectively) [3]. The anatase TiO2 with 

high surface area possesses high acidity and high resistance against sulfur poisoning [10] whereas the well dispersed 

vanadium species, below a monolayer coverage, have been reported as the redox active component in NOx reduction 

[11,12]. Both WO3 and MoO3 promoters improve the SCR performance of the binary V2O5/TiO2 catalyst, with the first 

one being more active but also less resistant to As poisoning, that is present in flue gases [13]. In addition, both catalyst 

formulations show potential for hydrocarbon (HC) and soot oxidation [14], which makes them promising candidates 

for SCR on diesel particulate filter applications (SCR-DPF) if the temperature can be kept below 550 °C [15-17]. Such 
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a combination allows a faster warm-up due to the closer location to the engine. Consequently, this may also lead to 

higher NOx conversion during the cold start phase of the engine. Moreover, it could significantly reduce the costs and 

the overall volume of the exhaust aftertreatment system. Finally, the recently reported ability to lower formaldehyde 

emissions in the exhaust of natural gas engines [18], increases the relevance of such catalyst formulations.  

Hydrocarbons are particularly emitted during the cold start period when the temperature of the exhaust gas stream is 

not high enough and even during the warm-up period upon the deactivation of the diesel oxidation catalysts (DOC) 

[19,20]. The composition of such emissions highly depends on various factors like fuel properties, engine 

characteristics or engine operation conditions. For natural gas engines, in addition to methane emissions, formaldehyde 

is typically generated by partial oxidation of methane [21], and requires a special consideration due to its toxicity. 

Several recent studies report the ability of V-W-based SCR catalysts to oxidize different classes of volatile organic 

compounds (VOCs) simultaneously to their NOx-removal activity [22-24,18]. The oxidation activity of V2O5-based 

catalysts for carbonaceous species has been linked to the low oxygen bond strength of vanadia [25]. Watling et al. [26] 

showed that up to 80% of propylene conversion is achieved at 550 °C on commercial vanadia based SCR catalysts, 

without a significant impact on the SCR performance. A similarly high SCR activity was observed by Bertole et al. 

[18] in the presence of HCHO, CO, C2H4 and C2H6 over a V-based system that also included noble metals. 

Ottinger et al. [27] investigated the capability of vanadia-based catalysts for oxidizing long-chain HCs such as 

dodecane. They observed a poor selectivity towards CO2 formation. In addition, they also found that certain HCs could 

lead to deactivation of vanadia-based catalysts due to adsorption and accumulation on the surface and thus blocking of 

the active sites. Heo et al. [28] showed that the presence of propylene leads to lower NOx conversion due to the 

competition between ammonia and propylene during adsorption and also to the promotion of ammonia oxidation at 

higher temperatures. In a previous study, the promising ability of vanadia-based SCR catalysts for hydrocarbon and 

soot oxidation has been reported [29], which is strongly limited by the low CO2 selectivity.   

In addition to V2O5, MoO3 is also well known for its ability to oxidize VOCs and soot [30-36]. In fact, when comparing 

alumina supported V2O5 and MoO3 catalysts, a lower temperature for soot oxidation and a higher CO2 selectivity was 

recorded for the molybdenum-based sample [30]. In contrast, V2O5/TiO2 was found to be more active for methanol 

and n-butyl acetate oxidation in comparison with MoO3/TiO2 [35]. Furthermore, a strong synergistic effect was 

observed between MoO3 and V2O5 supported on TiO2 during total oxidation of benzene and chlorobenzene, similar as 

that present in WO3-V2O5/TiO2 catalysts [31,36]. In this context, investigation of the NOx and HC removal activity of 

catalysts containing both, V2O5 and MoO3, is highly interesting. Hence, in the present study the NH3-SCR performance 

in the presence of HCs and HCHO has been systematically evaluated for a series of VMoTi catalysts, containing 

different V2O5 loadings, and compared to that of WTi-based catalysts. 

2. Materials and Methods 

VMoTi and VWTi catalysts were synthesized by incipient wetness impregnation of titania (Alfa Aesar, structural 

properties, cf. Table 1). Ammonium metavanadate (Sigma Aldrich), ammonium metatungstate hydrate (Fluka) and 

ammonium heptamolybdat (Merck) were used as precursors for V2O5, WO3 and MoO3, respectively. Several samples 

were prepared by varying the V2O5 loading, i.e. 1, 3 and 5 wt.% on the 9 wt.% WO3-TiO2 or 9 wt.% MoO3-TiO2 



                                                                                                                                                                                          

3 

 

supports. A detailed description of procedures is available in the Supplementary Information (SI). In the following the 

samples will be referred to as e.g. 1V-WTi and 1V-MoTi for the 1 wt.% V2O5 loaded catalysts, 3V-WTi and 3V-MoTi 

for the 3 wt.% V2O5 loaded catalysts and so on. 

All samples were characterized by N2 physisorption, X-ray diffraction (XRD), UV-vis spectroscopy, Raman 

spectroscopy and temperature-programmed desorption of ammonia (NH3-TPD). A detailed description of the 

procedures is available in the SI. 

The catalytic tests were carried out under steady-state conditions using a quartz tube plug flow reactor, as described in 

detailed in the SI. The gas concentrations were 500 ppm NO, 500 ppm NH3, 5% H2O, 10% O2 in N2 (standard SCR) 

with 185 ppm C3H6, 80 ppm C12H26 or 50 ppm HCHO dosed optionally (50000 h-1). HC oxidation tests were performed 

using 185 ppm C3H6 (or 80 ppm C12H26, or 50 ppm HCHO), 5% H2O and 10% O2 in N2 (50000 h-1). The gas 

composition was analyzed with a MultiGasTM 2030 FTIR gas analyzer (MKS). During the catalytic activity tests the 

fluctuations of the FTIR derived gas concentrations were about ±1-2 ppm. 

3. Results 

3.1 Characterization 

The surface area (SBET), the pore volume (Vp), the mean pore diameter (dp) and the V2O5, WO3 and MoO3 coverage 

(θV, θW and θMo, respectively) of the investigated samples are reported in Table 1. The surface area of the TiO2 support 

was 101 m2/g and decreased to 88 m2/g after impregnation with 9 wt.% WO3 or MoO3. Further impregnation of V2O5 

led to a significant decrease of the surface area, particularly for higher V loadings. A more pronounced decrease was 

found for VMoTi catalysts. For example, a surface area of only 68 m2/g was measured for 3V-MoTi as compared to 

82 m2/g for 3V-WTi. This is in accordance with previous studies reporting that Mo-promoted catalysts exhibit lower 

surface area compared to the catalysts containing WO3 [13,37].  

Table 1. Structure and morphological characterization of the investigated samples. 

 

The metal oxide coverage was calculated based on a monolayer capacity of 0.145 wt.% V2O5/m2 [38], 7 µmol/m2 for 

WO3 [39] and 0.12 wt.% MoO3/m2 [13].  As shown in Table 1, it appears that the theoretical monolayer coverage in 

Sample SBET (m2/g) Vp (mL/g) dp (nm) θV θW θMo 

Total number of 

acidic sites a 

TiO2 101 0.37 14.86 - - - - 

3V-Ti 65 0.34 20.69 0.19 - - - 

W-Ti 88 0.32 14.41 - 0.63 - - 

Mo-Ti 88 0.31 14.01 - - 0.93 - 

1V-WTi 83 0.32 15.24 0.05 0.67 - 1.05 

3V-WTi 82 0.32 15.67 0.15 0.68 - 1.00 

5V-WTi 52 0.28 21.64 0.40 1.07 - 0.49 

1V-MoTi 86 0.33 15.47 0.05 - 0.95 0.84 

3V-MoTi 68 0.29 17.05 0.18 - 1.20 0.67 

5V-MoTi 37 0.20 21.80 0.57 - 2.21 0.39 
a relative total number of acidic sites normalized by 3V-WTi. 
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terms of (WO3+ V2O5) is achieved for the 3V-WTi sample and is exceeded for the 5V-WTi catalyst. In contrast, for 

the Mo-containing series the monolayer coverage is reached already for 1 wt.% loading of V. According to previous 

studies, a monolayer coverage of V species leads to the highest SCR performance [11] whereas vanadia-agglomerates 

appearing for higher loadings enhance the parasitic ammonia oxidation at high temperatures [40].  

Temperature programmed desorption of ammonia (NH3-TPD) was carried out to investigate the acidic properties of 

the catalyst surface (Fig. 1). Assuming the typical Eley-Rideal mechanism, ammonia participates in the SCR reaction 

from an adsorbed state and the activity is closely correlated with the acidity of the catalysts [3,41]. The temperature 

range of 125-350 °C is assigned to relatively weak acidic sites, which are the most relevant for the SCR performance 

[42]. Fig. 1 shows that the majority of acidic sites emerge in the temperature range from 150-300 °C for both series of 

catalysts. A slightly higher acidity was measured for VWTi catalysts over the corresponding VMoTi catalysts (total 

acidic sites normalized by 3V-WTi are reported in Table 1). However, the major difference was observed in the amount 

of strong acidic sites. NH3 adsorbed at these sites desorbs above 350 °C and seems to be almost inexistent for the Mo-

based catalysts. NH3 desorption at such elevated temperatures was previously associated with Brønsted  acidic sites, 

according to in-situ DRIFTS experiments reported by Song et al. [43].  

 

Figure 1. NH3-TPD results for (a) VWTi and (b) VMoTi catalysts. 

The Raman spectra of the titania support, VWTi and VMoTi catalysts are depicted in Fig. 2 and mainly contain bands 

at 145, 197, 397, 528 and 637 cm-1. They are attributed to the anatase phase [44,45]. In the range between 800 cm-1 

and 1200 cm-1 (Fig. 2b), the band at 969 cm-1 that appears for WTi was previously assigned to the symmetric stetching  

vibration of the W=O bond [46]. The presence of polymeric vanadates in  all V-W catalysts is indicated by the bands 

at 976, 987 and 989 cm-1 (V=O stretching vibrations [47]). With increasing V2O5 loading, the V=O stretching band 

shifted to higher wavenumbers, most probably due to the polymerization of the vanadyl species [47]. Nevertheless, the 

shoulder at 1020 cm-1 from 5V-WTi sample originates from V=O stretching and indicates the presence of isolated 

vanadyls [48,47,5]. 
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Figure 2. Raman spectra of investigated samples: (a) VWTi and VMoTi (50-1300 cm-1), (b) VWTi (800-1200 cm-1) 

and (c) VMoTi (800-1200 cm-1). 

Raman spectra of VMoTi catalysts in the range of 800-1200 cm-1 are shown in Fig. 2(c). The band at 967 cm-1 observed 

for MoTi was previously related to the Mo-O bending and stretching modes [49]. The bands at 819 and 955 cm-1 were 

attributed to crystalline and isolated MoO3 species, respectively [49]. The band at 995 cm-1 decreased progressly with 

V2O5 loading, which is attributeded to surface disorder of nanoparticles [47,50]. Furthermore, no isolated MoO3 species 

were observed for 5V-MoTi. In contrast, a new peak at 819 cm-1 corresponding to crystalline MoO3 species appeared 

for 5V-MoTi. This indicates that with increasing of V2O5 loading the Mo phase transformed progressively from 

isolated to crystalline MoO3 species. Furthermore, 1V-MoTi, 3V-MoTi and 5V-MoTi samples show bands at 969, 980 

and 990 cm-1 respectively, which were attributed to the V=O stretching vibrations in polymeric vanadates. Similarly 

as for VWTi catalysts, stronger polymerization of V-species was also found with increasing of V2O5 loading [47].  

According to the XRD and UV-vis results, a higher V2O5 content leads also to the formation of progressively larger 

TiO2 crystallites (XRD, Fig. S1), which is probably the origin of the more pronounced absorption in the 400-800 nm 

region (UV-vis, Fig. S2). 

3.2 Hydrocarbon oxidation on VMoTi and VWTi catalysts 

3.2.1 Propylene oxidation 

 The 3wt.% V samples showed the best activity for C3H6 oxidation, with full conversion observed at 350 °C and 400 °C 

for W and Mo promoted catalysts, respectively (Fig. 3). At 200 °C the W- and Mo-catalysts oxidized about 30% and 

15% C3H6, respectively (Fig. 3). The superior oxidation performance at low temperatures of 3V-WTi in comparison 

to 3V-MoTi is analogous to the NOx removal activity of the two catalysts under standard SCR conditions (Fig. S3). 

The 3V-WTi samples converted about 95% NOx at 200 °C whereas only 68% conversion was observed for 3V-MoTi 
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(Fig. S3). Regarding the V content, the samples with a vanadia loading of 3% exhibited the highest NOx removal and 

propylene oxidation activity (further details in Fig. S3 and S4), followed by the samples with 5% and 1% vanadia 

content. The corresponding CO, CO2 and formaldehyde emissions of propylene oxidation over the 3V-WTi and 3V-

MoTi are shown in Fig. 3 (b). The partial oxidation of HCs over vanadia-based catalysts leads to a mixture of CO and 

CO2 instead of total oxidation, which has been previously reported also for commercial catalysts [26,29]. Accordingly, 

in the present study, the CO share was much higher than the CO2 concentration for both catalysts, which is in agreement 

with our previous results [29]. The slight decrease of the CO2 and CO concentration around 500 °C while formaldehyde 

was still fully converted suggest the possible formation of additional oxidation products, which could not be identified 

in the present study. The formaldehyde emissions reached a maximum of only 8.5 ppm for 3V-WTi at 300 °C but of 

22.3 ppm for 3V-MoTi at 350 °C, at temperatures above 450 °C no formaldehyde formation was recorded in both 

cases. Such emissions at lower temperatures were reported also in a recent study of Bertole et al. [18] on propane and 

propylene oxidation over V-based catalysts. Fig. 3 (c) shows the corresponding [CO2]/([CO]+[CO2]) ratios obtained 

at 200, 300 and 400 °C during C3H6 oxidation. Obviously, there is no clear trend when comparing the two catalysts. 

At 400 °C the same ratio was obtained for both catalysts. At 300 °C the 3V-WTi sample showed about 10% higher 

selectivity towards CO2 formation whereas at 200 °C an almost opposite situation was recorded.  

  

Figure 3. Propylene oxidation over 3V-WTi and 3V-MoTi catalysts: (a) propylene conversion; (b) CO, CO2 and 

formaldehyde emission; (c) [CO2]/([CO]+[CO2]) ratio at 200, 300 and 400 °C. C3H6: 185 ppm, O2: 10%, H2O: 5%, 

N2 for balance, GHSV=50 000 h-1. 

3.2.2 Dodecane oxidation 

Considering the superior C3H6 oxidation performance of the 3 wt.% vanadia catalysts among the differently loaded 

samples, dodecane and formaldehyde oxidation as well as SCR activity in the presence of HCs were only evaluated 

for the 3V-WTi and 3V-MoTi catalysts. Dodecane oxidation activity obtained for 3V-WTi and 3V-MoTi is shown in 

Fig. 4. For both catalysts, full conversion was achieved above 300 °C. Also in this case, the W-containing sample 

showed a higher activity at lower temperatures. This amounted to about 81% dodecane conversion at 150 °C, in 

comparison to only 52% obtained over 3V-MoTi. Formation of CO is higher than that of CO2 above 300 °C for both 

catalysts. The selectivity towards CO2 formation was slightly higher for the molybdenum sample (Fig. 4b). At 200 °C 



                                                                                                                                                                                          

7 

 

the [CO2]/([CO]+[CO2]) ratio over 3V-WTi was about 65% whereas for the Mo-catalyst it amounted to ~76%. HCHO 

emissions of about 7 ppm were measured for both catalysts, appearing especially at lower temperatures.  

 

Figure 4. Dodecane oxidation over 3V-WTi and 3V-MoTi catalysts: (a) dodecane conversion; (b) CO, CO2 and 

formaldehyde emission; (c) [CO2]/([CO]+[CO2]) ratio at 200 and 400 °C. C12H26: 80 ppm, O2: 10%, H2O: 5%, N2 for 

balance, GHSV=50 000 h-1. 

3.2.3 Formaldehyde oxidation 

The appearance of formaldehyde emissions during propylene and dodecane oxidation, especially at low temperatures, 

has been further tackled by measuring the HCHO oxidation activity for the 3V-WTi and 3V-MoTi catalysts (Fig. 5). 

Full conversion was only observed above 300 °C or 400 °C for W- and Mo-samples, respectively. Similarly to the 

propylene and dodecane oxidation, at lower temperatures the W-containing catalyst showed a higher activity. In 

contrast to the oxidation of propylene and dodecane, which led to relatively high [CO2]/([CO]+[CO2]) ratios, the CO 

emissions were dominant during formaldehyde conversion (Fig. 5 (c)).  

 

Figure 5. Formaldehyde oxidation over 3V-WTi and 3V-MoTi catalysts: (a) formaldehyde conversion; (b) CO and 

CO2 emission; (c) [CO2]/([CO]+[CO2]) ratio. HCHO: 50 ppm, O2: 10%, H2O: 5%, N2 for balance, GHSV=50 000 h-1 
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At high temperatures almost similar ratios were obtained whereas at 200 °C the 3V-MoTi sample shows about 10% 

higher [CO2]/([CO]+[CO2]) ratio. Above 400°C, the observed decrease of the CO concentration was not balanced by 

the slight increase of the CO2 amount, suggesting a change of the oxidation mechanism and probably the formation of 

further oxidation products.  

3.3 Standard SCR activity in the presence of hydrocarbons and formaldehyde 

3.3.1 SCR with propylene oxidation 

The presence of propylene did not significantly affect the NOx conversion during SCR over both catalysts, as shown 

in Figs. 6 a and b. Only a slight decrease of about 3% was noticed at higher temperatures once the conversion of C3H6 

started. This indicates that a competition for the active sites exists, which could lead to more pronounced effects for 

higher C3H6 concentrations in comparison to the one used in this study. Vice versa, at low temperatures C3H6 oxidation 

activity decreased under SCR conditions, probably due to the stronger NH3 adsorption on the catalyst surface. This 

behavior is even more pronounced for the Mo-based catalyst, which shows a 100 °C shift for the onset of propylene 

oxidation. Hardly any inhibition of SCR on C3H6 oxidation was found above 400 °C for both catalysts, in agreement 

with previous literature studies [26,29]. Also in the presence of the SCR gas mixture formaldehyde emissions were 

recorded for both samples. However, a significantly lower HCHO concentration was observed over 3V-WTi under 

these reaction conditions (Fig. 6c). Regarding the [CO2]/([CO]+[CO2]) ratio resulting from propylene oxidation, 

slightly higher CO2 concentrations were detected for both catalysts. This could be explained by the promoting effect 

of the more oxidative atmosphere under SCR condition, i.e. the presence of NOx. 

 

Figure 6. Standard SCR in presence of propylene over (a) 3V-WTi and (b) 3V-MoTi catalysts; (c) formaldehyde 

emission; (d) [CO2]/([CO]+[CO2]) ratio at 200 and 400 °C. C3H6: 185 ppm, NO: 500 ppm, NH3: 500 ppm, O2: 10%, 

H2O: 5%, N2 for balance, GHSV=50 000 h-1. 
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3.3.2 SCR with dodecane oxidation 

In contrast to the low effect induced by C3H6, dodecane inhibited the standard SCR activity of 3V-MoTi over the whole 

temperature range while the 3V-WTi catalyst maintained its activity between 250 °C and 450 °C, as shown in Fig. 7 

(a). At 200 °C a drop in activity of more than 40% was found for 3V-MoTi and of over 50% for the W-containing 

catalyst. At higher temperatures, the deactivation extent decreased considerably for both sample. Fig. 7 (b) reports the 

dodecane oxidation performance with and without the standard SCR gas mixture. Full conversion of dodecane was 

obtained only above 250 °C for 3V-WTi and above 300 °C for 3V-MoTi. Analogous to propylene oxidation in the 

presence of the SCR gas mixture, this may be traced back to the competition for active sites. At the same time, the 

presence of standard SCR reduced the formaldehyde emissions for both catalysts at low temperatures. Furthermore, as 

shown in Fig. 7 (d), the standard SCR gas mixture promoted the CO2 formation in both mid and high temperature range 

over both catalysts, with a higher [CO2]/([CO]+[CO2]) ratio for 3V-MoTi  catalyst.  

 

Figure 7. Standard SCR in presence of dodecane oxidation over 3V-WTi and 3V-MoTi: (a) standard SCR and (b) 

dodecane oxidation performance; (c) formaldehyde emission and (d) [CO2]/([CO]+[CO2]) ratio. C12H26: 80 ppm, 

NO: 500 ppm, NH3: 500 ppm, O2: 10%, H2O: 5%, N2 for balance, GHSV=50 000 h-1. 

3.3.3 SCR with formaldehyde oxidation 

Fig. 8 (a) reports the standard SCR performance with and without the presence of the formaldehyde. It is observed that 

formaldehyde inhibits the standard SCR activity of 3V-MoTi over the whole temperature range while 3V-WTi catalyst 

maintained its DeNOx conversion above 350 °C. At 200 °C a drop in activity of 8% was measured for both W- and 

Mo-containing catalysts. At higher temperatures, the deactivation extent decreased gradually for both samples.  
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Figure 8. Standard SCR in presence of formaldehyde oxidation over 3V-WTi and 3V-MoTi: (a) standard SCR; (b) 

dodecane oxidation performance; (c) [CO2]/([CO]+[CO2]) ratio. HCHO: 50 ppm, NO: 500 ppm, NH3: 500 ppm, O2: 

10%, H2O: 5%, N2 for balance, GHSV=50 000 h-1. 

In contrast to the inhibition effect of the standard SCR conditions on propylene and dodecane oxidation, increased 

formaldehyde conversion was observed over both catalysts in the low temperature range. At 200 °C an increase in 

activity of 16% was detected for 3V-WTi and of over 53% for the Mo-containing catalyst. Considering that both 

catalysts show high conversion, it appears that formaldehyde conversion is mainly influenced by the gas mixture and 

does not occur on the surface of Mo or W species. Similar to the oxidation of propylene and dodecane, during 

formaldehyde oxidation the standard SCR gas mixture promoted the CO2 formation over both catalysts, with a higher 

[CO2]/([CO]+[CO2]) ratio observed for 3V-MoTi  catalyst.  

4. Discussion and conclusions 

VWTi catalysts exhibit a broader temperature window for SCR and higher activity towards HC oxidation in 

comparison to the corresponding VMoTi catalysts. The difference could be explained by the higher surface area and 

higher surface acidity of W-containing catalysts. Especially the first assumption is supported by the almost identical 

NOx removal performance of the 1 wt.%V2O5 samples (Fig. S3), which is in line with the results reported in literature 

for similar samples [13,37]. As indicated by XRD and Raman spectroscopy data (Fig. S1 and Fig. 2), higher vanadia 

loadings lead to sintering of the TiO2 support and Mo-species [11]. Nevertheless, the 3 wt.% vanadia samples showed 

the highest SCR performance irrespective of the W or Mo presence as promoters.  

Analogous to the standard SCR performance, the 3V-WTi and 3V-MoTi catalysts showed the highest C3H6 conversion, 

indicating that also in this case V sites are the main active species. This is supported by the already well-known activity 

of vanadia-catalysts for hydrocarbon oxidation [51], that is promoted by a low oxygen bond strength [25]. In spite of 

the reported similar or even superior soot oxidation activity of MoO3 [30], its contribution to propylene oxidation is 

visible only at high temperatures for the vanadia-free samples (Fig. S4).  

In contrast to C3H6 oxidation, C12H26 conversion occurs at much lower temperatures in the absence of the SCR mixture. 

This is a result of chain length impact since HCs with longer chain length are easier oxidized [25, 26]. This explains 

the substantial impact of dodecane presence on SCR activity, observed for both catalysts. The clear competition 
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between adsorption and activation of the SCR species and dodecane is reflected in the major decrease in activity at 

temperatures below 300 °C. According to the SCR reaction mechanism suggested by Topsøe et al. [52], NH3 is first 

adsorbed on V-OH acid sites and then reacts with gas phase or weekly adsorbed NO, followed by reoxidation of V4+ 

sites in presence of O2 (standard SCR) [53]. HCs compete with NH3 for active V sites since both processes require the 

V-species for adsorption and activation [29]. In addition, CO and other intermediates can impede the reoxidation of 

V4+ sites, also inhibiting further conversion.  

For both catalyst series, only a partial oxidation of hydrocarbons was recorded, resulting in high CO emissions, in 

accordance to previous studies [22-24, 27-29]. Slightly lower CO concentrations were measured in the presence of the 

standard SCR gas mixture, most probably due to the promoting effect of NOx [54]. An increase of the 

[CO2]/([CO]+[CO2]) ratio of up to 23% was observed for the Mo-promoted samples in the presence or absence of the 

SCR mixture. Formaldehyde formation was uncovered during the propylene or dodecane oxidation tests. Although a 

higher concentration was recorded for 3V-MoTi in the absence of the SCR feed, the HCHO emissions reached the 

same level for the Mo- and W-based samples if NH3 and NO were simultaneously dosed over the catalyst bed.  

Regarding the formaldehyde oxidation ability as well as its interference with the standard SCR reactions, which is 

highly relevant for the exhaust aftertreatment system of natural gas engines, significant promotion of the SCR feed 

with respect to formaldehyde conversion was recorded at low temperatures for both 3 wt.%V2O5 catalysts. This 

suggests a mechanism not involving the W or Mo species. However, formaldehyde presence slightly inhibits the 

standard SCR reaction and also leads to high CO emissions. 

Overall, the replacement of WO3 with MoO3 in V-based SCR catalysts leads to slightly lower CO emissions during 

standard SCR in the presence of propylene or dodecane, an aspect that is critical for such catalysts. However, due to 

the decrease of the specific surface area an inferior SCR activity was measured for the MoO3-containing catalysts at 

low temperatures. Hence, for a final assessment, the improvement of the structural stability of Mo-promoted catalysts, 

including the addition of Mo species to the V-WTi catalyst or more advanced catalyst formulations, represents the next 

step in obtaining efficient SCR on DPF exhaust gas aftertreatment systems. 
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