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Abstract:
Herein, the methods of co-precipitation and hydrothermal treatment were proposed to regulate the promotional effect of COS+CS2 sulfation on the NH3-SCR activity of Ce0.5Fe0.5Ox catalyst. The results indicated that the co-precipitation method contributed to the formation of Ce-Fe solid solution in Ce0.5Fe0.5Ox-CP catalyst, but the further hydrothermal treatment depressed the incorporation of Fe3+ into cubic fluorite CeO2, promoting the formation of Fe2O3 crystals while decreasing the defective sites of catalyst. Furthermore, the different interaction of active components not only influenced the NH3-SCR activity of Ce0.5Fe0.5Ox-CP and Ce0.5Fe0.5Ox-HT catalysts, but also regulated the sulfation of COS+CS2 on the catalysts surface. The further hydrothermal treatment decreased the concentration of iron species, but increased the concentration of cerium species on the Ce0.5Fe0.5Ox-CP catalyst surface. COS+CS2 sulfation increased the surface Ce3+/(Ce3++Ce4+) and Fe2+/(Fe3++Fe2+) molar ratios of Ce0.5Fe0.5Ox-HT effectively, but decreased the calculated corresponding values of Ce0.5Fe0.5Ox-CP. Furthermore, Ce0.5Fe0.5Ox-HT-S exhibited larger deposited surface sulfate, stronger medium-strong acid sites and more active oxygen than Ce0.5Fe0.5Ox-CP-S due to the better surface conversion of COS+CS2.
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1. Introductions
[bookmark: _Hlk215235900][bookmark: OLE_LINK15][bookmark: OLE_LINK16]Due to the excellent oxygen storage capacity via the redox cycle of Ce4+/Ce3+, CeO2 has been widely used to develop the non-toxic, non-vanadium catalyst for selective catalytic reduction of nitrogen oxides (NOx) with NH3 (NH3-SCR), which was confirmed to be an effective technology to control the emission of NOx from the stationary and mobile sources [1-4], and other metal ions have been doped to optimize the NH3-SCR activity of cerium-based catalyst [5-7]. Among them, Fe element attracts more attention owing to the properties of environmental-friendliness, low price and good electron transfer of Fe3+/Fe2+ [8], and Fe doping helped the formation of cerium-iron solid solution, which contributed to enhancing the acid sites and redox ability of CeO2 catalyst, and thus promoted the adsorption and activation of NH3 on the catalyst surface [9]. Meanwhile, there still exist the disadvantages of narrow active temperature window and strong high-temperature oxidation of NH3 for the developed cerium-iron mixed oxide catalyst [10], which needs to be further optimized. 
It should be mentioned that preparation method can affect and regulate the interaction of active components in the as-fabricated catalyst, which has a significant effect on the physical and chemical properties of catalyst, including pore structure, reducibility and surface acid sites, thus influences the catalytic performance [11,12]. For example, Yao found that compared to the mechanical mixing, impregnation, co-precipitation and sol-gel methods, the as-fabricated MeCe-HTM catalyst by hydrothermal treatment had the largest concentrations of surface Ce3+, oxygen vacancies and active oxygen, the strongest reducibility and acid sites due to the good electronic interaction between Mn and Ce species, and thus exhibited the best NH3-SCR activity [12]. Zhao et al. also pointed out that the environment of high temperature and high pressure during the hydrothermal process promoted the embedding of Sn4+ into the lattice of fluorite cube CeO2, which enhanced the interaction of cerium and tin species and optimized the surface oxygen vacancies of CeO2 catalyst [13]. Furthermore, compared to the conventional co-precipitation and impregnation methods, the Ce-Mn/TiO2 catalyst prepared by the reverse co-precipitation presented the best low temperature activity and high anti-SO2 performance due to high specific surface area, uniform dispersion of active sites, strong surface redox properties and acid sites [14]. Therefore, the co-precipitation and hydrothermal methods contributed to promoting the different interaction of active metal species in the as-synthesized bimetallic and tri-metallic mixed oxide catalysts, thereby regulated the physical-chemical properties and corresponding NH3-SCR activity.
[bookmark: OLE_LINK31][bookmark: OLE_LINK33][bookmark: OLE_LINK9][bookmark: OLE_LINK10][bookmark: OLE_LINK29][bookmark: OLE_LINK30][bookmark: OLE_LINK4][bookmark: OLE_LINK7][bookmark: OLE_LINK8]In order to overcome the poor surface acidity and depress the high temperature peroxidation of NH3, the sulfation of SO2 and H2SO4/(NH4)2SO4/CS(NH2)2 have been used to improve the NH3-SCR activity of cerium-based catalyst due to the introduced SO42- species and the optimized redox properties [15,16]. For instance, Song et al. pointed out that the sulfation of 0.18% SO2/N2 at 300 oC for 4 h not only retained Fe-O-Ce bonds, oxygen vacancies and active species of CP-Fe-Ce catalyst, but also increased the Brønsted acid sites and NH3-SCR activity of catalyst [17]. Cai et al. also found that the sulfation time of 200 ppm SO2+5.0 vol.% O2 at 200 oC affected the amount of sulfate deposition on the surface of PrOx catalyst, and there existed the appropriate sulfation time for NH3-SCR reaction [18]. In our previous researches, organic COS or/and CS2 from blast furnace gas was firstly used to increase the NH3-SCR activity of CeO2 catalyst, and presented better promotional effect of sulfation than the traditional inorganic SO2 [19]. Furthermore, the introduction of O2 or/and H2O further regulated the physical-chemical properties of the sulfated CeO2 catalyst by COS+CS2, thereby affected the NH3-SCR activity of catalyst [20,21]. Actually, COS or/and CS2 are also the toxic pollutants, which need to be converted into H2S by the hydrolysis method due to strong stable properties [22-24]. Interestingly, previous studies indicated that the introduction of rare earth and transition metals, including Ce, Fe and so on, contributed to promoting the hydrolysis activity of COS/CS2 and anti-oxy poisoning of the hydrolysis catalysts [25-27]. For example, the doping of Fe, Cu and Ni helped to increase the surface oxygen vacancies and active hydroxyl groups of CeO2 catalyst due to the formation of Ce-based solid solution and the promoted surface activation of H2O for COS/CS2 hydrolysis [28]. In addition, preparation method also affected the hydrolysis of organic sulfur over the rare earth-doped γ-Al2O3 catalysts, and the as-synthesized mixed oxide catalyst by incipient wetness impregnation presented better hydrolysis activity of COS than the catalysts prepared by co-precipitation and deposition-precipitation methods [29]. Therefore, preparation method can affect the interaction of active components in cerium-based mixed catalyst, which thus influences the catalytic performance of COS/CS2 or/and NOx reduction. However, to our best knowledge, the influence of COS+CS2 sulfation on the NH3-SCR activity of cerium-iron mixed oxide catalyst has not been studied. Herein, the co-precipitation and hydrothermal methods were proposed to fabricate Ce0.5Fe0.5Ox-CP and Ce0.5Fe0.5Ox-HT catalysts, and we found that the preparation methods contributed to regulating the surface sulfation process of COS+CS2 due to the induced different interaction of active cerium and iron species within this mixed oxide catalyst. And the sulfated Ce0.5Fe0.5Ox-HT-S catalyst presented better catalytic activity than Ce0.5Fe0.5Ox-CP-S. Finally, the physicochemical properties of catalysts were measured to reveal the regulation of preparation methods on the sulfation process of organic sulfur.
[bookmark: _Hlk175138369]2 Experimental sections
[bookmark: OLE_LINK13]2.1 Catalyst preparation
[bookmark: OLE_LINK11][bookmark: OLE_LINK12]The co-precipitation and hydrothermal methods were proposed to synthesize Ce0.5Fe0.5Ox-CP and Ce0.5Fe0.5Ox-HT catalysts with Ce(NO3)3·6H2O, Fe(NO3)3·6H2O and NH4HCO3 as the precursors and precipitant, respectively. And the used chemical reagents are analytical grade without further purification herein. The preparation of Ce0.5Fe0.5Ox-HT mainly referred to our reported researches via one-pot hydrothermal method by keeping Ce/Fe molar ratio and Ce3++Fe3+ total concentration being 1:1 and 1.67 mol/L [22,23], while the preparation of Ce0.5Fe0.5Ox-CP catalyst via co-precipitation was the same as that of Ce0.5Fe0.5Ox-HT besides the hydrothermal treatment at 200 oC for 6 h in a Teflon-lined high-pressure reactor. Furthermore, the gas-phase sulfation of COS+CS2 was carried out in a tube furnace, and the sulfated catalysts were recorded as Ce0.5Fe0.5Ox-HT-S and Ce0.5Fe0.5Ox-CP-S, respectively. The specific preparation process and corresponding sulfation conditions of catalysts are given in Supporting Information (SI).
2.2 Catalytic activity test and Catalyst characterizations
[bookmark: OLE_LINK371][bookmark: OLE_LINK372][bookmark: bs0115]The NH3-SCR activity of catalyst was tested in a fixed-bed quartz tube micro-reactor with 0.45 g sample (40~60 mesh) placed in the middle and sealed with quartz cotton. The concentrations of O2 and NOx at inlet and outlet were continuously monitored by T-350 flue gas analyzer (Testo, Germany), and the NOx conversion rate (η) is calculated according to the following formula: η= (1−[NOx]out/[NOx]in)×100%, where [NOx]in and [NOx]out represent the inlet and outlet concentrations of NOx (NO and NO2), respectively. Furthermore, a series of characterization techniques, including XRD, Raman, SEM, HR-TEM, N2 adsorption-desorption, XPS, H2-TPR, NH3-TPD and TG were measured to study the physicochemical properties of catalysts in order to reveal the regulation of preparation methods on the sulfation process of COS+CS2. The detailed testing process and conditions of activity or/and characterizations were given in Supporting Information (SI).
[bookmark: _Hlk175138392]3 Results and discussion
[bookmark: _Hlk175138417]3.1 Catalytic performance
[bookmark: _Hlk217843888][image: ]
[bookmark: OLE_LINK27][bookmark: OLE_LINK28]Fig.1 Influence of preparation method and COS+CS2 sulfation on the NH3-SCR activity of Ce0.5Fe0.5Ox catalyst. Reaction conditions: [NH3] = [NO]= 600 ppm, [O2] = 5.0 vol.% and 1500 mL/min of total flow rate with the corresponding GHSV of 200,000 mL/(g·h)
[bookmark: OLE_LINK1][bookmark: OLE_LINK24][bookmark: OLE_LINK5][bookmark: OLE_LINK6][bookmark: OLE_LINK14][bookmark: OLE_LINK17]Fig.1 gives the influence of preparation method on the NH3-SCR activity of the sulfated Ce0.5Fe0.5Ox catalyst by COS+CS2, and it can be found that Ce0.5Fe0.5Ox-CP exhibits better NH3-SCR activity than Ce0.5Fe0.5Ox-HT at the reaction temperature range of 150 ~ 300 oC. However, its catalytic activity decreases quickly when the reaction temperature increases from 300 oC to 400 oC, and the conversions of NOx over it at 375 oC and 400 oC are even lower than zero, indicating the side reaction of NH3 oxidization takes place at high-temperature over Ce0.5Fe0.5Ox-CP [30]. Furthermore, Ce0.5Fe0.5Ox-HT presents better NH3-SCR activity at the high-temperature of 300 ~ 400 oC than the former. Therefore, the preparation method plays an important role on the NH3-SCR activity of Ce0.5Fe0.5Ox catalyst, which may affect the physical-chemical properties of catalysts. Interestingly, the sulfation of COS+CS2 contributes to regulating the NH3-SCR activity of Ce0.5Fe0.5Ox-CP and Ce0.5Fe0.5Ox-HT, especially promoting the high-temperature NOx conversions over them. However, this sulfation presents different role on their low-temperature NH3-SCR activity lower than 250 oC, which decreases the low-medium temperature catalytic activity of the former, but increases the catalytic activity of the latter. Therefore, the preparation method not only affects the NH3-SCR activity of Ce0.5Fe0.5Ox catalyst, but also may influence the interaction of COS+CS2 and active components during the process of sulfation, thereby Ce0.5Fe0.5Ox-CP-S and Ce0.5Fe0.5Ox-HT-S exhibit different catalytic performance of NOx reduction, especially the low-temperature NH3-SCR activity. Our previous researches indicated that the sulfation of organic sulfur helped to improve the surface acidity of CeO2 catalyst and regulated its surface oxygen defect sites, thereby increased the NH3-SCR activity of catalyst [20,21]. Therefore, it is necessary to study the influence of preparation method on the physical-chemical properties of catalysts by a series of characterizations, which affects the hydrolysis of COS+CS2 over Ce0.5Fe0.5Ox catalysts.
3.2 Catalyst characterization
3.2.1 XRD

Fig.2 XRD patterns (A) and the locally enlarged XRD at 15 ~ 35 o (B) of Ce0.5Fe0.5Ox-CP, Ce0.5Fe0.5Ox-HT, Ce0.5Fe0.5Ox-CP-S and Ce0.5Fe0.5Ox-HT-S catalysts
[bookmark: OLE_LINK36][bookmark: OLE_LINK35][bookmark: OLE_LINK59][bookmark: OLE_LINK22][bookmark: OLE_LINK23][bookmark: _Hlk173930951]According to the XRD patterns in Fig.2, Ce0.5Fe0.5Ox-CP presents two distinct lattice diffraction peaks respectively located at about 30 o and 50 o, which are attributed to cubic fluorite CeO2 (PDF#34-0394) [31,32]. And no lattice diffraction peak ascribed to Fe2O3 crystals is detected for Ce0.5Fe0.5Ox-CP, indicating that the formed iron species present in a highly dispersed or amorphous state and the application of co-precipitation method herein is helpful to obtain the cerium-iron mixed oxide catalyst with the good interaction among the active components. Furthermore, compared to the standard card of cubic fluorite CeO2 (PDF#34-0394), the peak positions of the detected XRD patterns of Ce0.5Fe0.5Ox-CP shift towards the right, demonstrating that iron species are incorporated into the lattice structure of cubic fluorite CeO2 based on the smaller ionic radius of Fe3+(0.64 Å) than that of Ce4+ (0.92 Å) [33], which contributes to resulting in the structural defects of cubic fluorite CeO2. However, different from Ce0.5Fe0.5Ox-CP, Ce0.5Fe0.5Ox-HT not only exhibits stronger lattice diffraction peaks attributed to cubic fluorite CeO2, but also presents the distinct lattice diffraction peaks of α-Fe2O3 (PDF#33-0664). This indicates that the following hydrothermal treatment in a Teflon-lined high-pressure reactor at 200 oC for 6 h is not conducive to the interaction of cerium and iron species in Ce0.5Fe0.5Ox-CP, and the rightwards of the XRD patterns attributed to cubic fluorite CeO2 also disappear in Ce0.5Fe0.5Ox-HT, demonstrating that this hydrothermal treatment depresses the incorporation of Fe3+ into cubic fluorite CeO2, which is unhelpful to the formation of defective sites in Ce0.5Fe0.5Ox-HT, thus it shows poorer low-temperature NH3-SCR activity than Ce0.5Fe0.5Ox-CP (Fig.1). The results in Fig.2 also indicate that the sulfation of COS+CS2 contributes to the formation of CeOSO4 (PDF#39-0515) in Ce0.5Fe0.5Ox-CP-S [34], indicating the occurrence of surface sulfation of catalyst during this process, which is usually thought to improve the surface acid sites of cerium-based catalyst and corresponding catalytic de-nitrification performance [21]. Similarly, a new wide diffraction peak at 20 ~ 30° attributed to Fe6S8O33 (PDF#21-0921) or/and CeOSO4·H2O (PDF#12-0089) species appears for Ce0.5Fe0.5Ox-HT-S, confirming the presence of surface sulfation again. Thus, the different surface sulfates of Ce0.5Fe0.5Ox-CP-S and Ce0.5Fe0.5Ox-HT-S demonstrates that preparation method leads to the different interaction of cerium and iron components, which also influences the conversion of COS+CS2 on the surface of Ce0.5Fe0.5Ox catalysts. Previous studies pointed out that the presence of Fe2O3 crystal could play as an active site to enhance the hydrolysis of COS or/and CS2 [35]. Furthermore, this hydrolysis process also resulted in an enhancement of surface oxygen vacancies due to the consumption of adsorbed or/and lattice oxygen during the oxidization of hydrolyzed products, which was usually accompanied by the sulfation of surface-active components of catalyst [22]. In addition, it should be mentioned that COS+CS2 sulfation promotes the intensity of lattice diffraction peaks of the formed crystals in Ce0.5Fe0.5Ox-CP and Ce0.5Fe0.5Ox-HT, especially cubic fluorite CeO2. Therefore, the preparation method and subsequent hydrolysis of organic sulfur can regulate the particle diameters of Ce0.5Fe0.5Ox catalyst, thus the average grain sizes of catalysts based on the (111) plane of CeO2 cubic fluorite crystal were calculated using the Debye-Scherrer formula. As shown in Table 1, the average crystal sizes of catalysts decrease as follow: Ce0.5Fe0.5Ox-HT-S ≈ Ce0.5Fe0.5Ox-HT > Ce0.5Fe0.5Ox-CP > Ce0.5Fe0.5Ox-CP-S. Therefore, preparation method presents stronger effect on the growth up of particle diameters of Ce0.5Fe0.5Ox catalyst than COS+CS2 sulfation. 
[bookmark: _Hlk217531148]Table 1 Structure parameters of Ce0.5Fe0.5Ox catalysts
	Samples
	SBET a
(m2/g)
	Pore volume b (cm3/g)
	Average pore size c
(nm)
	Average crystallite size d (nm)

	Ce0.5Fe0.5Ox-CP
	65.08
	0.299
	18.78
	2.69

	Ce0.5Fe0.5Ox-HT
	141.84
	0.349
	9.11
	4.54

	Ce0.5Fe0.5Ox-CP-S
	57.72
	0.262
	18.77
	2.63

	Ce0.5Fe0.5Ox-HT-S
	129.12
	0.245
	7.07
	4.44


a BET surface area
b BJH desorption pore volume
c BJH desorption pore diameter
d Estimated by Scherrer equation according to the FWHM of the (111) peak of cubic fluorite CeO2
3.2.2 Raman

Fig.3. Raman spectra (A) overall view, (B-C) local enlarged view and the intensity ratio of ID/IF2g (D) for Ce0.5Fe0.5Ox catalysts
[bookmark: OLE_LINK128][bookmark: OLE_LINK129]In order to further understand the surface structure of catalysts, Raman spectra was also measured and the results are shown in Fig.3. Base the result of Fig.3 (A) and its local enlarged view Fig.3 (B) and Fig.3 (C), the Raman Bands at about 211 cm-1, 271 cm-1, 444 cm-1, 578 cm-1 and 1190 cm-1 are detected for all catalysts. Among them, the bands at 211 cm-1 and 271 cm-1 belong to the tensile vibration peaks of Fe2O3 crystals, and the bands at 444 cm-1, 578 cm-1 and 1190 cm-1 correspond to the F2g symmetric vibration mode, defect-induced (D) mode and second-order longitudinal optical (2LO) mode of cubic fluorite CeO2 crystals, respectively [36,37], demonstrating the presence of both CeO2 and Fe2O3 crystals in Ce0.5Fe0.5Ox catalysts. The intensity ratio of D and F2g modes (ID/IF2g) is generally believed to be proportional to the surface oxygen vacancy concentration of cerium-based catalyst [4]. Therefore, the ratio of ID/IF2g is calculated to represent the relative surface oxygen vacancy concentrations of Ce0.5Fe0.5Ox catalysts. According to the calculated ID/IF2g in Fig.3(D), it can found that the order of ID/IF2g is Ce0.5Fe0.5Ox-HT-S > Ce0.5Fe0.5Ox-CP-S > Ce0.5Fe0.5Ox-HT > Ce0.5Fe0.5Ox-CP, indicating the further hydrothermal treatment contributes to increasing the concentration of oxygen vacancies on the surface of Ce0.5Fe0.5Ox-CP. Usually, oxygen vacancies have been thought to be beneficial to the oxygen storage capacity and also help to increase the surface alkalinity of catalyst, thus improving the adsorption and conversion of COS on the catalyst surface [38,39]. Therefore, the concentration of oxygen vacancies on Ce0.5Fe0.5Ox-HT surface is higher than that of Ce0.5Fe0.5Ox-CP, and the formed Fe2O3 crystals on the surface of Ce0.5Fe0.5Ox-HT presents higher crystallization which both are beneficial for the adsorption and conversion of COS+CS2. During the hydrolysis of COS and CS2, more H2S is generated on Ce0.5Fe0.5Ox-HT surface with more surface or lattice oxygen consumed, which promotes the formation of surface sulfate and oxygen vacancies. This further helps to increase the redox properties and acid sites of Ce0.5Fe0.5Ox-HT, which may be the reason for the better de-NOx activity of Ce0.5Fe0.5Ox-HT-S than Ce0.5Fe0.5Ox-CP-S.
3.2.3 SEM and HR-TEM
Fig.4 shows the influence of preparation method and the surface morphology of the sulfated Ce0.5Fe0.5Ox catalysts by COS+CS2, and it can be found that Ce0.5Fe0.5Ox-HT presents stronger surface agglomeration and crystallization than Ce0.5Fe0.5Ox-CP, which all are composed of nanoparticles. This is in accordance with the calculated results of XRD patterns in Table 1. Furthermore, COS+CS2 sulfation enhances this agglomeration on the surface of Ce0.5Fe0.5Ox-CP-S and Ce0.5Fe0.5Ox-HT-S due to the reaction of organic sulfur and active components. Therefore, both preparation method and COS+CS2 sulfation can regulate the surface morphology of Ce0.5Fe0.5Ox catalysts, and Ce0.5Fe0.5Ox-CP presents the best surface dispersion of active cerium or/and iron species, which may play an important role on its good NH3-SCR activity of 150 ~ 400 oC.
[image: ]
Fig.4. SEM images of Ce0.5Fe0.5Ox-CP (A), Ce0.5Fe0.5Ox-HT (B), Ce0.5Fe0.5Ox-CP-S (C) and Ce0.5Fe0.5Ox-HT-S (D)
Due to the stronger agglomeration and better medium/high temperature catalytic activity, the HR-TEM images of Ce0.5Fe0.5Ox-HT and Ce0.5Fe0.5Ox-HT-S were measured and the results are given in Fig.5. There exist two lattices spacing of 0.314 nm and 0.219 nm for Ce0.5Fe0.5Ox-HT, which correspond to the (111) and (113) planes of cubic fluorite CeO2 and Fe2O3 crystals, respectively. Furthermore, the forming cubic fluorite CeO2 mainly distributes to the surface of Fe2O3 crystal, demonstrating a poor interaction of cerium and iron species in Ce0.5Fe0.5Ox-HT, which is different from the HR-TEM image of Ce0.5Fe0.5Ox-CP with only (111) plane of cubic fluorite CeO2 crystal exposed in Fig.S1. This finding is in accordance with the results of XRD patterns in Fig.2. Interestingly, the sulfation of COS+CS2 leads to expose one new plane (200) of cubic fluorite CeO2 besides the (111) plane for Ce0.5Fe0.5Ox-HT-S, but the (113) plane of Fe2O3 crystal disappears compared to Ce0.5Fe0.5Ox-HT, which is mainly attributed to the formation of surface sulfate due to the sulfation of Fe2O3 crystal by COS+CS2. Therefore, by combining the results of XRD, Raman and SEM/HR-TEM, it can be induced that preparation method can regulate the interaction of cerium and iron species and the formation of their solid solution in Ce0.5Fe0.5Ox catalyst. Subsequently, it may affect the sulfating reaction of COS+CS2 with the active components in the above catalysts, and the formed Fe2O3 crystals are more easily sulfated by COS+CS2 compared to the doped Fe species from the solid solution of cerium and iron.
[image: ]
Fig. 5. HR-TEM images of Ce0.5Fe0.5Ox-HT (A, B) and Ce0.5Fe0.5Ox-HT-S (C, D) catalysts
3.2.4 N2 adsorption-desorption
The N2 adsorption-desorption isotherms of Ce0.5Fe0.5Ox catalysts are shown in Fig. 6. According to the IUPAC classification, the obtained isotherms are type Ⅳ with a typical H3 hysteresis loop, indicating the presence of meso-pore structure [40]. However, the closed points (P/Po) at low relative pressure of the N2 adsorption-desorption isotherms for Ce0.5Fe0.5Ox-HT and Ce0.5Fe0.5Ox-HT-S are lower than those of Ce0.5Fe0.5Ox-CP and Ce0.5Fe0.5Ox-CP-S, demonstrating that the following hydrothermal treatment in a Teflon-lined high-pressure reactor at 200 oC for 6 h is conducive to enriching the meso-pore or/and micro-pore structure of Ce0.5Fe0.5Ox-CP [16]. As shown in Fig.7, Ce0.5Fe0.5Ox-HT and Ce0.5Fe0.5Ox-HT-S assuredly present wider pore size distributions, which had been thought to be an important reason for the good NH3-SCR activity of iron-titanium catalyst [41], because the relatively wide pore size distribution contributes to improving the diffusion of reactant gas, which is beneficial to enhance NOx conversion over the catalysts [34,38]. Furthermore, the sulfation of COS+CS2 further strengthen this effect, and Ce0.5Fe0.5Ox-HT-S exhibits lower closed points (P/Po) of N2 adsorption-desorption isotherm than Ce0.5Fe0.5Ox-HT. The pore size distributions in Fig.7 also confirm that COS+CS2 sulfation is unhelpful to maintain the mesopore structure located at 10-60 nm for Ce0.5Fe0.5Ox-HT, demonstrating stronger sulfation of active components by COS+CS2 compared to Ce0.5Fe0.5Ox-CP. Therefore, preparation method can affect the interaction of cerium-iron species, and the formed active components of Ce0.5Fe0.5Ox-HT are more likely to be sulfated by COS+CS2 than those of Ce0.5Fe0.5Ox-CP, thereby the sulfation of organic sulfur contributes to regulating the pore structure of Ce0.5Fe0.5Ox-HT. 

Fig.6. N2 adsorption-desorption isotherms of Ce0.5Fe0.5Ox catalysts
The calculated specific surface areas, pore volumes and average pore sizes of catalysts in Table 1 demonstrate that Ce0.5Fe0.5Ox-HT shows larger BET surface area and pore volume than Ce0.5Fe0.5Ox-CP due to smaller average pore size, but COS+CS2 sulfation decreases their BET surface areas and pore volumes due to the collapse of partial pore or/and the occupation of the generated sulfate [42,43], and Ce0.5Fe0.5Ox-HT-S has smaller pore volume than Ce0.5Fe0.5Ox-CP-S. Generally, larger BET specific surface area is conducive to the adsorption and hydrolysis of organic sulfur on the catalyst surface, as well as the oxidation of H2S [22,38]. Therefore, it can be induced that COS+CS2 sulfation decreases the BET surface areas and pore volumes of Ce0.5Fe0.5Ox-HT and Ce0.5Fe0.5Ox-CP due to the sulfation of active components, but the good pore structure may not be the determining factor on the NH3-SCR activity of Ce0.5Fe0.5Ox catalyst.
[bookmark: _Hlk217531171][image: ]
Fig.7. Pore size distributions of Ce0.5Fe0.5Ox catalysts
3.2.5 XPS
[bookmark: OLE_LINK63][bookmark: OLE_LINK61]Fig.8 and Table 2 give the detected surface dispersion, valence state and relative concentration of elements for Ce0.5Fe0.5Ox catalysts by XPS technology. The Ce3d orbital spectra of all as-prepared samples in Fig.8(A) can be divided into eight characteristic peaks, which are attributed to the v', u' peaks of Ce3+ ions and the v, v'', v''', u, u'' and u''' peaks of Ce4+ ions, respectively. In Fig.8(B), the Fe2p orbital spectra of all samples were divided into five characteristic peaks, which are attributed to Fe3+ ions, Fe2+ ions, and the corresponding satellite peaks, respectively [44]. From Fig.8(A) and (B), it can be found that there exist both Ce3+/Ce4+ and Fe3+/Fe2+ species on the catalysts surface [44-46], which is helpful to promote the creation of oxygen vacancies via boosting the charge imbalances and facilitating the redox cycles of Ce4+/Ce3+ or/and Fe3+/Fe2+ due to the electron transfer process among them [12,37]. Furthermore, the binding energies of surface Ce3+ and Ce4+ species of Ce0.5Fe0.5Ox-CP are larger than those of Ce0.5Fe0.5Ox-HT, while the changes law of the binding energies attributed to their Fe2+/Fe3+ species is different, demonstrating the different cerium-iron interaction in Ce0.5Fe0.5Ox-CP and Ce0.5Fe0.5Ox-HT, which is in accordance with the results of XRD patterns. Wang et al found that the gas-phase sulfation of 200 ppm SO2 at 300 oC for 2 h increased the binding energies of active components of Fe-Ce bimetal oxide catalyst due to the formation of iron sulfate [47]. In this study, the sulfation of COS+CS2 enlarges the binding energies of both Ce3+/Ce4+ and Fe2+/Fe3+ species of the as-fabricated catalysts, especially the binding energies of Fe2+/Fe3+ species, and the binding energies of Fe2+/Fe3+ species of Ce0.5Fe0.5Ox-CP-S are even larger than those of Ce0.5Fe0.5Ox-HT-S. This indicates that the preparation method indeed affects the interaction of cerium and iron species in Ce0.5Fe0.5Ox catalysts, which influence the sulfation process of Ce0.5Fe0.5Ox-CP and Ce0.5Fe0.5Ox-HT by COS+CS2. Previous researches pointed out that the presence of more Ce3+ species contributed to enriching oxygen vacancies of catalysts and improving the corresponding redox capacity, which was usually thought to help to enhance the catalytic performance of COS/CS2 hydrolysis, H2S oxidation and NOx reduction [22,23,45]. And the formation of more surface Fe3+ species also enhanced the redox property of catalyst by activating the surface oxygen, which contributed to increasing the rapid NH3-SCR activity via promoting the catalytic oxidation of NO to NO2 [4,37]. As shown in Table 2, Ce0.5Fe0.5Ox-CP presents larger surface iron element and less cerium element than those of Ce0.5Fe0.5Ox-HT, and the sulfation of COS+CS2 further enlarges the concentration of iron species on the catalysts surface. The calculated surface molar ratios of Ce3+/(Ce3++Ce4+) and Fe2+/(Fe3++Fe2+) in Table 2 also demonstrate that the as-fabricated Ce0.5Fe0.5Ox-CP catalyst exhibits larger molar ratios of both Ce3+/(Ce3++Ce4+) and Fe2+/(Fe3++Fe2+) than Ce0.5Fe0.5Ox-HT, meaning better electron transfer performance and redox capacity, which might be an important reason for its better low-medium NH3-SCR activity than Ce0.5Fe0.5Ox-HT. Interestingly, the sulfation of COS+CS2 increases the surface Ce3+/(Ce3++Ce4+) and Fe2+/(Fe3++Fe2+) molar ratios of Ce0.5Fe0.5Ox-HT effectively, but decreases the calculated corresponding values of Ce0.5Fe0.5Ox-CP. This confirms that preparation method plays an important role on the sulfation of Ce0.5Fe0.5Ox catalyst by COS+CS2 due to the different interaction of active cerium and iron species. The XRD patterns in Fig.2 demonstrate that CeOSO4 is formed in Ce0.5Fe0.5Ox-CP-S, while iron sulfate is mainly formed in Ce0.5Fe0.5Ox-HT-S, confirming the different sulfated active sites in them.
The O 1s spectrum in Fig. 8(C) indicates that there exist two kinds of oxygen on the catalysts surface: lattice oxygen (529.0 eV ~ 530.0 eV, Oα) and chemisorbed oxygen (531.0 eV ~ 532.0 eV, Oβ) [48,49]. And the latter has stronger mobility and larger surface Oβ/(Oα+Oβ) molar ratio had been thought to be beneficial to enhance the catalytic performance of COS/CS2 hydrolysis, H2S oxidation and NOx reduction [22,23,50]. The calculated Oβ/(Oα+Oβ) molar ratios in Table 2 indicate that Ce0.5Fe0.5Ox-HT-S presents the largest surface Oβ/(Oα+Oβ) molar ratio, followed by Ce0.5Fe0.5Ox-CP, Ce0.5Fe0.5Ox-HT and Ce0.5Fe0.5Ox-CP-S in sequence, which is consistent with the low-medium NH3-SCR activity of catalysts. This confirms that the formation of cerium sulfate is disadvantageous to the active chemisorbed oxygen of Ce0.5Fe0.5Ox-CP under the sulfation of COS+CS2, while the formed iron sulfate contributes to enlarging the surface molar ratio of Oβ/(Oα+Oβ) and enriching the relative concentration of surface chemisorbed oxygen. The results of S 2p spectra in Fig.8 (D) confirm the formation of S6+ species on the surface of Ce0.5Fe0.5Ox-CP-S and Ce0.5Fe0.5Ox-HT-S [21]. But the latter catalyst presents larger binding energies and concentration (2.73 %) of surface S6+ species, demonstrating more Fe2O3 crystals are sulfated by COS+CS2 compared to Ce0.5Fe0.5Ox-CP-S.
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Fig.8. XPS spectra of (A) Ce 3d, (B) Fe 2p, (C) O 1s, (D) S 2p of Ce0.5Fe0.5Ox catalysts






Table 2 Atomic concentrations and ratios on Ce0.5Fe0.5Ox catalysts surface
	Samples
	Atomic
concentrations (%)
	
	Atomic ratios (%)

	
	Ce
	Fe
	O
	S
	
	Ce3+/
(Ce3++Ce4+)
	Fe3+/
(Fe2++Fe3+)
	Oβ/
(Oα+Oβ)

	Ce0.5Fe0.5Ox-CP
	24.93
	9.17
	65.90
	-
	
	35.12
	69.77
	44.48

	Ce0.5Fe0.5Ox-HT
	29.71
	6.13
	64.16
	-
	
	34.78
	69.07
	43.43

	Ce0.5Fe0.5Ox-CP-S
	22.50
	9.85
	65.15
	2.50
	
	29.06
	64.09
	41.45

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


3.2.6 TG-DTG
[image: ]
Fig.9. TG-DTG curves of Ce0.5Fe0.5Ox-CP-S and Ce0.5Fe0.5Ox-HT-S catalysts
[bookmark: _Hlk216163708][bookmark: OLE_LINK34]Thermogravimetric analysis was carried out to investigate the influence of preparation method on the sulfated intensity of Ce0.5Fe0.5Ox catalyst by COS+CS2, and the corresponding DG-DTG curves are given in Fig.9. As shown in Fig. 9, the weight loss of Ce0.5Fe0.5Ox-CP-S and Ce0.5Fe0.5Ox-HT-S can be divided into three stages: the desorption of physically adsorbed water or hydroxyl below 200 oC, the oxidation of weakly adsorbed sulfur species to SO2 at the temperature range of 200～600 oC and the decomposition of metal sulfate above 600 oC, which had been confirmed by the TG-MS characterization of previous researches [51,52]. Specially, Ce0.5Fe0.5Ox-HT-S presents greater weightlessness in the third stage than Ce0.5Fe0.5Ox-CP-S, indicating more sulfate are formed during the sulfation of COS+CS2, which may be attributed to higher BET surface area and more surface active Fe2O3 crystals. This demonstrates that the preparation method affects the interaction of cerium-iron species in Ce0.5Fe0.5Ox catalyst, and regulates the formation of active metal oxide components, thereby influences the sulfation. And the formation of Fe2O3 crystals is more conducive to the adsorption and hydrolysis of COS or/and CS2 on the surface of Ce0.5Fe0.5Ox catalyst.
3.2.7 H2-TPR

Fig.10. The H2-TPR profiles (A) and calculated H2 consumption (B) of Ce0.5Fe0.5Ox catalysts
[bookmark: OLE_LINK25][bookmark: OLE_LINK26]H2-TPR experiments were measured to reveal the influence of both preparation method and COS+CS2 sulfation on the redox ability of Ce0.5Fe0.5Ox catalyst, which plays an important factor in NOx reduction, and the results are given in Fig.10. There exist three obvious reduction peaks locating at 390 oC, 579 oC and 709 oC for Ce0.5Fe0.5Ox-CP, which are attributed to the reduction of Fe2O3 to Fe3O4/FeO and Ce4+ to Ce3+, the reduction of FeO to Fe and the reduction of bulk Ce4+ to Ce3+, respectively. In addition, the calculated H2 consumption of Ce0.5Fe0.5Ox-CP is about 390.75 μmol/g [41,53]. Meanwhile, Ce0.5Fe0.5Ox-HT exhibits two obvious low-temperature H2-TPR peaks at 200-550 oC, rather than only one peak as the same as Ce0.5Fe0.5Ox-CP, and its intensity of H2 reduction at 550-800 oC is stronger than those of the latter. Ma et al. pointed out that compared to solid phase mixing (SPM) and sol-gel methods (SG), the as-synthesized cerium-iron composite oxide catalyst by micro-emulsion presented stronger reducibility due to the formation of solid solution [8]. Therefore, preparation method affects the interaction of cerium and iron species, which influences the redox property of Ce0.5Fe0.5Ox catalyst, and Ce0.5Fe0.5Ox-CP presents stronger low-temperature reduction performance than Ce0.5Fe0.5Ox-HT, which may be responsible for its better low-temperature NH3-SCR activity [34,47]. Furthermore, the sulfation of COS+CS2 makes the low-temperature reduction peaks of both Ce0.5Fe0.5Ox-CP and Ce0.5Fe0.5Ox-HT catalysts shift to higher temperature, but increases their reduction intensity of H2, and a wide reduction peak, including two obvious strong peaks, was detected at about 300-700 oC for Ce0.5Fe0.5Ox-CP-S and Ce0.5Fe0.5Ox-HT-S. Interestingly, at this reduction temperature range, Ce0.5Fe0.5Ox-HT-S presents lower initial reduction temperature and final reduction temperature than Ce0.5Fe0.5Ox-CP-S with the lower temperatures for the detected three peaks. And the detected all four reduction peaks of Ce0.5Fe0.5Ox-CP-S and Ce0.5Fe0.5Ox-HT-S are attributed to the reduction of Fe2O3 to Fe3O4, the reduction of Fe3O4 to FeO and surface Ce4+ to Ce3+, the reduction of FeO to Fe or/and metal sulfate, and the reduction of bulk Ce4+ to Ce3+, respectively [47]. Furthermore, the total calculated H2 consumptions of Ce0.5Fe0.5Ox-CP, Ce0.5Fe0.5Ox-HT, Ce0.5Fe0.5Ox-CP-S and Ce0.5Fe0.5Ox-HT-S under the tested temperature range are 390.75, 820.89, 921.49 and 1210.37 μmol/g, respectively, which is inconsistent with the NH3-SCR activity, because the calculated values of total H2 consumption only reflect the overall capacity of oxygen supply of catalyst, but the active oxygen reduced at low/medium temperature may play an important role on the catalytic performance of catalyst [30]. Therefore, it can be induced that the preparation method can affect the interaction of cerium and iron species in Ce0.5Fe0.5Ox catalyst, which thereby regulates the sulfation reaction of COS+CS2 due to the difference in the reactivity of different components of catalysts, and Ce0.5Fe0.5Ox-HT presents better surface conversion of COS+CS2, enriching the formation of sulfate and active oxygen on the surface of Ce0.5Fe0.5Ox-HT-S compared to Ce0.5Fe0.5Ox-CP-S.
3.2.8 NH3-TPD

Fig.11. NH3-TPD profiles of Ce0.5Fe0.5Ox-CP (a), Ce0.5Fe0.5Ox-HT (b), Ce0.5Fe0.5Ox-CP-S (c) and 
Ce0.5Fe0.5Ox-HT-S (d) catalysts
As known, the surface acidity also plays an important role in NOx reduction by affecting the adsorption and conversion of NH3 reducing agent on the catalyst surface, and thus the NH3-TPD measurements were tested at 50-500 oC herein. As shown in Fig.11(A), Ce0.5Fe0.5Ox-HT exhibits stronger desorption intensity of NH3 species than Ce0.5Fe0.5Ox-CP, especially the desorption of NH3 species at the temperature range of 100-250 oC, demonstrating larger surface acid sites. And the sulfation of COS+CS2 enlarges the surface acid sites of both Ce0.5Fe0.5Ox-CP and Ce0.5Fe0.5Ox-HT catalysts, especially enhancing the desorption intensity of NH3 species at the temperature range of 200-500 oC. Therefore, both preparation method and COS+CS2 sulfation can influence the formation of acid sites on the surface of Ce0.5Fe0.5Ox catalyst. As usual, the NH3-TPD curve could be fitted into several peaks to study the kind of acid sites on the catalyst surface, and the results in Fig.11(B) indicate that six peaks (labeled as Ⅰ, Ⅱ, Ⅲ, Ⅳ, Ⅴ and Ⅵ) are fitted and obtained for the NH3-TPD profiles of Ce0.5Fe0.5Ox-CP, Ce0.5Fe0.5Ox-HT, Ce0.5Fe0.5Ox-CP-S and Ce0.5Fe0.5Ox-HT-S. Among them, the first two peaks are attributed to weak acid sites and the others are ascribed to medium-strong acid sites [54,55]. Thus, Ce0.5Fe0.5Ox-HT has more weak acid sites than Ce0.5Fe0.5Ox-CP, although it presents worse low-temperature NH3-SCR activity. However, as shown in Table S1, the sulfation of COS+CS2 effectively enhances the medium-strong acid sites of Ce0.5Fe0.5Ox-CP and Ce0.5Fe0.5Ox-HT, and the calculated total medium-strong acid sites of Ce0.5Fe0.5Ox-CP-S and Ce0.5Fe0.5Ox-HT-S are up to 292.9 μmol/g and 547.9 μmol/g, which are about 1.95 and 2.02 times of Ce0.5Fe0.5Ox-CP and Ce0.5Fe0.5Ox-HT. Therefore, the introduced sulfate can enrich the surface acid sites of Ce0.5Fe0.5Ox catalysts under the condition of COS+CS2 sulfation, but the types and quantities of formed sulfate for Ce0.5Fe0.5Ox-CP-S and Ce0.5Fe0.5Ox-HT-S are affected by the preparation method due to the different exposed active components via influencing the interaction of cerium-iron species. And the enhancement of medium-strong acid sites contributes to increasing the NH3-SCR activity of Ce0.5Fe0.5Ox catalyst, especially the medium-high catalytic performance of NOx reduction [56,57].
4 Conclusions
[bookmark: OLE_LINK2][bookmark: OLE_LINK18][bookmark: OLE_LINK19][bookmark: OLE_LINK20][bookmark: OLE_LINK21]In this study, the co-precipitation and hydrothermal methods were proposed to fabricate Ce0.5Fe0.5Ox-CP and Ce0.5Fe0.5Ox-HT catalysts in order to regulate the influence of COS+CS2 sulfation on the NH3-SCR activity of catalyst by resulting in different interaction of active cerium and iron species. The results indicate that the further hydrothermal treatment at 200 oC for 6 h decreases the NH3-SCR activity at 150~300 oC of Ce0.5Fe0.5Ox-CP, but increases its activity at 300~400 oC. Furthermore, COS+CS2 sulfation improves the NH3-SCR activity of Ce0.5Fe0.5Ox-HT, especially the high-temperature activity, but decreases the catalytic activity of Ce0.5Fe0.5Ox-CP at the temperature lower than 250 oC. The further hydrothermal treatment is disadvantageous to the interaction of cerium and iron species in Ce0.5Fe0.5Ox-CP, and depresses the incorporation of Fe3+ into cubic fluorite CeO2, which promotes the formation of iron oxide crystals but decreases the defective sites of catalyst. Interestingly, this hydrothermal treatment promotes the sulfation of COS+CS2 on the surface of Ce0.5Fe0.5Ox-HT due to the weaker interaction of active cerium and iron species or/and the formation of iron oxide crystals compared to Ce0.5Fe0.5Ox-CP. However, the further hydrothermal treatment contributes to enriching the pore-structure of Ce0.5Fe0.5Ox-CP and widening its pore size distribution, which effectively resists the adverse effects of COS+CS2 sulfation on the pore-structure of Ce0.5Fe0.5Ox catalysts, and Ce0.5Fe0.5Ox-HT-S has large BET surface area. Furthermore, the regulation of preparation method on the interaction of active cerium and iron species of Ce0.5Fe0.5Ox catalyst or/and the subsequent COS+CS2 sulfation were also confirmed by the results of Raman, SEM, TEM/HR-TEM and XPS. Interestingly, the inhibition of the hydrothermal treatment on the interaction of active components decreases the concentration of iron species but increases the concentration of cerium species on the surface of Ce0.5Fe0.5Ox-CP. And this effect can be restrained to a certain extent by the subsequent COS+CS2 sulfation. The sulfation increases the surface Ce3+/(Ce3++Ce4+) and Fe2+/(Fe3++Fe2+) molar ratios of Ce0.5Fe0.5Ox-HT effectively, but decreases the calculated corresponding values of Ce0.5Fe0.5Ox-CP. Therefore, Ce0.5Fe0.5Ox-HT-S exhibits larger surface sulfate, acid sites and active oxygen than Ce0.5Fe0.5Ox-CP-S due to the better conversion of COS+CS2 on the surface of Ce0.5Fe0.5Ox-HT.
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