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Abstract 12 

The selective catalytic reduction of nitrogen oxides by methane (CH4/NOX-SCR) is a 13 

potential technique for the abatement of the NOX emissions from lean-burn GDI engines, 14 

due to the excellent thermal stability of CH4. This work focuses on the promotion of In/SSZ-15 

13 catalysts by Ce modification for the CH4/NOX-SCR performance at high temperatures. 16 

A series of In/SSZ-13 and Ce-In/SSZ-13 catalysts were prepared using the wetness 17 

impregnation method. The effects of Ce modification on the catalytic performance were 18 

analysed in detail using the scanning electron microscopy, X-ray diffraction, X-ray 19 

photoelectron spectroscopy, ultraviolet-visible diffuse reflectance spectrum and 20 

temperature-programmed desorption/reduction techniques. The results show that the Ce 21 

modification significantly enhances the high-temperature activity of the In/SSZ-13 catalysts 22 

for the NOX-SCR reaction, especially for the 5 wt.% Ce-15 wt.% In/SSZ-13 sample which 23 

mailto:songchonglin@tju.edu.cn
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has more than 75% NOX conversion at 390-700°C. In addition, the Ce modification 24 

enhances the water vapor tolerance of the catalyst sample. The Ce modification increases 25 

not only the concentration of surface chemisorption oxygen species, but also the relative 26 

amount of InO+ species which serve as the main active sites for CH4 activation. Furthermore, 27 

the incorporation of Ce into In/SSZ-13 greatly promotes NOX adsorption on the catalyst 28 

surface. Most importantly, the Ce modification makes In species well-dispersed on the 29 

catalyst surface and thus suppresses the formation of bulk In2O3 species which are more 30 

active for the CH4 non-selective oxidation. The combination of all these effects results in 31 

the Ce-In/SSZ-13 samples with the superior catalytic activity. 32 

Keywords: Selective catalytic reduction; Nitrogen oxides; Methane; In/SSZ-13 catalyst; Ce 33 

modification; Non-selective oxidation 34 
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1. Introduction 46 

Carbon dioxide (CO2) emission has become a great concern throughout the entire 47 

world due to its significant contribution to global warming. For vehicle engines, high 48 

thermal efficiency combustion modes with low-fuel consumption are the most effective 49 

solution to reduce CO2 emissions. Compared with the traditional stoichiometry combustion 50 

in gasoline direct injection (GDI) engines, the lean-burn mode can achieve lower 51 

combustion temperature due to excess oxygen (O2) under similar operating conditions. Thus, 52 

higher thermal efficiency and lower fuel consumption can be achieved by further increasing 53 

compression ratio or advancing ignition timing, and as a consequence, significantly reduce 54 

CO2 emissions [1][2][3]. Nevertheless, the lean-burn mode produces excess O2 in the engine 55 

exhaust stream, invalidating the NOX removal ability of traditional three-way catalytic 56 

systems [4][5]. Therefore, the efficient removal of exhaust nitrogen oxides (NOX) is the 57 

major obstacle to practical application of the lean-burn mode in GDI engines. 58 

At present, selective catalytic reduction (SCR) of NOx with ammonia (NH3) has been 59 

commercialized in diesel engines to efficiently reduce NOX in the oxygen-rich exhaust gas 60 

[6][7]. For the NH3/NOX-SCR technology, however, non-selective oxidation of NH3 will 61 

occur concurrently with NOX SCR reaction approximately at the reaction temperatures 62 

above 400°C [8][9], which results in a decrease in NOX conversion and N2O generation [10]. 63 

Lean-burn GDI engines usually have exhaust temperatures of 500-700°C under normal 64 

operating conditions [11][12]. Such high exhaust temperatures inevitably cause a severe 65 

NH3 oxidation, and so the SCR technology based on NH3 as reductant is unsuitable for the 66 

NOX abatement of lean-burn GDI engines.  67 
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Methane (CH4), a simplest hydrocarbon in structure, has excellent thermal stability at 68 

high temperatures because of its high C-H bond dissociation energy (439 kJ/mol) 69 

[13][14][15]. Moreover, CH4 also possesses non-toxic, non-corrosive, easily-available and 70 

low-cost characteristics. These merits highlight that CH4 is a promising SCR reductant for 71 

the high-temperature NOX removal in lean-burn GDI engines. Since Li and Armor et al. [16] 72 

discovered that Co/ZSM-5 zeolite has an excellent performance in catalyzing CH4 to reduce 73 

NOX, numerous metal-modified zeolite catalysts have been proposed for the CH4/NOX-SCR 74 

reaction. Table 1 summarizes some representative studies on the zeolite catalysts used for 75 

CH4/NOX-SCR [17-24]. It can be seen that the maximum NOX conversions of most catalysts 76 

occur above 500°C, indicating that the CH4/NOX-SCR has an excellent high-temperature 77 

catalytic activity as compared to the NH3/NOX-SCR. In addition, Indium (In)-modified 78 

zeolites demonstrate a remarkable CH4/NOX-SCR performance at high temperatures. For 79 

example, Pan et al. [17] discovered that the H-BEA zeolite with 4 wt.% In modification 80 

could achieve 97% NOX conversion at 550°C. The high activity of In is attributed to the O 81 

site in the InO+ species which is an excellent active site to promote C-H bond cleavage, 82 

which significantly promotes the activation of CH4 and favors the SCR reaction [25]. 83 

However, it is difficult to further enhance the high-temperature activity of the catalysts 84 

simply by increasing In content because excessive In loading will inevitably lead to the 85 

formation of large In2O3 particles, which facilitate the non-selective oxidation of CH4 that 86 

decreases NOX conversions at high temperatures [25][26]. An alternative is to introduce a 87 

second transition metal to In/SSZ-13 catalysts. Cerium (Ce) is a good potential candidate 88 

for increasing zeolite activity due to its excellent abilities in facilitating oxygen store, 89 



5 

 

zeolites defect sites covering and metal dispersion [27][28]. Sowade et al. [22] found that 90 

the high NO oxidation activity of Ce provided a sufficient NO2 supply in SCR reaction, and 91 

thus favored the SCR reaction. Li et al. [23] reported that the incorporation of Ce into metal-92 

modified zeolites stabilized metal ions and improved the hydrothermal stability of Ag/ZSM-93 

5 catalyst.  94 

Table 1 Some representative studies on the CH4/NOX-SCR zeolite catalysts 95 

Samples Reaction conditions Temperature Max. NOX conversion 

In/BEA [17] 600 ppm NO, 25 ppm NO2, 600 ppm CH4, 
6% O2, N2 balance, GHSV 18400 h-1 

350-550°C 97% at 550°C 

Mn/Beta [18] 2180 ppm NO, 2050 ppm CH4, 2% O2, 5% 
H2O, He balance, GHSV 7500 h-1 

300-600°C 61% at 500°C 

Fe/BEA [19] 1000 ppm NO, 2000 ppm CH4, 2% O2, He 
balance, GHSV 10000 h-1 

250-500°C 23% at 400°C 

Co/ZSM-5 [20] 1000 ppm NO, 5000 ppm CH4, 2% O2, He 
balance, GHSV 6000 h-1 

300-600°C 98% at 500°C 

Ag/ZSM-5 [20] 1000 ppm NO, 5000 ppm CH4, 2% O2, He 
balance, GHSV 6000 h-1 

300-600°C 63% at 550°C 

Pd/HMOR [21] 1000 ppm NO, 1000 ppm CH4, 7% O2, He 
balance, GHSV 40000 h-1 

250-500°C 25% at 500°C 

 Ce-Pd/HMOR [21] 1000 ppm NO, 1000 ppm CH4, 7% O2, Ar 
balance, GHSV 40000 h-1 

300-500°C 34% at 500°C 

CeOx-In/ZSM-5 [22] 1000 ppm NO, 1000 ppm CH4, 2% O2, He 
balance, GHSV 30000 h-1 

350-550°C 92% at 500°C 

Ce-Ag/ZSM-5 [23] 5000 ppm NO, 5000 ppm CH4, 2.5% O2, He 
balance, GHSV 7500 h-1 

450-600°C 80% at 500°C 

 96 

At present, the researches on the CH4/NOX-SCR catalysts focused mostly on the NOX 97 

reduction performance in the temperature range of 200-600°C and low-temperature activity, 98 

aiming to reduce the NOx emissions from diesel engines or power plants with exhaust below 99 

550°C. Considering the negative effects of CH4 non-selective oxidation on the CH4/NOX-100 

SCR performance at the high temperatures above 600°C, the current catalysts cannot be 101 

directly applied in lean-burn GDI engines which have the exhaust temperature of  500-102 

700°C. However, highly efficient CH4/NOX-SCR catalysts available for lean-burn GDI 103 
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engines were rarely reported, and thus it is essential to perform comprehensive studies on 104 

this issue. Moreover, the promotional mechanism of catalyst modification on the CH4/NOX-105 

SCR performance at high temperatures is required for further understanding.  106 

The aim of the present work was to develop a CH4/NOX-SCR catalyst that has great 107 

potential for NOx abatement of lean-burn GDI engines. Given the superior hydrothermal 108 

stability against framework dealumination of chabazite (CHA) structured small-pore H-109 

SSZ-13 zeolite [29][30], Ce modified In/SSZ-13 CH4/NOX-SCR catalysts were used for this 110 

purpose. According to the actual exhaust temperatures of lean-burn GDI engines, the 111 

CH4/NOX-SCR performance was evaluated in the temperature range of 200-700°C. The 112 

changes of structure, surface chemical states composition, reducibility, acid sites, NOX 113 

adsorption and CH4 utilization efficiency (CUE) after the Ce modification were explored. 114 

In addition, the promoting mechanism of Ce modification on high-temperature catalytic 115 

activity over In-modified catalyst was discussed in detail. 116 

2. Experimental Setup 117 

2.1. Catalyst preparation 118 

A H-SSZ-13 zeolite (Zhuoran Environmental Protection Co., Ltd) with a Si/Al ratio of 119 

30 was employed as the support to prepare the modified catalysts. In and Ce were modified 120 

on H-SSZ-13 zeolite via the wetness impregnation method. Specifically, a desired quantity 121 

of In(NO3)3 and In(NO3)3+Ce(NO3)3 (Aladdin Biochemical Technology Co., Ltd) was 122 

dissolved in 100 mL distilled water respectively to form aqueous solutions for monometallic 123 

and bimetallic modification. A total of 5 g H-SSZ-13 zeolite was suspendered in the above 124 

aqueous solutions, in which the pH values were adjusted to 2 by adding HNO3. After stirring 125 
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for 5 h at 70°C in a thermostatic stirrer, the water in the solution was removed at 70°C. The 126 

obtained solid residues were dried at 110°C for 5 h, then calcined in a muffle furnace at 127 

700°C for 4 h. The In contents in In/SSZ-13 series samples of 5, 10, 15, and 20 wt.%, and 128 

second promoting metal Ce contents of 1, 5, and 10 wt.% were employed in this study. The 129 

resulting catalyst samples were designated as a% Ce-b% In/SSZ-13, where a and b 130 

represented the weight contents of the Ce and In elements, respectively.  131 

2.2. Catalytic performance 132 

      Catalytic activity tests were conducted in a vertical fixed-bed quartz tube reactor at 133 

atmosphere pressure. Several K-type thermocouples and PID-controlled furnaces were used 134 

to adjust the target temperatures, and the gas flow rates were controlled by mass flow 135 

controllers. A total of 1.5 mL catalyst sample (20-40 mesh) was loaded into the reactor with 136 

an inner diameter of 7 mm. The feed gas was composed of 1000 ppm NO, 3000 ppm CH4, 137 

8 vol % O2, 5 vol% water vapor (only used for the water vapor tolerance test) and balance 138 

Ar with a GHSV of 30000 h-1. Before the measurement, the catalysts were pretreated by Ar 139 

at a flow rate of 1000 mL min-1 at 400°C for 1 h, and then cooled down to 200°C. In the NO 140 

oxidation test, the NO oxidation ability of the catalysts was examined using the feed gas 141 

consisting of 1000 ppm NO, 8 vol% O2 and balance Ar with a GHSV of 30000 h-1. During 142 

tests, the steady-state outlet compositions were measured by an on-line mass spectrometer 143 

(V&F, AS-021). The key parameters for evaluating the catalytic performance are defined as 144 

follows: 145 

( ) ( )

( )

100%x x

x

NO in NO out

x

NO in

C C
NO conversion

C

−
=                                     (1) 146 
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−
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where CNOx(in), CNOx(out), CCH4(in) and CCH4(out) are the concentrations of NOX and CH4 at the 149 

reactor inlet and outlet, respectively. CNO2(out) is the NO2 concentration at the reactor outlet. 150 

To analyse the CH4 non-selective oxidation in CH4/NOX-SCR process, CH4 utilization 151 

efficiency (CUE) was evaluated for the catalyst samples. Here, CUE refers to the ratio of 152 

the CH4 involved in SCR reaction to the total CH4 consumed during trials. The CUE is 153 

calculated according to the following equation: 154 

4 4

( ) ( )

( ) ( )

100%
2 ( )

NOx in NOx out

CH in CH out

C C
CUE

C C

−
= 

 −
                                      (4) 155 

where the constant 2 in Eq. (4) is the stoichiometric ratio of NO to CH4 in CH4/NOX-SCR 156 

reaction as shown in Eq. (5) [31][32]. 157 

4 2 2 2 22 2NO CH O N CO H O+ + → + +
                                       (5) 158 

2.3. Catalyst characterization  159 

The weight contents of In and Ce in the catalyst samples were verified using an 160 

inductively coupled plasma optical emission spectroscopy (ICP-OES, Thermofisher, iCAP 161 

7200). The catalyst morphology was recorded by a scanning electron microscopy (SEM, 162 

FEI-Verios 460 L). The element mapping analysis was performed using a coupled energy 163 

dispersive X-ray spectroscopy detector (EDX). The X-ray diffraction (XRD, Rigaku Smart 164 

Lab) spectra of the catalyst samples were measured by a powder diffractometer with a Cu-165 

Kα source (40 kV, λ=1.5406 Å). The scanning rate was 8 °/min and the spectra were 166 

recorded from 5 to 80°. The unit cell parameters were obtained through analysing the 167 
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diffraction patterns using Pawley refinement in Material Studio software [33]. Ultraviolet-168 

visible diffuse reflectance spectra (UV-vis DR, Shimadzu UV-2600) were measured on a 169 

UV-vis spectrophotometer. Powder samples were measured by integration sphere diffuse 170 

reflectance technique at room temperature, and the wavelength scanning range is from 200 171 

to 800 nm. The X-ray photoelectron spectra (XPS, Kratos Analytical, Axis Supra) of the 172 

catalyst samples were obtained using a spectrometer with Al-Kα source. Prior to analysis, 173 

the accurate binding energies were corrected by referring to the C1s peak at 284.8 eV.  174 

The NO, NO+O2 and NH3 temperature-programmed desorption (NO-TPD, NO+O2-175 

TPD and NH3-TPD) tests were conducted on a Pulsar analyzer (Quantachrome ChemBet). 176 

In tests, 60 mg sample with 40-60 mesh was used to evaluate catalyst adsorption ability. 177 

Before the test, the catalyst samples were pretreated in a flow of Ar at 400°C for 30 min. 178 

Then, the samples were cooled down by flowing Ar, and the feeding gases, including 1% 179 

NO+99% Ar, 1% NO+10% O2+89% Ar and 1% NH3+99% Ar, were fed into the reactor. 180 

After saturated adsorption NO or NO+O2 or NH3, the Ar with 60 mL/min was fed for 30 181 

min to remove weakly adsorption species on catalysts. Then, the desorption product 182 

intensities were recorded from 50-700°C with a heating rate of 10°C/min. The intensity 183 

profiles were recorded by an on-line mass spectrometer (Ametek, LC-D200). The amount 184 

of desorption products was calculated by integration program according to the intensity 185 

profiles. The H2 temperature-programmed reduction (H2-TPR) test was also conducted on 186 

the Pulsar analyzer. The feeding gas of 5% H2+95% Ar was fed into the reactor with 60 187 

mL/min, and the H2 intensity profiles were record from 50-700°C at a heating rate of 188 

10°C/min. 189 
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3. Results and discussion  190 

3.1. Catalytic performance 191 

The modified metal contents were analyzed by the ICP-OES and listed in Table 2. The 192 

weight contents of In and Ce in all the samples are consistent with the experimental design 193 

goals.  194 

 195 

Table 2 The elemental content analysis of catalyst samples 196 

Samples In content (wt.%) Ce content (wt.%) 
5% In/SSZ-13 4.4 - 
10% In/SSZ-13 9.7 - 
15% In/SSZ-13 14.8 - 
20% In/SSZ-13 19.3 - 

1% Ce-15% In/SSZ-13 14.7 1.1 

5% Ce-15% In/SSZ-13 14.6 4.6 

10% Ce-15% In/SSZ-13 14.4 9.5 

 197 

Figures 1 and 2 show the temperature-dependent conversions of NOX and CH4 over 198 

the In/SSZ-13 and Ce-In/SSZ-13 series catalysts. It is seen from Fig. 1(a) that the catalyst 199 

samples have an increase in the NOX conversion with increasing the In loading from 5% to 200 

15%, indicative of an improvement of the catalytic activity. However, as the In loading 201 

further increases from 15% to 20%, no significant increase in the NOX conversion are found, 202 

and even there is an considerable decrease at of 600-700°C temperature range. At the same 203 

time, the CH4 conversions in Fig. 1(b) increase in response to increases in the reaction 204 

temperature and In loading. Given the decrease in the NOX conversion above 550°C, as 205 

indicated in Fig. 1(a), it is confirmed that the increased CH4 conversion in the high-206 

temperature region is primarily due to the non-selective oxidation of CH4 with O2. 207 

 208 
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        209 

Fig. 1. CH4/NOX-SCR performance over the In/SSZ-13 series catalysts. 210 

 211 

Among the In/SSZ-13 series catalysts, the 15% In/SSZ-13 catalyst exhibits the best 212 

catalytic performance, with the maximum NOX conversion of 87.6% at 550°C and a NOX 213 

conversion of >75% in the temperature range of 440-620°C. Therefore, this catalyst was 214 

employed to perform the modification of In/SSZ-13 catalyst with Ce so as to further 215 

improve the catalytic performance. Figure 2 presents the NOX and CH4 conversions as a 216 

function of temperature over the Ce-15% In/SSZ-13 series catalysts. After Ce modification, 217 

almost no change in the NOX conversion is observed below 350°C. However, there is a 218 

significant promotion in the NOX conversion at high-temperature region of 400-700°C. For 219 

example, the 5% Ce-15% In/SSZ-13 catalyst has more than 75% NOX conversion at 390-220 

700°C and almost 100% NOX conversion at 450-620°C. Similar to the In/SSZ-13 series 221 

catalysts, the Ce-15% In/SSZ-13 series catalysts also demonstrate an increase in the CH4 222 

conversion with the increases in reaction temperature and Ce loading, as indicated in Fig. 223 

2(b).  224 

Several literatures have reported the CH4/NOX-SCR activity of zeolite-based catalysts 225 

with bimetallic modification under the reaction conditions similar to those in this study. 226 
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Mendes et al. [21] found that the Pd-Ce/HMOR catalyst after modification only reached 34% 227 

NOX conversion at 500°C. Sowade et al. [22] asserted that the Ce-In/ZSM-5 catalysts 228 

exhibited a maximum NOX conversion of 90% at 500°C and the 75% conversion at 380-229 

560°C. In the studies of Yang et al. [26][34], the Cr-In/SSZ-13 and Ru-In/SSZ-13 catalysts 230 

were discovered to have 75% NOX conversion at 490-550°C and 450-550°C, respectively. 231 

In the present work, the In and Ce modification greatly promotes the catalytic activity of the 232 

H-SSZ-13 catalyst, especially in the temperature region of 450-620°C where approximately 233 

100% NOX conversion is achieved. Given that the 5% Ce-15% In/SSZ-13 catalyst possesses 234 

the best catalytic performance among the Ce-15% In/SSZ-13 series catalysts, it was used to 235 

explain the promotional effects of Ce modification on the CH4/NOX-SCR. 236 

 237 

    238 

Fig. 2. CH4/NOX-SCR performance over the 15% In/SSZ-13 catalysts with various Ce loading.  239 

 240 

3.2. Water vapor tolerance 241 

In the lean-burn GDI engine exhaust, H2O is a non-negligible factor affecting the SCR 242 

reaction, because the competitive adsorption of H2O and reactants (NOX or CH4) at the same 243 

active sites may results in a decrease of activity [35][36]. Figure 3 shows the influence of 244 
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water vapor on the activity of the 15% In/SSZ-13 and 5% Ce-15% In/SSZ-13 catalysts at 245 

550°C, where the catalyst samples have the maximum NOX conversion as indicated in Fig. 246 

2. Before adding water vapor, the catalyst samples were stabilized at 550°C for 60 min. 247 

Upon the introduction of 5 vol% water vapor into reactor, the NOX conversions first 248 

decrease from 87.6 to 69.3% for the 15% In/SSZ-13 catalyst and from 100 to 90.8% for the 249 

5% Ce-15% In/SSZ-13 catalyst, and then remain almost unchanged. The marginal decrease 250 

in NOX conversion for the 5% Ce-15% In/SSZ-13 catalyst suggests that Ce modification 251 

increases the water vapor tolerance. After cutting off the introduction of water vapor, the 252 

NOX conversions for both catalyst samples gradually recover and reach the original level, 253 

indicating that the effect of water vapor on catalytic activity is reversible. 254 

 255 

 256 

   Fig. 3. Water vapor tolerance performance of the 15% In/SSZ-13 and 5% Ce-15% In/SSZ-13 257 

catalysts. 258 

 259 

3.3. Physicochemical characteristics  260 

3.3.1. Morphology and structure 261 

0 100 200 300 400 500 600

0

25

50

75

100

Water vapor off

 15% In/SSZ-13

 5% Ce-15% In/SSZ-13 

N
O

x
 c

o
n

v
er

si
o

n
 (

%
)

Time (min)

Adding 5% water vapor



14 

 

Figure 4 presents the SEM images of the H-SSZ-13 and 5% Ce-15% In/SSZ-13 262 

catalysts. The H-SSZ-13 catalyst displays typical zeolite particles with regular and smooth 263 

cubic structure [37]. For the 5% Ce-15% In/SSZ-13 catalyst, the basic cubic structure is 264 

remained, and some light spherical particles appear on the zeolite support surface. To 265 

identify the composition of these spherical particles, local EDX measurement was 266 

performed for Points 1-4 in Fig. 4. Due to the similarity in element composition of the 267 

spherical particles, only the element composition for Point 1 is shown in Fig. 4. It is obvious 268 

that the particles on the 5% Ce-15% In/SSZ-13 catalyst are mainly composed of O, Si, Al, 269 

In and Ce. The high contents of In, Ce and O elements highlights that the agglomeration of 270 

In-oxide and Ce-oxide species are formed on the zeolite surface. Figure 5 shows the element 271 

mapping images of the 5% Ce-15% In/SSZ-13 catalyst. It can be seen that the In (yellow 272 

spots) and Ce (red spots) species are uniformly dispersed and present close contact on the 273 

zeolite surface. 274 

  275 

   276 
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   277 

Fig. 4. SEM images and EDX analysis of the H-SSZ-13 and 5% Ce-15% In/SSZ-13 catalysts. 278 

 279 

 280 

   281 

Fig. 5. Element mapping images of the 5% Ce-15% In/SSZ-13 catalysts.  282 

 283 

Figure 6 presents the XRD spectra of the H-SSZ-13, 15% In/ SSZ-13 and 5% Ce-15% 284 

In/ SSZ-13 catalysts. All samples exhibit typical diffraction peaks of CHA topology (e.g. 2θ 285 

=9.5°, 14.0°, 16.1°, 17.8°, 20.7°, and 25.0°), suggesting that the zeolite crystalline structure 286 
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is unchanged after modifying In and/or Ce. However, as compared to the H-SSZ-13 catalyst, 287 

the 15% In/SSZ-13 and 5% Ce-15% In/SSZ-13 catalysts exhibit a decrease in the intensity 288 

of the structure peaks as shown in Fig. 6(a), which illuminates that the In and Ce 289 

modification reduces the crystallinity and orderliness of zeolite [38]. Meanwhile, as listed 290 

in Table 3, the dimension of zeolite crystalline cell a-axis increases 0.06 and 0.08 Å after 291 

monometallic In and bimetallic Ce-In modification, respectively. This suggests that the In 292 

and Ce irons with large kinetic diameter achieve exchange with zeolite and enter into the 293 

cell interior [39]. 294 

In addition, the diffraction peaks of In2O3 species (PDF#71-2195) were found in 295 

partially enlarged image Fig. 6(b). Notably, the peak intensity for the 5% Ce-15% In/SSZ-296 

13 catalyst is lower than that of the 15% In/SSZ-13 catalyst, which implies that the Ce 297 

modifying decreases the crystallinity and size of In2O3 species [40][41]. As shown in Table 298 

3, to quantify the effects of Ce modification on In2O3 species size, the mean diameter D of 299 

the In2O3 crystalline on samples was obtained using Scherrer’s equation [42]. Compared 300 

with In/SSZ-13 catalyst, the introduction of Ce leads to a decrease of 47% in the In2O3 mean 301 

diameter, indicating that Ce modification has an excellent dispersing effect on In species. 302 

Given that the promoting effect of large In2O3 cluster on CH4 non-selective oxidation 303 

[25][26], the Ce modification may further increases CUE in CH4/NOX-SCR reaction. In Fig. 304 

6, no obvious characteristic peaks belonging to CeO2 (PDF#34-0394) are observed in the 305 

XRD spectra of the 5% Ce-15% In/ SSZ-13 catalyst. Thus, the Ce species are inferred to be 306 

well-dispersed on the zeolite surface so that their sizes are below the detection limit of the 307 

apparatus. 308 
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 309 

 310 

Fig. 6. XRD spectra of H-SSZ-13, 15% In/SSZ-13 and 5% Ce-15% In/SSZ-13 catalysts.  311 

(a) Partially enlarged image of 9-11◦; (b) Partially enlarged image of 28-36◦ 312 

 313 

Table 3 Crystalline cell parameter (a) and In2O3 crystalline mean diameter (D) 314 

Samples a (Å) D (nm) 
H-SSZ-13 9.18 - 

15% In/SSZ-13 9.24 12.38 

5% Ce-15% In/SSZ-13 9.26 6.54 

 315 

3.3.2. UV-vis DR analysis 316 

Figure 7 compares the UV-vis DR spectra of the H-SSZ-13, 15% In/SSZ-13 and 5% 317 

Ce-15% In/SSZ-13 catalysts. The spectrum of 15% In/SSZ-13 catalyst appears two 318 

absorption bands at about 220 nm and 310 nm, respectively. The 220 nm band corresponds 319 

to the radiative relaxation caused by the isolated In cations [43], which illuminates that a 320 

few In interact with acidic protons of zeolite to form exchanged In cations, indicating that 321 

some In achieves migration from zeolite exterior to interior [44]. The band at 310 nm is 322 

attributed to the radiative relaxation of the low-dimentional clusters In species on zeolite 323 

surface, which potentially associated with the bulk In2O3 [45]. For the 5% Ce-15% In/SSZ-324 

13 catalyst, together with the bands at about 220 and 310 nm, two new absorption bands 325 
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appear at 260 and 290 nm. The band at 260 nm is assigned to the Ce3+ in zeolite, and the 326 

290 nm peak corresponds to the charge transfer from O2− to Ce4+ in CeO2 clusters [46][47]. 327 

The presence of the two new bands implies that the modified Ce is either incorporated into 328 

the framework of SSZ-13 zeolites or present in a highly dispersed CeO2. In addition, close 329 

inspection of Fig. 7 shows that the band at 220 nm for the 5% Ce-15% In/SSZ-13 catalyst 330 

is slightly stronger than that for the 15% In/SSZ-13 catalyst, indicating that the Ce 331 

modification promotes the formation of isolated In-exchanged cations. 332 

 333 

 334 

Fig. 7. UV-vis spectra of H-SSZ-13, 15% In/SSZ-13, and 5% Ce-15% In/SSZ-13 catalysts. 335 

 336 

3.3.3. XPS analysis 337 

XPS analysis was performed to further identify the chemical states and surface 338 

compositions of the catalysts. The XPS spectra of the 15% In/SSZ-13 and 5% Ce-15% 339 

In/SSZ-13 catalysts are plotted in Fig. 8. Following deconvolution of the XPS spectra, the 340 

surface compositions of the catalyst samples are determined and listed in Table 4. The In 341 

3d5/2 spectra in Fig. 8(a) shows two peaks at 444.6 eV and 445.4 eV, which correspond to 342 

In2O3 and InO+ species, respectively [48][49]. Here, InO+ species are generally considered 343 
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the main active sites for CH4 activation due to the strong activity of the O-p orbital of InO+ 
344 

to the C-p orbital of CH4 [25][50]. It can be seen from Table 4 that the ratios of 345 

InO+/(InO++In2O3) increase from 47.61% for the 15% In/SSZ-13 catalyst to 51.38% for the 346 

5% Ce-15% In/SSZ-13 catalyst, consistent with the UV-vis results. This increase in the 347 

relative amount of InO+ demonstrates that the Ce modification favors the generation of InO+ 348 

species and thus provides more active sites for CH4 activation. As a consequence, more 349 

active methyl groups are formed and improve the SCR reaction.  350 

The O 1s spectra can be fitted into two peaks as shown in Fig. 8(b), which are assigned 351 

to the surface chemisorption oxygen species Oa (the peak at 532 eV) and the lattice oxygen 352 

Oβ (the peak at 529.5 eV) [35][51]. As seen in Fig. 8(b), the Ce modification considerably 353 

increases the intensity of the Oa peak. Table 4 indicates that the Ce modification results in a 354 

considerable increase in the ratio of Oα/(Oα+Oβ), from 72.2% for the 15% In/SSZ-13 catalyst 355 

to 82.2% for the 5% Ce-15% In/SSZ-13 catalyst. Because the Oa has higher mobility than 356 

the Oβ, the increase in the ratio of Oα/(Oα+Oβ) enhances the NO oxidation, which facilitates 357 

the NOX adsorption and reaction on catalyst surface [52][53]. 358 

The Ce 3d spectra in Fig. 8(c) manifests that Ce4+ species with binding energies of 359 

882.8, 889.4, 898.6, 901.2, 907.6 and 916.9 eV and Ce3+ species with binding energies of 360 

884.8 and 903.1 eV [54][55] coexist on the 5% Ce-15% In/SSZ-13 catalyst. Table 4 361 

illustrates that the ratio of Ce3+/(Ce3++Ce4+) reaches 28.04%. The presence of Ce3+ species 362 

results in the formation of a certain number of oxygen vacancies, and as a consequence, the 363 

Oa concentration (𝑂− and 𝑂2−) is increased via Eqs. (6)-(7) [56][57][58].  364 

1/2𝑂2 + 𝐶𝑒3+ − ∆↔ 𝐶𝑒4+ − 𝑂−  (∆: oxygen vacancy)             (6) 365 
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𝑂2 + 𝐶𝑒3+ − ∆↔ 𝐶𝑒4+ − 𝑂2−                                                  (7) 366 

 367 

368 

 369 

Fig. 8. XPS spectra of 15% In/SSZ-13 and 5% Ce-15% In/SSZ-13 catalysts. (a) In 3d5/2 region, (b) O 370 

1s region, (c) Ce 3d region 371 

 372 

Table 4 Atomic ratios of different element chemical states  373 

Samples 15% In/SSZ-13 5% Ce-15% In/SSZ-13 

InO+/( InO++ In2O3) 47.61% 51.38% 

Ce3+/(Ce3++ Ce4+) - 28.04% 

Oα/(Oα+ Oβ) 72.2% 82.2% 

 374 

3.4. Temperature-programmed desorption 375 

3.4.1. NO-TPD and (NO+O2)-TPD analysis 376 
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The effects of Ce modification on the NOX adsorption were evaluated by TPD tests. 377 

The NO-TPD profiles in Fig. 9 (a) present a weak desorption peak at 130°C and a strong 378 

NO desorption peak at 330°C for both the 5% Ce-15% In/SSZ-13 and 15% In/SSZ-13 379 

catalysts. Similarly, the (NO+O2)-TPD profiles in Fig. 9 (b) also show two NO desorption 380 

peaks centered at 220°C and 330°C for these two catalyst samples. A very small amount of 381 

N2O and NO2 are detected together with NO during the NO-TPD and (NO+O2)-TPD 382 

processes. In addition, it is obvious that the peak intensities of the 5% Ce-15% In/SSZ-13 383 

catalyst are stronger than those of 15% In/SSZ-13 catalyst, which proposes that the Ce 384 

modification promotes the formation of NO adsorption species. This assertion is also 385 

supported by the data in Table 5, in which the 5% Ce-15% In/SSZ-13 catalyst has the larger 386 

total amount of NO desorption than the 5% In/SSZ-13 catalyst. For instance, the total 387 

amount of NO desorption for the former is 1.31 times that for the latter during the NO-TPD 388 

process. 389 

Close inspection of Fig. 9 and Table 5 shows that the Ce modification can remarkably 390 

increase the increment of NO desorption amount in the presence of O2. Table 5 manifests 391 

that after Ce modification, the total amount of NO desorption increases by 31.1% during the 392 

NO-TPD process, while the corresponding value is 107.8% during the (NO+O2)-TPD 393 

process. This increment is because the Ce modification enhances the NO oxidation in the 394 

presence of O2, which is confirmed by the results in Fig. 10. It is seen from Fig. 10 that the 395 

Ce modification substantially increases the conversions of NO to NO2 in the presence of O2. 396 

The enhancement of NO oxidation implies that more NOX species are adsorbed on the In 397 

sites [14][26], thus leading to an increase in NO desorption amount. 398 
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 399 

  400 

(a) NO-TPD 401 

 402 

(b) (NO+O2)-TPD 403 

Fig. 9. NO-TPD and (NO+O2)-TPD profiles over 15% In/SSZ-13 and 5% Ce-15% In/SSZ-13 catalysts. 404 

 405 

Table 5 NO desorption amount over the 15% In/SSZ-13 and 5% Ce-15% In/SSZ-13 catalysts 406 
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Catalyst samples NO-TPD (NO+O2)-TPD 

15% In/SSZ-13 120.6 169.5 

5% Ce-15% In/SSZ-13  158.1 352.2 

 407 

 408 

Fig. 10. Conversion of NO to NO2 over 15% In/SSZ-13 and 5% Ce-15% In/SSZ-13 catalysts. Reaction 409 

condition: 1000 ppm NO and 8% O2, 30000 h-1 GHSV. 410 

 411 

3.4.2. NH3-TPD analysis 412 

The effects of Ce modification on the catalyst acidity were evaluated by NH3-TPD. 413 

The NH3-TPD profiles in Fig. 11 shows two obvious desorption peaks for both the 15% 414 

In/SSZ-13 and 5% Ce-15% In/SSZ-13 catalysts. The low-temperature peak at 230°C is 415 

assigned to the NH3 absorption on the Lewis acid sites formed by metal ions [59], and the 416 

high-temperature peak at 500°C corresponds to the strong absorption on Brønsted acid sites 417 

[60]. Notably, the 5% Ce-15% In/SSZ-13 catalyst has more Lewis acid sites than the 15% 418 

In/SSZ-13, which probably results from the introduction of Ce ions and the increase in InO+. 419 

However, the Brønsted acid sites for the 5% Ce-15% In/SSZ-13 catalyst decrease because 420 

they are consumed in metal ion exchange process. In addition, a small peak appears at 310°C 421 

for the 5% Ce-15% In/SSZ-13 catalyst, which is attributed to the new Lewis acid sites 422 
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caused by the introduction of Ce ions.   423 

 424 

 425 

Fig. 11. NH3-TPD profiles over 15% In/SSZ-13 and 5% Ce-15% In/SSZ-13 catalysts.  426 

 427 

3.5. H2-TPR analysis  428 

The redox ability of the catalyst samples was assessed using the H2-TPR method. 429 

Figure 12 presents the H2-TPR profiles of the 15% In/SSZ-13 and 5% Ce-15% In/SSZ-13 430 

catalysts. The 15% In/SSZ-13 catalyst exhibits two H2 consumption peaks at 300 and 400°C, 431 

assigning to the reduction of InO+ and In2O3, respectively [17]. For the 5% Ce-15% In/SSZ-432 

13 catalyst, the center of InO+ characteristic peak moves to 290°C, and the intensity of In2O3 433 

peak is slightly decreased. Because the reduction peak of InO+ for the 5% Ce-15% In/SSZ-434 

13 catalyst shifts toward lower temperature, the InO+ species in proximity to the Ce are 435 

more readily reduced, and thus the reducibility of catalyst is enhanced. Compared with the 436 

15% In/SSZ-13 catalyst, the H2 consumption of the 5% Ce-15% In/SSZ-13 catalyst 437 

markedly increases, and the peak caused by the reduction of Ce species and In2O3 appears 438 

approximately at 480°C [61].  439 
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 440 

 441 

Fig. 12. H2-TPR profiles over 15% In/SSZ-13 and 5% Ce-15% In/SSZ-13 catalysts.  442 

 443 

3.6. CH4 utilization efficiency 444 

In the present work, CH4 acts as a reductant to involve in NOX SCR reaction via Eq. 445 

(5). However, a certain amount of CH4 undergoes non-selective oxidation during trial, as 446 

evidenced by the NOx and CH4 conversions in Figs. 1 and 2. Thus, the intense competition 447 

between CH4 non-selective oxidation and SCR reaction is an important factor affecting NOX 448 

conversion [9][26]. Here, the CUE was introduced to evaluated this competition over15% 449 

In/SSZ-13 and 5% Ce-15% In/SSZ-13 catalysts, and the calculation method of CUE was 450 

provided in Section 2.2. 451 

Figure 13 shows that the CUE values for both catalysts remain nearly 100% in the 452 

temperature region of <400°C and then substantially decrease with further increase in the 453 

temperature. This observation suggests that CH4 non-selective oxidation occurs primarily 454 

in the high-temperature region, and the degree of CH4 oxidation increases in response to the 455 

increase in temperature. Furthermore, it can be seen that the 5% Ce-15% In/SSZ-13 catalyst 456 
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has higher CUE value than the 15% In/SSZ-13 at the same temperatures. For instance, the 457 

CUE value of the former reaches 13.2% at 700°C, while the corresponding value of the 458 

latter is only 7.9%. In the preceding sections, the XPS analysis confirms that the In species 459 

in the catalyst exist in the form of InO+ and In2O3, and the Ce modification decreases the 460 

ratio of In2O3/(InO++In2O3). In addition, the XRD results evidences that the Ce modification 461 

reduces the crystallinity and size of the In2O3 species. Large In2O3 agglomerates are inactive 462 

for the SCR reaction, but readily induce CH4 non-selective oxidation [62]. Thus, the Ce 463 

introduction suppresses the non-selective oxidation of CH4 in SCR reaction by inhibiting 464 

the formation and aggregation of In2O3, and as a consequence enables more CH4 to be 465 

involved in the NOX-SCR reaction, especially at high temperatures. 466 

 467 

 468 

Fig. 13. CH4 utilization efficiency (CUE) over the 15% In/SSZ-13 and 5% Ce-15% In/SSZ-13 catalysts 469 

in the CH4/NOX-SCR reaction.  470 

 471 

5. Conclusions 472 

The In/SSZ-13 catalysts were modified by Ce to further improve their catalytic 473 

performance for CH4-SCR of NOX at high temperatures. After Ce modification, the 474 
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bimetallic 5% Ce-15% In/SSZ-13 catalyst possesses almost 100% NOX conversion at 450-475 

620°C and more than 75% NOX conversion at 390-700°C, which are markedly superior to 476 

the monometallic 15% In/SSZ-13 catalyst. Furthermore, the Ce modification improves the 477 

water vapor tolerance of the catalyst sample, and the effect of water vapor on catalytic 478 

activity is reversible. Based on the catalyst characterizations and the NOX conversion and 479 

CH4 oxidation measurements, the promotional mechanism of the Ce modification on the 480 

catalytic activity is identified:  481 

1. Ce is present in two oxidation states, 3+ and 4+, on the catalyst surface. Because the 482 

Ce3+ species provide more oxygen vacancies, the concentration of surface chemisorption 483 

oxygen species increases, and as a consequence promotes the oxidative activation of NO in 484 

the presence of O2 during CH4/NOX-SCR reaction.  485 

2. The Ce modification increases the relative amount of InO+ species which serve as 486 

the main active sites for CH4 activation. In addition, the Ce modification also increases the 487 

Lewis acid sites on catalyst surface. 488 

3. The Ce modification tremendously promotes NOX adsorption on the catalyst surface, 489 

which is conducive to the enhancement of NOX conversions. Moreover, the Ce modification 490 

induces the InO+ species to be readily reduced, and thus enhances the reducibility of the 491 

catalyst sample. 492 

4. The CH4 non-selective oxidation primarily occurs in the high-temperature region. 493 

The incorporation of Ce into In/SSZ-13 makes In species well dispersed on the catalyst 494 

surface, and thus suppresses the formation of bulk In2O3 species which are more active for 495 

CH4 oxidation reaction. 496 
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