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Abstract: Herein, as typical solid acidic oxides, Tungsten was doped into the Ce0.5Fe0.5Ox-S 10 

catalyst to modulate its gas-phase sulfation by organic COS+CS₂, which enhanced the NH₃-SCR 11 

activity at low-medium temperatures, with an optimal doping molar ratio of W/(Ce+Fe) is 0.3. The 12 

characterization indicated that tungsten doping inhibited the adsorption and conversion of 13 

COS+CS2 over the catalyst due to the enhanced interaction between iron and tungsten species. 14 

This effect diminished the diffraction peaks of iron sulfate and α-Fe2O3 at a W/(Ce+Fe) ratio of 15 

0.5. The promoted Fe–W interaction also increased oxygen vacancies and enriched the pore 16 

structure. However, crystalline WO₃ formed at high doping levels shielded the Raman signals of 17 

cubic fluorite CeO2 and surface oxygen vacancies, partially blocking pores and reducing the BET 18 

surface area. Interestingly, this promoted interaction increased the surface concentrations of both 19 

Ce3+ and Fe3+, and the Ce0.5Fe0.5W0.3Ox-S catalyst even presented a larger surface concentration of 20 

Fe species than the Ce0.5Fe0.5Ox-S catalyst, although tungsten doping decreased the concentration 21 

of Ce species significantly. Furthermore, this promoted interaction reduced the amount of sulfates 22 

formed in the catalyst by restraining the gas-phase sulfation of Ce/Fe species, thereby regulating 23 

the total acid sites and weak acid sites/total acid sites proportion of Ce0.5Fe0.5Ox-S catalyst due to  24 

the different roles of the solid acidity of tungsten oxides and S6+ species in the formation of acid 25 

sites in W-doped Ce0.5Fe0.5Ox-S catalyst. It was found that both high levels of sulfate ions and tung 26 

-ten doping contributed to increasing the total acid sites of the catalyst. 27 
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 1. Introduction 32 

Due to its high efficiency, ammonia selective catalytic reduction (NH3-SCR) is one of the 33 

most widely used technologies to control the emission of nitrogen oxides (NO, NO2, etc.) from the 34 

stationary and mobile sources [1,2]. However, the commercial V2O5-WO3(MoO3)/TiO2 catalyst still 35 

presents the disadvantages of a narrow reaction temperature window (300-400 oC), V-biological 36 

toxicity and low N2 selectivity at high temperature [3,4]. The transition metal iron has attracted 37 

much attention owing to the non-toxicity and economy, which have been expected to be developed 38 

into the environmentally friendly catalysts for NH3-SCR reaction.  39 

Based on the electron transfer between Ce3+/Ce4+, CeO2 presents good redox properties by 40 

strongly storing-releasing oxygen, and its doping has been found to improve the NH3-SCR activity 41 

of iron oxide catalyst owing to the promoted interaction of Ce4++Fe2+→Ce3++Fe3+. However, the 42 

shortcomings of poor low-temperature activity and high-temperature NH3-peroxidation still needs 43 

to be overcome before the practical applications of iron-cerium mixed oxide catalysts [5-7]. The 44 

enhancement of surface acid sites contributed to improving the low-temperature NH3-SCR activity 45 

of this mixed oxide catalyst and broadening its active reaction temperature window [8]. At present, 46 

the treatment of sulfation, including H2SO4 or/and metal sulfates impregnation and 47 

sulfur-containing gas-phase pre-sulfurization, has been confirmed as an effective means to 48 

improve the surface acidity and de-nitrification performance of cerium-based catalysts by 49 

introducing S6+ species [9]. Kang et al. found that a simple impregnation pretreatment of H2SO4 50 

solution significantly enhanced the medium and high temperature (350-500 ℃) de-nitration 51 

activity of FeZrCeTiOx/TNT catalyst, mainly attributing to the enhanced Brönsted acid sites of 52 

catalyst, which promoted the adsorption and activation of NH3 molecules and simultaneously 53 

inhibited the excessive adsorption of NOx [10]. Song et al. pointed out that the gas-phase sulfation 54 

of SO2 resulted in the formation of sulfates on the surface of Fe-Ce catalyst, which promoted the 55 

transformation of Lewis acid sites to Brönsted acid sites on the catalyst surface and accelerated the 56 

conversion of low-activity nitric acid to high-activity nitrate during the NH3-SCR reaction. This 57 
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played an important role in broadening the catalytic activity window [11]. Our previous researches 58 

demonstrated that organic COS or/and CS2 exhibited stronger promotional effect on the NH3-SCR 59 

activity of CeO2 catalyst than inorganic SO2, especially CS2 [12]. Compared to SO2, the gas-phase 60 

sulfation of COS or/and CS2 resulted in more Ce3+, defect sites and Brönsted acid sites formed on 61 

the catalyst surface. And the introduction of H2O or/and O2 during the gas-phase sulfation further 62 

improved the promotional effect of COS+CS2 treatment on the NH3-SCR activity of CeO2 catalyst 63 

[13-15]. 64 

As typical solid acidic oxides, tungsten or/and molybdenum oxides also have been introduced 65 

to increase the NH3-SCR activity and anti-SO2 poisoning of Cerium-based catalysts by optimizing 66 

the acid sites and acting as sulfur capture sites [16]. Cheng et al. found that the introduction of 15 67 

wt.% WO3 resulted in the formation of tungsten oxide microcrystalline on the surface of MnCeOx 68 

catalyst, which not only increased the surface concentrations of Ce3+ and Mn4+, but also enhanced 69 

the acid sites of catalysts, and the modified catalyst presented an excellent NH3-SCR activity and 70 

anti-SO2/H2O poisoning [17]. Nam et al. pointed out that the thermal stability of Brönsted acid sites 71 

of Ce-based catalyst was improved by doping tungsten additives, which promoted both NH3 72 

adsorption and NO conversion to NO2 on the catalyst surface, thereby increased the 73 

low-temperature NH3-SCR activity of catalyst [18]. Therefore, similar to the optimizing acid sites 74 

of S6+ species via sulfation, the introduction of tungsten oxide also helped to increase the 75 

NH3-SCR activity of cerium-based catalyst by improving the acid sites, but they presented 76 

different effects on the other physico-chemical properties of catalysts. Arfaoui et al. found that the 77 

modification of sulfuric acid (SO42-) contributed to improving the dispersion of active components 78 

via the interaction of Ce and SO42- species, which increased the high-temperature catalytic 79 

performance of CeO2-TiO2 catalyst by inducing new strong acid sites. While tungsten doping 80 

generated more oxygen vacancies and new redox sites on the catalyst surface, thereby promoted 81 

the low-temperature NH3-SCR activity of CeO2-TiO2 catalyst although it had little effect on the 82 

surface acidity of catalyst [19]. Actually, as a auxiliary agent, tungsten oxide was also doped to 83 

improve the anti-O2 poisoning of Al-base catalyst for the catalytic hydrolysis of COS or/and CS2 84 

by depressing the sulfation of active components (Al etc.). Therefore, tungsten doping contributes 85 

to regulating the conversion of COS or/and CS2 on the surface of cerium-based catalyst and 86 

influences their interaction with active components, thereby may affect the physical-chemical 87 
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properties and activity of the corresponding sulfated catalyst for NH3-SCR reaction.  88 

In this study, tungsten doping was employed to regulate the conversion of COS+CS2 on the 89 

surface of the Ce0.5Fe0.5Ox catalyst in the presence of O2+H2O. The doping molar ratio of tungsten 90 

was found to significantly influence the amount of SO42- species formed on the surface of sulfated 91 

Ce0.5Fe0.5Ox-S catalyst, with Ce0.5Fe0.5W0.3Ox-S presenting the highest NH3-SCR activity. 92 

Characterization results revealed that tungsten doping suppressed the formation and adsorption of 93 

SO42- species through a promoted interaction between Fe and W, which not only modulated the 94 

acid sites of the catalyst but also enriched its oxygen vacancy.  95 

2. Experimental 96 

2.1. Catalyst preparation 97 

A series of Ce0.5Fe0.5WaOx-S (a = 0, 0.1, 0.3, 0.5) catalysts were prepared by one-pot 98 

hydrothermal method, where a represents the molar ratio of W/(Ce+Fe+W), and the molar ratio of 99 

cerium and iron is kept at 1:1. Cerium nitrate, ferric nitrate, ammonium meta-tungstate, 100 

ammonium bicarbonate and hydrogen peroxide were used as metal sources, precipitant and 101 

oxidant, respectively. Ce(NO3)3·6H2O and Fe(NO3)3·9H2O were dissolved in 15 mL de-ionized 102 

water and stirred for 2 h, and then 0.02 mol ammonium bicarbonate (NH4HCO3) was dissolved in 103 

15 mL de-ionized water and stirred for 0.5 h. The mixed solution was slowly added to the solution 104 

of NH4HCO3 for reverse precipitation and stirred for 0.5 h. A certain amount of ammonium 105 

meta-tungstate (H28N6O41W12) was dissolved in 9 mL H2O2 (10 mol/L) solution and stirred for 0.5 106 

h. And then, the mixed solution of H2O2 and ammonium meta-tungstate was added to the mixed 107 

turbid solution and stirred for 3h. Subsequently, the solution was transferred to a 100 mL 108 

Teflon-lined high-pressure reactor and heated at 200 oC for 6 h. After the hydrothermal process is 109 

completed, the reaction kettle is cooled with water, and the obtained precipitate is alternately 110 

washed and filtered several times with de-ionized water and anhydrous ethanol. Finally, the 111 

precipitate was dried at 80 oC for 12 h and calcined at 400 oC for 5 h in air atmosphere. The 112 

as-prepared catalyst was sieved to a particle size of 40-60 mesh, and then 0.45 g catalyst was 113 

placed in a quartz tube and sealed with quartz cotton. The sulfated catalyst was named 114 

Ce0.5Fe0.5WaOx-S after the gas-phase sulfation of COS+CS2 at 50 oC for 3 h in a tube furnace. The 115 

composition of sulfide gas is as follows: the total concentration of S element is 200 ppm, 116 
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COS:CS2=7: 3, 5 vol. % O2, 0.33 vol.% H2O, N2 is the equilibrium gas, and the total gas flow rate 117 

is 500 mL/min. 118 

2.2. Catalytic activity test and characterization 119 

The NH3-SCR activity of catalysts was evaluated in a fixed-bed quartz tube micro-reactor 120 

using 0.45 g of catalyst (40~60 mesh) positioned in the center and sealed with quartz cotton. The 121 

concentrations of O2 and NOx at inlet and outlet were continuously monitored by a T-350 flue gas 122 

analyzer (Testo, Germany), and the NOx conversion rate (η) was calculated according to the 123 

following formula: η= (1−[NOx]out/[NOx]in)×100%, where [NOx]in and [NOx]out represent the inlet 124 

and outlet concentrations of NOx (NO and NO2), respectively. Furthermore, X-ray diffraction 125 

(XRD), Raman spectroscopy (Raman), N2 adsorption-desorption, Scanning electron microscopy 126 

(SEM), High-resolution transmission electron microscopy (HR-TEM), X-ray photoelectron 127 

spectroscopy (XPS), Thermo-gravimetric (TG), Temperature programmed reduction of H2 128 

(H2-TPR) and Temperature programmed desorption of NH3 (NH3-TPD) were employed to study 129 

the effect of W-doping on the physicochemical properties of Ce0.5Fe0.5Ox-S catalyst. Detailed 130 

characterization procedures are provided in the Supporting Information (SI). 131 

3. Results and discussion 132 

3.1 Catalytic performance and XRD patterns 133 

 134 

Fig.1. Influence of tungsten doping on the NH3-SCR activity of Ce0.5Fe0.5Ox-S catalyst. (Reaction conditions: [NH3] 135 

=[NO]=600 ppm, 5.0 vol.% O2 balanced with N2 and GHSV=200,000 mL/(g·h)). 136 

Fig.1 illustrates the effect of tungsten doping on the NH3-SCR activity of Ce0.5Fe0.5Ox-S 137 

catalyst, and it is found that tungsten doping significantly increases the reduction of NOx over 138 
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Ce0.5Fe0.5Ox-S catalyst below 250 oC, with the optimal W/(Ce+Fe) molar ratio of 0.3. Compared to 139 

Ce0.5Fe0.5W0.1Ox-S and Ce0.5Fe0.5W0.5Ox-S catalysts, Ce0.5Fe0.5W0.3Ox-S exhibits the widest 140 

operating temperature window for the NH3-SCR reaction, achieving a de-nitration efficiency close 141 

to 80 % at 200 oC under a GHSV of 200,000 mL/(g·h), which is higher than the reported Ce-based 142 

catalyst summarized in the Table S1 in Supporting Information. According to the XRD patterns of 143 

catalysts in Fig.2, the Ce0.5Fe0.5Ox-S catalyst displays diffraction peaks corresponding to α-Fe2O3 144 

(PDF#33-0664), cubic fluorite CeO2 (PDF#34-0394), and Fe6S8O33 (PDF#21-0921), and the 145 

detection of Fe6S8O33 provides unambiguous evidence for the successful adsorption and 146 

subsequent conversion of the COS+CS₂ during the sulfation process[20]. Upon tungsten doping, the 147 

intensities of α-Fe2O3 and CeO2 peaks are significantly reduced, and the Fe6S8O33 peaks disappear, 148 

indicating that tungsten suppresses COS + CS2 adsorption and conversion. Increasing the 149 

W/(Ce+Fe) molar ratio from 0.1 to 0.3 further enhances this effect, with α-Fe2O3 peaks no longer 150 

detectable for Ce0.5Fe0.5W0.3Ox-S, suggesting strong Fe-W interactions. In addition, only a wide 151 

diffraction peak located at 15-35 o is detected for Ce0.5Fe0.5W0.5Ox-S catalyst, and its main 152 

diffraction peak towards the left compared with those cubic fluorite structure CeO2 of the other 153 

catalysts. This shift implies that excessive doping amount of tungsten actually affect the 154 

interaction of cerium and iron species, which makes the XRD patterns of α-Fe2O3 to disappear and 155 

even leads the diffraction peaks of cubic fluorite structure CeO2 shifting to left due to the 156 

sedimentation and aggregation of WOx nanoparticles [21]. It should be mentioned that no 157 

diffraction peaks attributed to WOx are detected in Ce0.5Fe0.5W0.1Ox-S and Ce0.5Fe0.5W0.5Ox-S 158 

catalysts, indicating that it may present in the form of an amorphous phase or/and the undetectable 159 

micro-crystals by X-ray diffractometer [22]. 160 
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 161 

Fig. 2. Influence of tungsten doping on the XRD patterns of Ce0.5Fe0.5Ox-S catalyst 162 

3.2 Raman and N2 adsorption-desorption 163 

 164 

Fig. 3. Influence of tungsten doping on Raman spectra of Ce0.5Fe0.5Ox-S catalyst: Overall view (A) and Local 165 

enlarged views (B-D). 166 

The structural features and defects of the samples were further probed by Raman 167 
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spectroscopy, as shown in Fig. 3. The Raman spectra of the Ce0.5Fe0.5Ox-S catalyst reflect the 168 

characteristic peaks of its two constituent phases, the α-Fe2O3 phase located at approximately 211 169 

and 271 cm⁻¹ [23, 24], and the cubic fluorite CeO2 phase with F2g vibration, defect (D) mode and 170 

second-order longitudinal optical (2LO) mode located at 444, 578 and 1253 cm⁻¹, respectively [25]. 171 

These indicates the presence of α-Fe2O3 and cubic fluorite structure CeO2 in Ce0.5Fe0.5Ox-S 172 

catalyst. However, Ce0.5Fe0.5W0.1Ox-S exhibits weaker Raman spectra peaks attributing to α-Fe2O3 173 

than Ce0.5Fe0.5Ox-S, indicating tungsten doping with the molar ratio of W/(Ce+Fe) being 0.1 174 

decreases the crystallization strength of α-Fe2O3 and there exists a good interaction of Fe and 175 

doped W, which are in-accordance with the XRD patterns in Fig .2. Furthermore, this doping also 176 

reduces the strength of Raman spectra peaks ascribing to the defect-induced (D) mode and the 177 

second-order longitudinal optical (2LO) mode of CeO2. Interestingly, the enhancement of tungsten 178 

doping molar ratio to 0.3 significantly increases the intensity of Raman peaks attributing to CeO2 179 

of catalyst, especially its F2g vibration mode, indicating the stronger interaction of iron and doped 180 

tungsten species and more oxygen vacancies formed on the surface of Ce0.5Fe0.5W0.3Ox-S catalyst 181 

[26]. However, some Raman peaks appear in the range of 700-1000 cm-1 for Ce0.5Fe0.5W0.5Ox-S 182 

catalyst, which can be attributed to tungsten oxide species, demonstrating the further enhancement 183 

of W/(Ce+Fe) molar ratio to 0.5 results in the formation of WO3 crystal on the surface of catalyst, 184 

and the Raman peaks of CeO2 or/and oxygen vacancies were almost shielded [27]. Therefore, the 185 

tungsten doping molar ratio plays a key role in regulating the interaction between cerium and iron 186 

species in the Ce0.5Fe0.5Ox-S catalyst, leading to variations in surface oxygen vacancies, which are 187 

considered crucial for enhancing the NH3-SCR catalytic activity. 188 

 189 
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Fig. 4. Influence of tungsten doping on pore structure of Ce0.5Fe0.5Ox-S catalyst: N2 adsorption-desorption 190 

isotherms (A) and Pore size distributions (B). 191 

Fig. 4 shows the effect of tungsten doping on the N2 adsorption-desorption behavior and pore 192 

size distribution of the Ce0.5Fe0.5Ox-S catalyst. From Fig. 4(A), the N2 adsorption-desorption 193 

isotherms of all catalysts assign to the type IV with a distinct H3-type hysteresis loop according to 194 

the IUPAC classification, which is characteristic of mesoporous materials formed by the 195 

aggregation of nanoparticles [28]. However, the enhancement of tungsten doping molar ratio leads 196 

the closure point of N2 adsorption-desorption isotherm of Ce0.5Fe0.5Ox-S catalyst first shift to low 197 

pressure, and then move to high pressure. And Ce0.5Fe0.5W0.1Ox-S and Ce0.5Fe0.5W0.3Ox-S have 198 

smaller pressure closure points and more mesoporous structures [22]. The pore size distributions in 199 

Fig. 4(B) demonstrate that Ce0.5Fe0.5W0.1Ox-S exhibits larger mesoporous locating at 2-8 nm than 200 

Ce0.5Fe0.5Ox-S catalyst, although they both present wider pore size distribution. However, further 201 

increasing the tungsten doping molar ratio may cause blockage of mesopores around 2 nm, while 202 

enlarging the mesoporous structures near 80 nm. Notably, Ce0.5Fe0.5W0.1Ox-S exhibits a 203 

well-developed gradient pore distribution, which is considered an important factor contributing to 204 

its NH3-SCR activity [22]. Furthermore, according to the calculated results in Table 1, the BET 205 

surface area and pore volume of Ce0.5Fe0.5Ox-S first increases and then decreases with the 206 

enhancement of tungsten doping molar ratio from 0.1 to 0.5, and Ce0.5Fe0.5W0.1Ox-S indeed has the 207 

largest BET surface area and pore volume among these catalysts. Therefore, the interaction 208 

between iron and tungsten species contributes to enriching and regulating the pore structure of 209 

Ce0.5Fe0.5Ox-S. However, the formation of WO3 crystals at a doping molar ratio of W/(Ce+Fe) = 210 

0.5 leads to partial pore blockage and consequently reduces the BET surface area of the catalyst. It 211 

is generally accepted that a larger specific surface area facilitates the exposure of more active sites 212 

for the NH3-SCR reaction, thereby enhancing the adsorption and activation of NH3 and/or NOx on 213 

the catalyst surface [29]. 214 

Table 1. BET specific surface areas, pore volumes and average pore sizes of W doping Ce0.5Fe0.5Ox-S catalysts. 215 

Samples SBET (m2/g) Pore volume(cm3/g) Average pore size(nm) 

Ce0.5Fe0.5Ox-S 129.12 0.245 7.07 

Ce0.5Fe0.5W0.1Ox-S 139.57 0.250 6.74 
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Ce0.5Fe0.5W0.3Ox-S 145.64 0.377 9.48 

Ce0.5Fe0.5W0.5Ox-S 100.13 0.330 13.97 

3.3 SEM and HR-TEM 216 

 217 

Fig.5. Influence of tungsten doping on SEM images of Ce0.5Fe0.5Ox-S catalyst: (A) Ce0.5Fe0.5Ox-S, (B) 218 

Ce0.5Fe0.5W0.1Ox-S, (C) Ce0.5Fe0.5W0.3Ox-S and (D) Ce0.5Fe0.5W0.5Ox-S catalysts. 219 

 220 
Fig. 6. HR-TEM images of Ce0.5Fe0.5Ox-S (A) and Ce0.5Fe0.5W0.3Ox-S (B) catalysts. 221 

SEM and HR-TEM characterization were employed to investigate the effects of tungsten 222 

doping on the surface morphology and microstructure of the Ce0.5Fe0.5Ox-S catalyst. The results 223 

are presented in Figures 5 and 6, respectively. As shown in Fig. 5, all catalysts comprise 224 

assemblies of non-uniform stacked nanoparticles, and the doping of tungsten at the molar ratios of 225 

0.1 and 0.3 effectively prevented nanoparticle coalescence, resulting in a more refined and 226 
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dispersed morphology [30]. Meanwhile, the enhancement of tungsten doping molar ratio to 0.5 227 

promotes the agglomeration of nanoparticles due to the deposition of WO3 crystals [31]. From the 228 

HR-TEM images in Fig. 6, it can be found that the crystal fringe spacing on the surface of 229 

Ce0.5Fe0.5Ox-S catalyst is 0.314 nm and 0.277 nm, which belong to the (111) and (200) crystal 230 

planes of cubic fluorite structure CeO2, respectively. Meanwhile, the lattice fringe spacing 231 

contracted to 0.307 nm and 0.270 nm in the Ce0.5Fe0.5W0.3Ox-S catalyst, confirming the 232 

incorporation of W species into the CeO2 lattice and the resulting lattice distortion [4]. Moreover, 233 

no lattice fringes corresponding to WO3 crystals were observed, indicating that the tungsten oxides 234 

are present in an amorphous form in the Ce0.5Fe0.5W0.3Ox-S catalyst, consistent with the XRD 235 

results shown in Fig. 2.  236 

3.4 XPS and TG-DTG 237 

 238 
Fig. 7. Influence of tungsten doping on XPS spectra of Ce0.5Fe0.5Ox-S catalyst: (A) Ce 3d, (B) Fe 2p, (C) O 1s, (D) 239 

S 2p and (E) W 4f. 240 

The effect of tungsten doping on the surface elemental concentrations and relative ratios of 241 

the Ce0.5Fe0.5Ox-S catalyst was investigated using X-ray photoelectron spectroscopy (XPS), with 242 

the results presented in Fig. 7 and Table 2. The deconvoluted Ce 3d spectra in Fig. 7 (A) confirm 243 

the co-presence of Ce4+ and Ce3+ oxidation states in all catalysts, and the formed electron pair of 244 

Ce3+/Ce4+ is usually thought to promote oxygen vacancies via their electron switching [32,33]. The 245 

doping of tungsten increases the surface Ce3+/(Ce3++Ce4+) molar ratio of Ce0.5Fe0.5Ox-S catalyst, 246 

and Ce0.5Fe0.5W0.3Ox-S presents the highest surface Ce3+/(Ce3++Ce4+) molar ratio (42.97%), 247 
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indicating that tungsten doping contributes to regulating the interaction of cerium and iron species 248 

in Ce0.5Fe0.5Ox-S [17]. The Fe 2p spectra in Fig. 7(B) indicate the presence of both Fe3+ and Fe2+ 249 

species in the as-synthesized catalysts. Tungsten doping increases the surface Fe3+/(Fe3++Fe2+) 250 

molar ratio of the Ce0.5Fe0.5Ox-S catalyst, particularly at a W/(Ce + Fe) doping molar ratio of 0.3. 251 

This is consistent with the typical redox reaction Ce4++ Fe2+ ⇌ Ce3++ Fe3+ observed in cerium-iron 252 

mixed oxide catalysts. Therefore, it can be deduced that tungsten doping promotes the above 253 

reaction and increases the surface concentrations of both Ce3+ and Fe3+ [5], although it decreases 254 

the concentration of Ce species on the surface of Ce0.5Fe0.5Ox-S catalyst effectively. However, 255 

tungsten doping has almost no effect on the concentration of iron atoms on the catalyst surface, 256 

and the concentration of surface iron species in Ce0.5Fe0.5W0.3Ox-S is even higher than that in 257 

Ce0.5Fe0.5Ox-S, demonstrating there exist promoted electron interaction between iron and tungsten. 258 

While, this has also been confirmed by the slight shift in the binding energy of the iron 2p 259 

spectrum [34]. The O 1s spectra in Fig. 7 (C) were fitted with two components: lattice oxygen (Oβ, 260 

529.8 eV) and chemisorbed oxygen (Oα, 532.8 eV) [35] and tungsten doping increases the surface 261 

Ototal concentration and Oα/(Oα+Oβ) molar ratio of Ce0.5Fe0.5Ox-S catalyst, demonstrating that the 262 

promoted interaction of Fe and W contributes to increasing the amount of chemisorbed oxygen, 263 

which is generally thought to present stronger mobility than chemisorbed oxygen and plays a key 264 

role in the oxidation reaction [36]. Furthermore, the binding energy associated with chemisorbed 265 

oxygen (Oα) gradually increases with the rising tungsten doping molar ratio. Notably, 266 

Ce0.5Fe0.5W0.3Ox-S exhibits the highest surface molar ratio of Oα/(Oα + Oβ), which may contribute 267 

significantly to its outstanding low-temperature NH3-SCR activity. According to the fitted W 4f7/2 268 

(35.2 eV) and W 4f5/2 (37.4 eV) peaks shown in Fig. 7(D), tungsten on the catalyst surface exists 269 

predominantly as W6+ [37]. Moreover, increasing the tungsten doping molar ratio enhances the 270 

intensity of both W 4f7/2 and W 4f5/2 peaks, indicating a higher concentration of W6+ species in the 271 

catalyst.  272 

It should be noted that, as shown in Fig. 7(E) and Table 2, gas-phase sulfation of COS+CS2 273 

facilitates the formation of S6+ species, which is recognized to enhance the acid sites and 274 

consequently promote the NH3-SCR catalytic activity [15]. However, tungsten doping decreases the 275 

formed amount of S6+ on the surface of Ce0.5Fe0.5Ox-S catalyst, and this effect is gradually 276 

increased with the enhancement of tungsten doping molar ratio from 0.1 to 0.5. Interestingly, no 277 
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XPS spectrum of S 2p was detected on the surface of Ce0.5Fe0.5W0.5Ox-S catalyst, indicating that 278 

the doping of tungsten with W/(Ce+Fe) being 0.5 completely restrains the sulfation of Fe/Ce 279 

species and the formation of sulfate on the surface of Ce0.5Fe0.5Ox-S catalyst. This indicates that 280 

tungsten doping restrains the gas-phase sulfation of Ce/Fe species and reduces the formed amount 281 

of sulfates in catalyst, especially the latter, which may be due to the promoted interaction of Fe 282 

and W. In order to further determine the effect of tungsten doping on the formation of sulfates on 283 

the catalyst surface, the TG-DTG characterization was conducted on the Ce0.5Fe0.5Ox-S and 284 

Ce0.5Fe0.5W0.3Ox-S catalysts, and the results are shown in Fig. 8. It can be found that two catalysts 285 

exhibit similar desorption amount of physically adsorbed water or/and hydroxyl at the first stage 286 

(< 200 oC), but Ce0.5Fe0.5W0.3Ox-S present less desorption amounts of both weakly adsorbed sulfur 287 

at the stage of 200 oC < T < 600 oC and metal sulfate decomposition at temperatures higher than 288 

600 oC [13]. And the content of metal sulfate in Ce0.5Fe0.5Ox-S catalyst is reduced by about 76.9 %, 289 

which is consistent with the results of XRD and XPS analysis. Therefore, tungsten doping inhibits 290 

the adsorption, hydrolysis and oxidation of COS+CS2 on the surface of Ce0.5Fe0.5Ox catalyst, 291 

thereby suppressing the formation of metal sulfates. This also plays a key role in regulating the 292 

catalyst’s redox properties and surface acid sites.  293 

Table 2. The surface composition and atomic ratio of these catalysts calculated from XPS. 294 

Samples 

Atomic 

concentrations (%) 

  Atomic ratios (%) 

Ce Fe W O S 
 Ce3+/ 

(Ce3++Ce4+) 

Fe3+/ 

(Fe2++Fe3+) 

Oβ/ 

(Oα+Oβ) 

Ce0.5Fe0.5Ox-S 27.17 6.73 - 63.37 2.73  38.56 73.28 47.69 

Ce0.5Fe0.5W0.1Ox-S 25.82 6.25 2.93 63.81 1.19 40.94 73.23 48.01 

Ce0.5Fe0.5W0.3Ox-S 19.42 6.80 6.40 67.16 0.22 42.97 76.11 53.3 

Ce0.5Fe0.5W0.5Ox-S 16.75 6.66 9.12 67.47 - 41.6 73.95 50.34 
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 295 

Fig. 8. TG-DTG curves of Ce0.5Fe0.5Ox-S and Ce0.5Fe0.5W0.3Ox-S catalysts. 296 

3.5 H2-TPR and NH3-TPD 297 

 298 

 299 

Fig. 9. H2-TPR profiles of Ce0.5Fe0.5Ox-S, Ce0.5Fe0.5W0.1Ox-S, Ce0.5Fe0.5W0.3Ox-S and Ce0.5Fe0.5W0.5Ox-S catalysts. 300 

The influence of tungsten doping on the Ce0.5Fe0.5Ox-S catalyst reduction behavior was 301 

investigated by H2 temperature-programmed reduction (H2-TPR), with the results presented in Fig. 302 

9 and Table S2. As shown in Fig. 9, four distinct reduction peaks at 397 °C, 447 °C, 593 °C, and 303 

759 °C were observed for the Ce0.5Fe0.5Ox-S catalyst. These correspond respectively to the 304 

reduction of Fe2O3 to Fe3O4, the reduction of Fe3O4 to FeO and/or surface Ce4+ to Ce3+, the 305 

reduction of FeO to Fe and/or metal sulfates, and the reduction of bulk Ce4+ to Ce3+ [22]. Tungsten 306 

doping decreases the initial H2-reduction temperature of Ce0.5Fe0.5Ox-S catalyst, indicating a 307 

promoting effect on the formation of chemisorbed oxygen. And only two broad reduction peaks 308 
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are detected for Ce0.5Fe0.5W0.1Ox-S catalyst, demonstrating the regulation of tungsten doping on 309 

the interaction of cerium and iron species and thereby regulating the redox performance of catalyst. 310 

Furthermore, the enhancement of tungsten doping molar ratio gradually decreases the performance 311 

of H2 reduction lower than 600 oC due to the inhibition by WO3 crystals, especially the catalyst of 312 

Ce0.5Fe0.5W0.5Ox-S[15]. Interestingly, an obvious reduction peak was detected at 744 oC for 313 

Ce0.5Fe0.5W0.3Ox-S catalyst, which may be attributed to the reduction of metal sulfate, indicating 314 

that the formed metal sulfate in Ce0.5Fe0.5W0.3Ox-S presents better dispersion and stronger thermal 315 

stability than that of Ce0.5Fe0.5Ox-S catalyst, thereby exhibits a sharp and concentrated reduction 316 

peak of metal sulfate. Many studies have pointed out that lower initial reduction temperature was 317 

beneficial for improving the redox ability and catalytic activity [5,38]. As shown in Table S2, 318 

tungsten doping decreases the reduction onset temperature of Ce0.5Fe0.5Ox-S catalysts, and thereby 319 

improves its redox ability. The initial reduction temperatures of these catalysts decrease as 320 

following: Ce0.5Fe0.5W0.3Ox-S (241 oC) < Ce0.5Fe0.5W0.5Ox-S (243 oC) < Ce0.5Fe0.5W0.1Ox-S (250 321 

oC) <Ce0.5Fe0.5Ox-S (282 oC), which correlates well with their observed low-temperature catalytic 322 

performance. Furthermore, Ce0.5Fe0.5W0.3Ox-S exhibits the largest H2-TPR peak area below 323 

350 °C, indicating its superior low-temperature redox capability [39]. 324 

 325 

Fig. 10. The NH3-TPD curves of (a) Ce0.5Fe0.5Ox-S, (b) Ce0.5Fe0.5W0.1Ox-S, (c) Ce0.5Fe0.5W0.3Ox-S and (d) 326 

Ce0.5Fe0.5W0.5Ox-S catalysts. 327 
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Thanks to the excellent solid acid properties of tungsten species, it is widely used as an acid 328 

site regulator and anti-SO2 poisoning additive for catalysts in the NH3-SCR field. However, 329 

according to the above characterization results, tungsten doping reduces the formation amount of 330 

metal sulfate in Ce0.5Fe0.5Ox and even completely inhibits its residue in catalyst. Therefore, 331 

tungsten doping contributes to regulating the surface acid sites of Ce0.5Fe0.5Ox-S catalyst, which 332 

were tested by NH3-TPD. As shown in Fig. 10, there exists a wide desorption peak of NH3 in the 333 

temperature range of 50-500 oC for NH3-TPD curves, indicating both weak acid sites (below 200 334 

oC) and medium-strong acid sites (200-500 oC) present in the as-synthesized catalysts [40,41]. 335 

Furthermore, tungsten doping makes the desorption temperature of NH3 species shift to low 336 

temperature, indicating the promoted effect of tungsten doping on the acid sites of Ce0.5Fe0.5Ox-S 337 

catalyst. And this promotional effect is further enhanced with the doping molar ratio of W/(Ce+Fe) 338 

from 0.1 to 0.5. This demonstrates that tungsten doping contributes to enriching the weak acid 339 

sites of Ce0.5Fe0.5Ox-S catalyst. However, as shown in Table S3, Ce0.5Fe0.5W0.1Ox-S presents larger 340 

both total acid sites and weak acid sites/total acid sites proportion than Ce0.5Fe0.5Ox-S catalyst. 341 

Meanwhile, Ce0.5Fe0.5W0.3Ox-S shows the least total acid sites and weak acid sites/total acid sites 342 

proportion. Interestingly, increasing the tungsten doping molar ratio from 0.3 to 0.5 results in a 343 

further increase in both the total acid sites and the proportion of weak acid sites to total acid sites 344 

on the catalyst. Previous studies have indicated that the introduction of sulfate species contributes 345 

to the enhancement of acid sites; for example, Cai et al. found when using SO2 as the sulfur source 346 

to conduct gas-phase sulfation of the praseodymium oxides catalyst, an appropriate sulfidation 347 

time could effectively control the quantity or type of sulfate deposited on the surface of the 348 

praseodymium oxides, thereby significantly enhancing the number and intensity of Brønsted 349 

acidic sites of the catalyst [42]. And, the cerium-zirconium solid solution catalyst prepared by Tan 350 

et al. after sulfidation showed a change in the acid sites on the catalyst surface, shifting from being 351 

dominated by Lewis acid sites to being dominated by Brønsted acid sites. Moreover, the sulfured 352 

cerium-zirconium solid solution catalyst exhibited stronger acid site intensity and higher 353 

adsorption capacity for NH3 molecules compared to the un-sulfided [8]. Considering that tungsten 354 

doping also reduces the amount of sulfate formed on the catalyst surface, it can be inferred that 355 

tungsten oxide solid acids and S6+ species play distinct roles in acid site formation in the W-doped 356 

Ce0.5Fe0.5Ox-S catalyst. Both high sulfate ion content and tungsten doping can independently 357 
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increase the total acid sites of the catalyst. Furthermore, numerous studies have confirmed that an 358 

optimal balance between redox properties and surface acidity facilitates the adsorption and 359 

activation of NH3 on the catalyst surface [43,44]. Therefore, Ce0.5Fe0.5W0.3Ox-S exhibits the highest 360 

surface oxygen vacancy concentration and the best NH3-SCR activity, despite of having the lowest 361 

total acid sites and the smallest proportion of weak acid sites to total acid sites.  362 

4. Conclusions 363 

In this study, tungsten doping was employed to regulate the gas-phase sulfation of active 364 

components in the Ce0.5Fe0.5Ox-S catalyst by organic COS and CS2. We found that tungsten doping 365 

significantly enhanced the low-to-medium temperature NH3-SCR activity, with an optimal 366 

W/(Ce+Fe) molar ratio of 0.3. Characterization results showed that gas-phase COS+CS2 sulfated 367 

the active components of Ce0.5Fe0.5Ox-S, particularly the iron species. However, tungsten doping 368 

inhibited the adsorption and conversion of COS and CS2 through a strengthened interaction 369 

between iron and tungsten species. This interaction reduced the intensities of α-Fe2O3 and cubic 370 

fluorite CeO2 diffraction peaks and caused the disappearance of iron sulfate and α-Fe2O3 peaks, 371 

with this effect becoming more pronounced as the W/(Ce+Fe) ratio increased from 0.1 to 0.5. 372 

Furthermore, this promoted interaction also improved oxygen vacancies of Ce0.5Fe0.5Ox-S catalyst 373 

and enriched its pore structure, but the formation of WO3 crystal under the W/(Ce+Fe) molar ratio 374 

of 0.5 shielded the Raman peaks of cubic fluorite structure CeO2 or/and oxygen vacancies on the 375 

surface of catalyst, which blocked the partial pore structure and decreased the BET surface area of 376 

Ce0.5Fe0.5Ox-S catalyst on the contrary. Interestingly, tungsten doping promotes higher surface 377 

concentrations of Ce3+ and Fe3+ species, with Ce0.5Fe0.5W0.3Ox-S showing even greater surface Fe 378 

content than the undoped catalyst, despite of an overall decrease in Ce species. Additionally, the 379 

Fe-W interaction suppresses gas-phase sulfation of Ce and Fe species by COS and CS2, reducing 380 

sulfate formation and thereby modulating the total acid sites and the ratio of weak acid sites to 381 

total acid sites. These findings suggest that tungsten oxide solid acid sites and S6+ species play 382 

distinct roles in acid site formation in W-doped Ce0.5Fe0.5Ox-S catalysts. Notably, 383 

Ce0.5Fe0.5W0.3Ox-S exhibits the highest surface oxygen vacancy concentration and superior 384 

NH3-SCR activity, although it possesses the lowest total acid sites and weak acid site proportion. 385 

The gas-phase sulfation of COS or/and CS2 treated Ce0.5Fe0.5W0.3Ox-S catalyst exhibits excellent 386 
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de-nitration efficiency in the medium and low-temperature range, demonstrating its potential for 387 

practical industrial applications. Meanwhile, the regulatory effect of tungsten doping on the 388 

sulfidation degree of the catalyst provides a theoretical basis for its further optimization and 389 

modification. Future research can evaluate the long-term stability and durability of this catalyst in 390 

environments containing complex flue gas components (such as SO2, H2O, and alkali metals), and 391 

explore its scalability and feasibility in industrial-scale tests. 392 

Nomenclature table 393 

Abbreviation Full Name 

2LO Second-order longitudinal optical mode 

BET Brunauer-Emmett-Teller 

COS Carbonyl sulfide 

CS2 Carbon disulfide 

D mode Defect-induced mode 

DTG Derivative thermogravimetry 

F2g F2g vibrational mode 

FTIR Fourier transform infrared spectroscopy 

GHSV Gas hourly space velocity 

H2-TPR Temperature programmed reduction of H₂ 

HR-TEM High-resolution transmission electron microscopy 

HTPB Hydroxyl-terminated polybutadiene 

HTD High-temperature thermal decomposition 

IUPAC International Union of Pure and Applied Chemistry 

NH3-SCR Ammonia selective catalytic reduction 

NH3-TPD Temperature programmed desorption of NH₃ 

Oα Chemisorbed oxygen 

Oβ Lattice oxygen 

PDF Powder Diffraction File 

ppm Parts per million 

Raman Raman spectroscopy 
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SEM Scanning electron microscopy 

SI Supporting Information 

TG Thermogravimetric analysis 

TG-DTG 
Thermogravimetric-derivative thermogravimetric 

analysis 

vol. % Volume percent 

XPS X-ray photoelectron spectroscopy 

XRD X-ray diffraction 
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