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Abstract: In this study, the melamine (Mel) modification method was adopted to optimize the 

NH3-SCR activity of Ce20W10Ti100Oz doped with C or/and N elements. It was found that with the 

improved doping of C or/and N into the lattice of anatase TiO2 of Ce20W10Ti100Oz, the dispersion 

of tungsten/cerium species and the conversion of partial Ce4+ to Ce3+ on its surface were significant 

enhanced, resulting in a large improvement of its surface chemical adsorbed oxygen(Oα) 

concentration. Interestingly, the enhancement of Mel/Ti(SO4)2 mass ratio slightly decreases the 

surface N/Oα concentrations, but further improves the surface Ti concentration and Ce3+/(Ce3++Ce4+) 

molar ratio. Furthermore, Mel modification increases the surface/sub-surface oxygen relative 

concentrations of Ce20W10Ti100Oz, although decreases its low-temperature reducibility and acidity. 

Due to the larger N doped amount, Ce20W10Ti100Oz-Melt:Ti=1:2 shows a higher surface acidity and 

Oα/(Oα+Oβ) molar ratio than Ce20W10Ti100Oz-Melt:Ti=4:2, which might be responsible for its  
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improved catalytic performance due to the melamine (Mel) modification. 
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1. Introduction 

In recent years, accompanying the rapid process of industrialization and civilization, the 

emission of nitrogen oxides (NOx) from fossil fuel and automobile inevitably causes 

environmental issues, such as photochemical smog, acid rain, ozone depletion and greenhouse 

effect [1,2]. Nowadays, selective catalytic reduction of NOx with NH3 (NH3-SCR) is an efficient 

method to control NOx with V2O5-WO3(MoO3)/TiO2 as the commercial catalyst due to its high 

efficiency and excellent hydrothermal stability [3-5]. Meanwhile, there exists some unavoidable 

problems which restrict the practical applications of the commercial catalyst, including the narrow 

temperature range of 300⁓400 °C, the high conversion of SO2 to SO3 and the poison of vanadium 

pentoxide to human health and environment [6,7]. Accordingly, it is desirable to develop novel 

NH3-SCR catalyst to substitute the conventional V2O5-WO3(MoO3)/TiO2 catalyst [2,8,9].  

At present, various types of metal oxide catalysts, using copper, titanium, iron, manganese, 

nickel and cerium as the basic active components, have been studied and developed in 

photocatalysis [10-15], electrocatalytic [16-18], NOx reduction [19,20] and other fields [21,22] 

due to the good crystal structure and magnetic structure characteristics [23-26]. Hassan et al. 

prepared a series of Se-doped NiFe2O4 and found that the introduction of Se led better 

conductivity of NiFe2O4 and makes it easier for electrons to transfer from the electrode to the 

catalyst surface. In addition, the addition of selenium provided more surface area and active sites 

to the decomposition of water [18]. Anantharaman et al had reported that the perovskite phase 



Cerium Titanium Ferrites (CeTi1-xFexO3-δ) nanocatalyst had smaller grain size, more oxygen 

vacancies and higher magnetic saturation, thus presented the prosperous photocatalytic 

performance [27]. Xu et al. confirmed that the introduction of an appropriate amount of TiO2 

could effectively improve the NH3-SCR performance of WO3/CeZrTixO2 series catalysts. In 

addition, the addition of TiO2 promoted the adsorption and activation of NH3 and increased the 

reactivity of adsorbed nitrate species with NH3 species, which significantly affected the NH3-SCR 

performance [28]. Therefore, nano metal oxide catalysts with metal elements as the main active 

components have attracted wide attention.  

Among them, cerium oxide (CeO2) has received much attention in NH3-SCR reaction due to 

its remarkable oxygen storage capacity, high Ce3+/Ce4+ conversion and outstanding reducibility 

property [29-31]. Meanwhile, owing to the unselective oxidation of NH3 at high temperatures and 

the lack of acid sites, single CeO2 presents a low activity in NH3-SCR reaction. The combination 

of different compounds could generate new composite materials with excellent electronic and 

structural properties, and the addition of other metal elements help to enhance the acidity or/and 

the oxygen vacancy of cerium oxide, significantly improves the electronic properties of the 

obtained composites [32-34], thereby increases its NH3-SCR activity, for instance W [35], Fe [36], 

Cu [37], Ni [38]. When titanium is doped into other metals, it can occupy the non-equivalent 

crystal position and affect the crystal structure parameters, thus make the resistivity and the 

temperature of transition to the activated conductivity [25,39]. Besides, owing to the nontoxicity, 

chemical inertness, stability and effectiveness, TiO2 is commonly used as the carrier of 

cerium-based catalyst in the NH3-SCR reaction. Therefore, CeO2/TiO2 has received great attention 

in the field of NH3-SCR reaction. It had been proven that CeO2/TiO2 exhibited excellent 



medium-temperature NH3-SCR activity. Meanwhile, this catalyst showed poor anti-poisoning 

under the high-concentration of SO2 [40,41]. Thus, other additives were also introduced to further 

enhance the NH3-SCR activity and anti-SO2 poisoning of CeO2/TiO2 via the synergistic effect of 

components [42], for example, Cu [43], Mo [44], Mn [45] or W [46] et al. The W-based 

composites exhibit excellent electrical, mechanical and thermal properties and the introduction of 

WO3 could enhance the concentrations of the active oxygen species and acid sites through the 

synergistic effect of cerium and titanium components, thereby significantly improved the NH3-SCR 

activity of cerium-titanium mixed oxide catalyst [47-49]. Park et al. found that the tungsten-doped 

CeTiOx catalyst could achieve 100% NOx conversion at 250⁓400 °C due to the enhancement of 

tungsten-doping on its oxygen vacancy and reduction properties [50]. Thus, 

cerium-tungsten-titanium mixed oxide is a suitable replacement for the conventional 

V2O5-WO3(MoO3)/TiO2 catalyst owing to the excellent NH3-SCR activity.  

The previous studies had pointed out that the preparation methods affected the morphologies 

crystal structures, mechanical and optical properties of the composite metal oxides, thus had a 

greater impact on the physical and chemical properties of catalysts [51-53]. It has been reported that 

when Ni-Fe thin films were deposited on silicon substrates by electrodeposition, the average crystal 

size of the growth was less than the critical value (10 nm), which could provide less roughness, 

defects and greater thickness of the film uniformity [54]. The synthesized TiO2 via the improved 

hydrothermal homogeneous precipitation method contributed to increasing the reduction of NOx to 

94.12%, and the hydrothermal treatment significantly improved the specific surface area, particle 

size and uniformity of TiO2 samples [55]. Furthermore, our previous research also confirmed that 

Ce20W10Ti100Oz synthesized via one-pot hydrothermal co-precipitation presented a better NH3-SCR 



activity [56]. 

Interestingly, the doping of nonmetallic elements has also been confirmed to improve the 

activity of metal oxide-based catalysts by inducing the surface structural defects/oxygen vacancies 

and changing the electronic properties [57-60]. Zeng et al. found that the doping of phosphorus 

inhibited the agglomeration of TiO2 and promoted the dispersion of CeO2 on the surface of 

CeO2/TiO2, thereby enhanced its NH3-SCR activity [61]. Liu et al. had investigated the influence 

of sulfur-doping on the NOx reduction of MnOx/TiO2, and found that the doping of S contributed 

to bringing the distortion of TiO2 lattice, thereby improved the acidity and redox property of 

catalyst [58]. Cong et al. reported that the doping of nitrogen enriched the Brønsted acid sites of 

ceria oxide and inhibited the oxidation of NH3 over it, thus the nitrogen-doped catalyst exhibited 

superior NOx removal efficiency and N2 selectivity [63]. Moreover, relevant studies had shown 

that the introduction of carbon could also change the magnetic and electron transfer characteristics 

of metal oxides and enhance the stability of metal oxides [57,64,65]. Therefore, the doping of 

non-metallic elements could exhibit a good improvement on the NH3-SCR activity of 

cerium-based catalyst. 

Melamine (1, 3, 5-triazine-2, 4, 6-triamine, C3H6N6, Mel), a nitrogen-rich precursor with a 

high content of nitrogen element up to 66%, is predominately used in the production of fertilizers, 

flame retardants, photocatalysts or/and the nitrogen-doped materials via the thermal 

polymerization [66,67]. Interestingly, due to the similar structure and electronic characteristics of 

N and O atoms, the N-doped metallic oxide has also been deeply researched [68]. It was reported 

that the doping of N broadened the visible light response range of TiO2, and the N-doped TiO2 

presented a good photocatalytic degradation performance for organic dyes and gaseous 



acetaldehyde [69]. Wang et al. pointed out that the co-doping of C and N elements via a heat 

treatment of melamine significantly enhanced the photocatalytic activity of TiO2 nanotube owing 

to their synergistic promotional effect [70]. Yao et al. found that the doping of N helped to 

enhance the electron donor effect and electron mobility of manganese-containing semi-coke 

catalyst, thus promoted its low-temperature NH3-SCR activity [71]. However, there are few 

studies about the doping of nonmetallic elements (N or/and C) on the structure, chemical 

properties and NH3-SCR activity of Ce-based catalyst via the co-pyrolysis of Mel. 

In order to improve the NH3-SCR activity of Ce20W10Ti100Oz catalyst and increase its 

practical application in reducing NOx emission from the coal-fired power station, nonmetallic N 

or/and C are doped by the co-pyrolysis of Mel. The results indicated that the doping of N/C 

significantly improved the medium/low temperature NH3-SCR activity of Ce20W10Ti100Oz. 

Furthermore, the influence of N/C doping on the structure and physical properties of catalyst was 

thoroughly characterized by N2 adsorption-desorption, X-ray diffraction (XRD), Raman spectra 

(Raman), X-ray photoelectron spectroscopy (XPS), Transmission electron microscope (TEM), 

Energy dispersive spectroscopy (TEM-EDS), NH3 temperature-programmed desorption 

(NH3-TPD) and Hydrogen temperature-programmed reduction (H2-TPR). 

2. Materials and methods 

Ce20W10Ti100Oz were synthesized via the hydrothermal co-precipitation method with 

Ce(NO3)3·6H2O, (NH4)6H2W12O40·nH2O and Ti(SO4)2 as the precursors [72]. For the preparation 

of Ce20W10Ti100Oz-Melf:Ti=x:2, Ce(NO3)3·6H2O, (NH4)6H2W12O40·nH2O, Ti(SO4)2, excess urea 

and Mel were firstly dissolved in deionized water by keeping the molar ratio of Ce/W/Ti and the 

mass ratio of Mel/Ti(SO4)2 being 20:10:100 and x:2 (x=1,2,3,4), respectively. A pale-yellow 



precipitate was obtained after being stirred vigorously at 90 °C for 12 h, and then the obtained 

precipitate was filtrated and washed by the de-ions water and the absolute ethanol. Finally, the 

dried precipitate was calcined at 550 °C for 5 h in a muffle furnace. The obtained catalyst was 

denoted as Ce20W10Ti100Oz-Melf:Ti=x:2, where x represents the added dosage of Mel before the 

hydrothermal co-precipitation. Similar to the preparation of Ce20W10Ti100Oz-Melf:Ti=x:2, 

Ce20W10Ti100Oz-Melt:Ti=y:2(y=1,2,3,4) were synthesized by adding a certain of Mel into the 

mixed solution of the precipitate after the hydrothermal co-precipitation. Then, the mixed solution 

was hydrothermally treated at a certain temperature for 0 h, 2 h or 4 h, and the following process 

was the same as the preparation of Ce20W10Ti100Oz-Melf:Ti=x:2. In comparison, 

Ce20W10Ti100Oz-Melf:Melt:Ti=x:(4-x):2 (x=1,2) catalysts were also obtained by the distributed 

addition of Mel but the mass ratio of (Melf+Melt)/Ti(SO4)2 was kept at 4:2. The as-prepared 

Ce20W10Ti100Oz-Melt:Ti=1:2 and Ce20W10Ti100Oz-Melt:Ti=4:2 catalysts were characterized by a 

series of techniques to investigate the doping of C/N on the physical-chemical properties of 

Ce20W10Ti100Oz, which were given in the supporting information. 

The reaction conditions were controlled as follows: the used sample of 0.45 g, 600 ppm NO, 

600 ppm NH3, 5 vol.% O2, N2 balance, and 1500 mL/min total flow rate of the simulated flue gas, 

corresponding to a gas hourly space velocity (GHSV) of 200,000 mL/(g·h). The concentrations of 

NOx at the inlet and outlet of the reactor were monitored online using a flue gas analyzer (testo350, 

Germany). NO conversion (XNOx) was calculated by the equation as below:  

XNOx=(1-[NOx]out/[NOx]in)×100% with [NOx]=[NO]+[NO2]                (1)  

3. Results and discussions 

3.1. Catalytic performance 



Fig. 1(a) shows the influence of Mel modification before the hydrothermal co-precipitation on 

the NH3-SCR activity of Ce20W10Ti100Oz. It can be seen that Ce20W10Ti100Oz-Melf:Ti=4:2 presents a 

little better catalytic performance than Ce20W10Ti100Oz, especially the activity at 450⁓500 °C. This 

demonstrates that the addition of Mel before the hydrothermal co-precipitation doesn’t 

substantially enhance the NH3-SCR activity of Ce20W10Ti100Oz. Therefore, we investigated the 

influence of Mel modification after the hydrothermal co-precipitation on the NH3-SCR activity of 

Ce20W10Ti100Oz by keeping the mass ratio of Mel/Ti(SO4)2 also being 4:2. It was found that 

Ce20W10Ti100Oz-Melt:Ti=4:2 exhibited higher catalytic performance at 150⁓450 °C than both 

Ce20W10Ti100Oz and Ce20W10Ti100Oz-Melf:Ti=4:2, indicating that the addition of Mel after the 

hydrothermal co-precipitation presents a stronger promotional effect on the NH3-SCR activity of 

catalyst. Interestingly, the qualities of these three dried samples after the hydrothermal 

co-precipitation decrease as follow: Ce20W10Ti100Oz-Melt:Ti=4:2>Ce20W10Ti100Oz-Melf:Ti=4:2 

≈Ce20W10Ti100Oz. The main reason of this phenomenon is that the dry yellowish precipitate of 

Ce20W10Ti100Oz-Melt:Ti=4:2 contains the white, salt-like crystalline particles which are the formed 

cyanuric acid from the slow hydrolysis of partial Mel. Meanwhile, the hydrolysis of Mel is related 

to the temperature and pH value of mixed solution [73]. Thus, the added Mel before the 

hydrothermal co-precipitation might be almost hydrolyzed when the mixed solution has been 

hydrothermally treated at 90 °C for 12 h [74], and the duration of hydrothermal treatment can 

affect the residual of Mel and cyanuric acid in the dried samples before the calcination. In addition, 

there still exists a large residual Mel and cyanuric acid in the dried precursor of 

Ce20W10Ti100Oz-Melt:Ti=4:2 even if the added Mel solution has been hydrothermally treated at 

90 °C for another 4 h, thus the duration of hydrothermal treatment lower than 4 h almost plays no 



role on the promotional effect of Mel modification on the NH3-SCR activity of Ce20W10Ti100Oz. 

Interestingly, as shown in Fig.1(b) and (c), the hydrothermal temperature after adding Mel also 

presents a similar effect of the hydrothermal duration on the catalytic performance of the modified 

catalyst. Therefore, it can be deduced that the residual Mel or/and cyanuric acid in the dried 

samples might play an important influence on promoting the NH3-SCR activity of Ce20W10Ti100Oz 

due to the generated reducing gas (NH3) during the calcined pyrolysis of Mel or/and cyanuric acid. 

Sun et al. had proven that the treatment of NH3 contributed to promoting the adsorbed oxygen 

formed on the surface of CeO2 catalyst, thus improved its NH3-SCR activity [75]. Furthermore, 

according to the results in Fig.1(d), the decrease of Mel/Ti(SO4)2 mass ratio from 4:2 to 1:2 

slightly increases the NH3-SCR activity of Ce20W10Ti100Oz-Melt:Ti=4:2 at 150⁓250 oC, but the 

enhancement of Mel/Ti(SO4)2 mass ratio from 4:2 to 8:2 reduces its catalytic performance due to 

the formed carbon nitride(g-C3N4) from the calcined pyrolysis of large residual Mel or/and 

cyanuric acid [76]. Therefore, the Ce20W10Ti100Oz-Melt:Ti=1:2 and Ce20W10Ti100Oz-Melt:Ti=4:2 

catalysts had been chosen to investigate the influence of C/N doping on the physical-chemical 

properties of Ce20W10Ti100Oz in the following sections. 



 

Fig.1. Influence of melamine modification on the NH3-SCR activity of Ce20W10Ti100Oz catalyst ((a): The effect of 

addition amount of Mel; (b): The effect of hydrothermal duration after the introduction of Mel;(c): The 

hydrothermal temperature after the introduction of Mel; (d): The dosage of Mel. Reaction conditions: 

[NO]=[NH3]=600 ppm, [O2]=5 vol.%, balanced with N2, 1500 mL/min total flow rate, 0.45 g of catalyst with 

GHSV of 200,000 mL/(g·h)) 

3.2. N2 adsorption-desorption 

Fig. 2(A) shows the N2 adsorption-desorption isotherms of Ce20W10Ti100Oz, 

Ce20W10Ti100Oz-Melt:Ti=1:2 and Ce20W10Ti100Oz-Melt:Ti=4:2. According to IUPAC classification, 

the isotherms of catalysts are attributed to type IV with the H2 hysteresis loop, which indicates that 

they present meso-porous structure related to the capillary polycondensation in the mesopore 

range (2~50 nm) [77]. The BET surface area, pore volume and average pore diameter of catalysts 

are listed in Table 1. It can be seen that the enhancement of Mel/Ti(SO4)2 mass ratio from 1:2 to 

4:2 strengthens the reducing effect of Mel modification on the BET surface area and pore volume 



of Ce20W10Ti100Oz. However, according to the results in Fig. 2(B), this modification refines the 

pore diameter of catalyst by making its pore size distribution shift to left, and contributes to the 

formation of the meso-porous of Ce20W10Ti100Oz at 2⁓5 nm. In general, larger BET surface area 

helps to improve the adsorption of reactants on the surface of catalyst, thereby increases its 

NH3-SCR activity [78]. Therefore, the modification of Mel after the hydrothermal co-precipitation 

decreases the BET surface area of Ce20W10Ti100Oz, but increases its catalytic performance, and the 

BET surface area might not be the determining factor on affecting the NH3-SCR activity of 

Ce20W10Ti100Oz. 

Table1 The micro-structure properties of Ce20W10Ti100Oz, Ce20W10Ti100Oz-Melt:Ti=1:2 and 

Ce20W10Ti100Oz-Melt:Ti=4:2 catalysts 

Samples 
BET surface area a 

(m²g-1) 

Pore volume b 

(cm³g-1) 

Pore diameter c 

(nm) 

Ce20W10Ti100Oz 86.38 0.171 5.8 

Ce20W10Ti100Oz-Melt:Ti=1:2 84.66 0.141 4.8 

Ce20W10Ti100Oz-Melt:Ti=4:2 73.28 0.111 4.3 

a BET surface area  

b BJH desorption pore volume 

c BJH desorption pore diameter 



 

Fig.2. N2 adsorption results of Ce20W10Ti100Oz, Ce20W10Ti100Oz-Melt:Ti=1:2 and Ce20W10Ti100Oz-Melt:Ti=4:2 ((A) 

The N2 adsorption-desorption isotherms, (B) The pore size distributions) 

3.3 XRD and Raman 

The XRD results of the as-prepared Ce20W10Ti100Oz, Ce20W10Ti100Oz-Melt:Ti=1:2 and 

Ce20W10Ti100Oz-Melt:Ti=4:2 catalysts are illustrated in Fig. 3(A). It can be clearly seen that all 

catalysts exhibit the diffraction peaks of typical anatase TiO2 (PDF#21-1272), but the modification 

of Mel decreases the intensity of diffraction peaks attributed to the anatase TiO2 of Ce20W10Ti100Oz. 

Furthermore, due to the calcined co-pyrolysis of the residual Mel and cyanuric acid, nonmetallic 

elements, including C or/and N, might be doped into the lattice of anatase TiO2 crystallite, thus 

changes the crystal structure of catalyst [79]. The main reason is that the residual Mel and 

cyanuric acid in the dried precursor firstly thermally decomposes into the nitrogen-containing 

materials volatilized in the form of ammonia, and then aggregates into the carbon-nitrogen 

compounds, for example, Melem (2,5,8-triamino-tri-s- triazine) [80]. As a result, a certain of N 

or/and C elements might be doped into the lattice of anatase TiO2 crystallite during the calcination, 

although the XRD diffractions of N/C nanocrystal had not been detected in the modified catalysts.

It should be mentioned that the tungsten or cerium species present in amorphous or 

microcrystalline phase because no XRD diffraction peaks attributed to them were also detected 



[56]. In general, the doped additives in an amorphous form contributes to enhancing the surface 

dispersion of active components, and easily lead to the lattice distortion of catalyst, thus 

significantly reduce the conductivity of oxides and promote the strong diffusion of ions, thereby 

resulting in the orderly arrangement of oxygen vacancies on the composite surface [81,82]. The 

results of Raman spectroscopy in Fig. 3(B) demonstrate that there exist four Raman peaks, located 

at around 154 cm-1, 403 cm-1, 522 cm-1 and 641 cm-1, are attributed to the vibration mode of Eg, 

B1g, A1g/B2g and Eg of anatase TiO2, respectively [83], and no peaks are assigned to the species of 

cerium or tungsten obtained, confirming the existence of anatase TiO2 and the high dispersion of 

active Ce or/and W species on the surface of catalysts. Furthermore, the modification of Mel 

slightly weakens the Raman spectroscopy intensity assigned to the anatase TiO2 of Ce20W10Ti100Oz 

and inhibits its crystallite [49,84], which is in accordance with the results of XRD diffraction 

pattern. 

 

Fig.3. XRD patterns(A) and Raman spectroscopy(B) of Ce20W10Ti100Oz, Ce20W10Ti100Oz-Melt:Ti=1:2 and 

Ce20W10Ti100Oz-Melt:Ti=4:2 

3.4 XPS  

XPS spectra was measured to investigate the influence of Mel modification on the chemical 

states of species and their concentrations on the surface of Ce20W10Ti100Oz with C1s (BE=284.6 



eV) as the calibration. According to the full scan survey spectra of the catalysts depicted in Fig. S1. 

It can be seen that that the XPS spectra of Ce 3d, W 4f, Ti 2p and O 1s have been detected, and 

Ce20W10Ti100Oz exhibits the C 1s peak arising from the adventitious hydrocarbon exposure in the 

instrument. However, the modification of Mel increases the intensity of the C 1s peak, and this 

effect is further enhanced by increasing the Mel/Ti(SO4)2 mass ratio from 1:2 to 4:2, which 

indicates that the modification of Mel contributes to doping carbon into the anatase TiO2 of catalyst. 

Furthermore, the Mel modification also induces the nitrogen element formed in 

Ce20W10Ti100Oz-Melt:Ti=1:2 and Ce20W10Ti100Oz-Melt:Ti=4:2 according to the results in Fig.4(D). 

Therefore, the modification of Mel helps to dope C or/and N species into the modified 

Ce20W10Ti100Oz catalysts. 

Table 2. XPS results of Ce20W10Ti100Oz, Ce20W10Ti100Oz-Melt:Ti=1:2 and Ce20W10Ti100Oz-Melt:Ti=4:2 catalysts  

Samples 

Surface concentrations of elements and the calculated molar ratio (%) 

Ce W Ti O N Ce3+/(Ce3++Ce4+) Oα/(Oα+Oβ) 

Ce20W10Ti100Oz 5.71 5.52 20.82 67.41 - 20.9 28.2 

Ce20W10Ti100Oz-Melt:Ti=1:2 5.22 5.29 21.30 67.63 0.57 25.2 33.5 

Ce20W10Ti100Oz-Melt:Ti=4:2 4.83 5.06 21.39 68.29 0.44 28.6 30.0 

By fitting the Ce 3d XPS spectra into eight peaks as shown in Fig.4(A), it can be found that 

both Ce3+(u' and v') and Ce4+(u, u'', u''', v, v'' and v''') species exist on the surface of 

Ce20W10Ti100Oz. Furthermore, the modification of Mel increases the calculated surface 

Ce3+/(Ce3++Ce4+) molar ratio by promoting the conversion of Ce4+ to Ce3+ on the surface of 

Ce20W10Ti100Oz(20.9% as shown in Table 2), and this promotional effect can be further enhanced 

by increasing the Mel/Ti(SO4)2 mass ratio from 1:2 to 4:2. Generally, the enrichment of Ce3+ 



species has been considered to promote the generation of active oxygen on the surface of 

Ce-based catalyst and improves its catalytic oxidization of NO to NO2, thus helps to promote the 

NH3-SCR reaction [85]. Besides, the presence of Ce3+ species could lead to the imbalance of 

surface charge and the formation of unsaturated chemical bonds, thereby improving the 

chemisorption of oxygen on the surface of Ce-based catalyst. In general, a higher surface 

Ce3+/(Ce3++Ce4+) molar ratio contributes to enhance the redox performance of catalyst [63]. It is 

thus clear that the doping of C or/and N improves the redox performance of Ce20W10Ti100Oz by 

increasing its surface Ce3+/(Ce3++Ce4+) molar ratio via the modification of Mel. As shown in Fig. 

4(B) and Table 2, both the lattice oxygen (529.8~530.1 eV, marked as Oβ) and chemical adsorbed 

oxygen (531.00~532.50 eV, marked as Oα) present on the surface of the as-prepared catalysts [86], 

and the Mel modification indeed enhances the surface Oα/(Oα+Oβ) molar ratio of Ce20W10Ti100Oz. 

It had been pointed out that the increase of surface oxygen defects contributed to increasing the 

Curie point and the conductivity of metal oxides, thereby affected the interaction of components in 

metal oxides [87,88]. Therefore, the presence of surface Ce3+ helps to create oxygen vacancies and 

increase the surface chemisorbed oxygen of catalyst, which is beneficial to the oxidation of NO to 

NO2, thus improves the NH3-SCR activity [46,89]. Meanwhile, Ce20W10Ti100Oz-Melt:Ti=4:2

presents a lower surface Oα/(Oα+Oβ) molar ratio than Ce20W10Ti100Oz-Melt:Ti=1:2, which isn’t in 

accordance with the calculated surface Ce3+/(Ce3++Ce4+) molar ratios. This demonstrates that the 

surface chemical adsorbed oxygen not only comes from the redox couples of Ce3+/Ce4+ formed on 

the surface of the as-prepared catalyst, but also might be affected by the difference of C or/and N 

doping owing to the influence of Mel dosage. As shown in Fig.S2, the W 4f XPS spectra of samples 

can be fitted into two peaks, attributing to W 4f 7/2(35.6 eV) and W 4f5/2(37.5 eV), respectively. Thus, 



tungsten exists in W6+ species on the surface of catalysts [49,84]. Meanwhile, the Mel 

modification lowers the W4f electron binding energy of Ce20W10Ti100Oz by increasing the electron 

cloud density of surface tungsten species, thus changes the chemical environment around them. 

Furthermore, the doping of C or/and N into the lattice of anatase TiO2 via Mel modification also 

lowers the binding energy of Ti 2p on the surface of Ce20W10Ti100Oz by decreasing the electron 

cloud density around Ti4+ ion [90,91]. This is in accordance with the previous studies about the 

reducing effect of nitrogen doping on the binding energy of Ti 2p [92,93]. 

The results of N 1s spectra in Fig.4(D) also confirms the doping of N into the Mel-modified 

catalysts with one N1 s peak centered at 398.7 eV observed over Ce20W10Ti100Oz-Melt:Ti=1:2 and 

Ce20W10Ti100Oz-Melt:Ti=4:2, and this peak might be attributed to the doped nitrogen element by 

replacing the lattice oxygen of TiO2 crystallite via the N-Ti-N bond [94]. After the modification of 

Mel, Ce20W10Ti100Oz-Melt:Ti=1:2 and Ce20W10Ti100Oz-Melt:Ti=4:2 presents stronger C 1s 

spectrum than Ce20W10Ti100Oz. This demonstrates that carbon element has also been doped into 

the above catalyst via the Mel modification. At the same time, the C 1s spectrum of the modified 

catalysts can be deconvoluted into three main peaks located at 284.4 eV, 286.3 eV and 288.7 eV, 

which correspond to the adventitious carbon impurities, C=N groups, and sp2-bonded carbon of 

the N-C=N coordination, respectively [95,96]. Furthermore, Ce20W10Ti100Oz-Melt:Ti=4:2 exhibits 

larger carbon surface concentration than Ce20W10Ti100Oz-Melt:Ti=1:2. Because the XPS spectra 

were calibrated by C 1s (BE=284.6 eV), the surface concentrations of Ce, W, Ti, O and N 

elements were calculated according to the XPS results without considering the doped carbon 

content. As shown in Table 2, the Mel modification effectively enlarges the surface concentrations 

of Ti/O species and increases the dispersion of Ce/W species on the surface of Ce20W10Ti100Oz.  



This also leads to the doping of C or/and N elements into the modified catalyst and improves its 

surface Ce3+/(Ce3++Ce4+) molar ratio, thereby enhances the chemical adsorbed oxygen (Oα) 

concentration and Oα/(Oα+Oβ) molar ratio on the surface of Ce20W10Ti100Oz. However, the increase 

of Mel/Ti(SO4)2 mass ratio from 1:2 to 4:2 decreases the doping content of N species with more 

carbon formed in the catalyst. This reduces the chemical adsorbed oxygen (Oα) concentration and 

Oα/(Oα+Oβ) molar ratio on the surface of the Mel modified catalyst. In addition, the surface Oα is 

generally considered as one important factor on the catalytic performance of NOx reduction, and 

the NH3-SCR activity of the catalysts decreases as follows: Ce20W10Ti100Oz-Melt:Ti=1:2> 

Ce20W10Ti100Oz-Melt:Ti=4:2>Ce20W10Ti100Oz, which indicates that the chemical adsorbed oxygen 

(Oα) might play an important role on the NH3-SCR activity of the Mel modified Ce20W10Ti100Oz 

catalyst.  

  

  

Fig.4. The XPS spectra of (a) Ce20W10Ti100Oz, (b) Ce20W10Ti100Oz-Melt:Ti=1:2 and (c) Ce20W10Ti100Oz-Melt:Ti=4:2 



catalysts ((A) Ce 3d, (B) O 1s, (C) Ti 2p, (D) N 1s) 

3.5 HR-TEM and EDS 

In order to investigate the influence of Mel modification on the microstructure of catalyst, 

especially the surface dispersion characteristics of the doped C or/and N, Ce20W10Ti100Oz and 

Ce20W10Ti100Oz-Melt:Ti=4:2 had been chosen to be characterized by HR-TEM/EDS, and the 

results are given in Fig. 5 and 6. As shown in Fig.5, Ce20W10Ti100Oz-Melt:Ti=4:2 presents graver 

particle agglomeration than Ce20W10Ti100Oz due to the doping of C or/and N. This result is 

consistent with the effect of Mel modification on reducing the specific surface area/pore volume 

of Ce20W10Ti100Oz and the XRD diffraction of anatase TiO2 crystallite. According to the HR-TEM 

image in Fig. 5(b) and (d), the lattice fringe (d) of 0.352 nm ascribed to the crystal plane of 

anatase TiO2 (101) is observed on the surface of both Ce20W10Ti100Oz and 

Ce20W10Ti100Oz-Melt:Ti=4:2 [50], which demonstrates that the doping of C or/and N can’t regulate 

the exposed crystal plane of anatase TiO2 on the catalyst surface. Moreover, no lattice fringes 

attributed to the cerium or tungsten species are observed and they present in amorphous or highly 

dispersive microcrystalline phase, which are in accordance with the results of XRD and Raman.

From the HR-TEM-EDS mappings results in Fig.6, it can be clearly seen that Ce20W10Ti100Oz 

exhibits high dispersion of Ce, W, Ti and O elements on its surface. Meanwhile, the Mel 

modification not only leads to the agglomerate distribution of these main components, but also 

promotes the formation of C and N elements on the surface of catalyst. This result confirms that C 

and N have been doped into Ce20W10Ti100Oz catalyst via the Mel modification, which improves the 

catalytic performance of Ce20W10Ti100Oz. 



 

Fig.5. HR-TEM and TEM images of Ce20W10Ti100Oz (a-b) and Ce20W10Ti100Oz-Melt:Ti=4:2 (c-d) catalysts 

 

Fig.6. TEM-EDS mapping of Ce20W10Ti100Oz (a-e) and Ce20W10Ti100Oz-Melt:Ti=4:2 (f-l) catalysts 

3.6 H2-TPR 



The redox ability plays a significant impact on the catalytic performance of NOx reduction 

due to the promotional activation of ammonia and NOx on the surface of catalyst [97]. Thus, the 

H2-TPR technology had been used to study the influence of Mel modification on the redox 

properties of Ce20W10Ti100Oz herein. As shown in Fig. 7, the H2-TPR spectra of Ce20W10Ti100Oz 

can be de-convoluted into several sub-peaks at the temperature range of 400⁓650 °C. Among 

them, the peaks centered at 470 °C and 560 °C are attributed to the reduction of the surface or 

sub-surface oxygen, which come from the stoichiometric ceria of type Ce4+-O-Ce4+ and the 

nonstoichiometric ceria of type Ce3+-O-Ce4+ [98]. And, the reduction peaks at 501~536 °C are also 

assigned to the reduction of surface/subsurface oxygen from ceria [99] Moreover, it had been 

pointed out that the reduction peaks at around 501 °C and 437 °C could be ascribed to the 

reduction of surface Ce4+ to Ce3+ and WO3 to WO2.9, respectively [46,100]. Thus, the modification 

of Mel increases the reduction temperature of the surface or sub-surface oxygen, the surface Ce4+ 

to Ce3+ and WO3 to WO2.9 for Ce20W10Ti100Oz, and makes its H2-TPR spectra shift to high 

temperatures. However, Ce20W10Ti100Oz-Melt:Ti=1:2 presents stronger H2-TPR spectra than 

Ce20W10Ti100Oz, which shows that the Mel modification optimizes the reducibility of the surface 

oxygen and active Ce/W species of catalyst when the Mel/Ti(SO4)2 mass ratio is 1:2, especially 

the surface or sub-surface oxygen. Interestingly, Ce20W10Ti100Oz-Melt:Ti=4:2 presents higher 

surface/sub-surface oxygen relative concentrations  (Molar ratio) than 

Ce20W10Ti100Oz-Melt:Ti=1:2. Therefore, the Mel modification enlarges the reduction temperature 

owing to more Ti species formed on the surface of Ce20W10Ti100Oz, but increases its 

surface/sub-surface oxygen relative concentrations due to the doping of C or/and N. Meanwhile, 

the dosage of Mel can regulate the amount of Ti species, doped C or/and N elements on the 



surface of catalyst, thus affects its reducibility. In general, the redox properties are positively 

correlated with the activity of catalyst [101]. In this study, Ce20W10Ti100Oz-Melt:Ti=1:2 and 

Ce20W10Ti100Oz-Melt:Ti=4:2 present better NOx conversion at the test reaction temperature, while 

they exhibit higher surface/sub-surface oxygen relative concentrations, which are in accordance 

with the XPS results.  

 

Fig.7. H2-TPR curves of Ce20W10Ti100Oz, Ce20W10Ti100Oz-Melt:Ti=1:2 and Ce20W10Ti100Oz-Melt:Ti=4:2 catalysts 

3.7 NH3-TPD 

It has been established that the surface acidity plays a significant role on the NH3-SCR reaction 

of catalyst [102]. In our previous study, it had been pointed out that two NH3 desorption peaks were 

obtained for Ce20W10Ti100Oz. Among them, the low-temperature peak is attributed to the physically 

adsorbed NH3 and the partial ionic NH4
+ bound to the weak Brønsted acid sites. And the 

middle-temperature peak is imputed to the coordinated NH3 bound to the Lewis acid sites and the 

ionic NH4
+ bound to the strong Brønsted acid sites [56]. Herein, in order to confirm the thermal 

stability of adsorbed NH3 species bound to the Lewis acid sites or/and strong Brønsted acid sites and 

prevent the desorption of the doped C or/and N groups under the temperature higher than 400 oC, a 

new test method had been adopted to measure the NH3-TPD of Ce20W10Ti100Oz-Melt:Ti=1:2 and 



Ce20W10Ti100Oz-Melt:Ti=4:2 by introducing a two-hour durative desorption of ammonia species at 

350 °C. By comparing our previous research [56] and the results in Fig. 8, it can be found that the 

Mel modification decreases the low-temperature NH3 desorption properties of Ce20W10Ti100Oz, but 

Ce20W10Ti100Oz-Melt:Ti=1:2 presents stronger surface acidity than Ce20W10Ti100Oz-Melt:Ti=4:2 at 

the tested temperature range. Interestingly, after a two-hour durative desorption of NH3 species at 

350 °C, the two modified catalysts exhibit similar desorption properties of NH3 species when the 

desorbed temperature increases from 350 to 500 °C. This demonstrates that the adsorbed NH3 

species can be almost completely desorbed at the temperature lower than 350 °C and the 

enhancement of Mel/Ti(SO4)2 mass ratio decreases the surface acid sites of 

Ce20W10Ti100Oz-Melt:Ti=1:2, which is in accordance with its effect on the NH3-SCR activity.   

 

Fig.8. NH3-TPD curves of Ce20W10Ti100Oz-Melt:Ti=1:2 and Ce20W10Ti100Oz-Melt:Ti=4:2 catalysts 

4. Conclusions 

In this paper, melamine (Mel), the nitrogen and carbon-rich material, was firstly used to 

promote the NH3-SCR activity of Ce20W10Ti100Oz catalyst via the doping of nonmetallic elements. 

The characterization results demonstrate that the Mel modification after the hydrothermal 

co-precipitation helps to dope C or/and N into the lattice of anatase TiO2 crystallite for 



Ce20W10Ti100Oz and thus reduces the intensity of the XRD diffraction and Raman spectroscopy 

attributed to anatase TiO2. In addition, the Mel modification enhances the dispersion of tungsten 

and cerium species, which present in amorphous or microcrystalline phase on the surface of 

Ce20W10Ti100Oz. In addition, the doping of C or/and N elements after the Mel modification 

increases the surface Ce3+/(Ce3++Ce4+) molar ratio of catalyst by promoting the conversion of 

partial Ce4+ to Ce3+, thus increases its surface concentration of chemical adsorbed oxygen(Oα). The 

high dispersion of metal elements, more surface Ce3+ and larger chemisorbed oxygen ratio 

contribute to promoting the oxidation of NO to NO2, which is conducive to the “fast SCR” 

reaction. Meanwhile, Ce20W10Ti100Oz-Melt:Ti=1:2 presents stronger surface acidity and larger 

surface Oα/(Oα+Oβ) molar ratio than Ce20W10Ti100Oz-Melt:Ti=4:2, which might be the important 

reasons for its better catalytic performance. Finally, the influence of Mel adding method, Mel 

dosage, hydrothermal temperature and duration time on the NH3-SCR activity of the modified 

Ce20W10Ti100Oz catalyst had also been investigated. Ce20W10Ti100Oz-Melt:Ti=1:2 achieves higher 

than 98% NOx conversion at an abroad window temperature range of 250⁓450 °C and presents the 

best catalytic performance. The research results provide an effective strategy for optimizing the 

NH3-SCR activity of CeWTi catalyst and are valuable to develop the high-efficiency and low-cost 

modified composite metal-based catalyst for NOx reduction. 
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