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Abstract  11 

The development of coated monolithic catalysts that combine high catalytic activity with high N2 12 

selectivity remains a significant challenge for NOx abatement in diesel exhaust gas. The slurry with 13 

Cu-SSZ-13 (CS), silica sol and γ-Al2O3 derived from alumina sol calcination was deposited on 14 

honeycomb cordierite monolith (CC) to obtain coated monolithic catalysts. This study aims to unravel 15 

the synergistic interaction between the γ-Al2O3 washcoat and CS as an active component to enhance 16 

the catalytic performance of CS. The CS-SiAl-4/CC displays excellent NOx purification performance 17 

in the absence of water vapor as well as outstanding hydrothermal aging resistance. The results indicate 18 

that γ-Al2O3 exhibits excellent adhesion and uniform dispersion on the CS surface without disrupting 19 

CS’s crystalline structure. The coordination environment, redox properties and amount of Cu species 20 

are not affected by γ-Al2O3. Furthermore, γ-Al2O3 features a substantial number of both Brønsted and 21 

Lewis acid sites, which play a crucial role in storing NH3 and providing NH
+ 

4 . In situ DRIFTS results 22 

demonstrate that CS-SiAl-4/CC can adsorb more NOx species (free ionic nitrates and monodentate 23 

nitrates), which react with NH3 adsorbed on the Lewis acid sites through the Langmuir-Hinshelwood 24 

(L-H) mechanism. NH
+ 

4  plays a more important role as the main active intermediates, and its reaction 25 

with gaseous NO suggests the Eley-Rideal (E-R) mechanism. More importantly, bidentate nitrates can 26 



convert to monodentate nitrites, which serve as the active species for the SCR reaction. This 27 

phenomenon is likely the main reason for the superior SCR performance of CS-SiAl-4/CC compared 28 

to CS-Si/CC. 29 
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1. Introduction 31 

Nitrogen oxides (NOx) derived from automobiles, construction machinery, ships, agriculture, 32 

electric power and other fields have been recognized as one of pollutants in the atmosphere and have 33 

severely threatened the global ecological environment and human health [1–5]. Therefore, controlling 34 

NOx emissions will continue to be a high profile issue in many countries in forthcoming periods. 35 

Currently, selectivity catalytic reduction of NOx by ammonia (NH3-SCR) has been proven to be one 36 

of the most widely utilized and most effective exhaust gas purification methods for NOx elimination 37 

in the today’s world [6,7]. State-of-the-art commercial Cu-SSZ-13 catalysts, as the core component of 38 

the catalytic reaction in the monolithic catalysts, have played a key role in the NH3-SCR technology. 39 

However, it has been confronted with some very tricky technical challenges (e.g. hot airflow at high 40 

space velocity and complex exhaust atmospheres) in maintaining high catalytic performance in 41 

industrial applications. Therefore, the development of coated monolithic catalysts with high catalytic 42 

activity and N2 selectivity has become an urgent problem to be solved. 43 

Currently, monolithic catalysts consist of support, washcoat (also known as a secondary support) 44 

and active component. Honeycomb cordierite monolith (2MgO·2Al2O3·5SiO2), as a significant 45 

inorganic non-metallic porous structure material, is generally considered to be the best denitration 46 

catalyst support due to its advantages of low heat capacity and thermal expansion coefficient, thermal 47 

shock resistance and low pressure drop [8,9]. Nevertheless, to facilitate the adequate loading, 48 

dispersion, and stabilization of the active components on its surface, it is often necessary to apply pre-49 

deposited support components and carry out pre-treatment on the surface of the honeycomb cordierite 50 

monolith with a very small specific surface area before loading the active component [10–14]. 51 

Although the prepared coated monolithic catalysts have met the anticipated loading capacity and 52 

catalytic performance, there are certain drawbacks associated with this preparation method, including 53 

numerous impregnation cycles, a cumbersome preparation process and a relatively low loading 54 

capacity per cycle. In addition, the monolithic catalysts prepared by the coating method involve 55 



formulating a catalyst slurry with a specific proportion of catalyst precursors, water, binders, 56 

surfactants, etc., and then the slurry is deposited on the surface of honeycomb cordierite monolith to 57 

form a monolithic catalyst with a catalyst precursor coating. Compared with the pretreatment and pre-58 

deposition of the support, this method for obtaining monolithic catalysts is simpler, requires less raw 59 

material and achieves a higher catalyst utilization rate, and monolithic catalysts prepared by the coating 60 

method have been applied in some fields. For instance, Xu et al. [15], Tang et al. [16] and Lisi et al. 61 

[17] discovered that the catalysts obtained by the coating method exhibited excellent catalytic 62 

performance in terms of NOx reduction, NO catalytic oxidation and NO decomposition, respectively. 63 

Currently, binders are divided into organic binder (e.g., methyl 2-hydroxyethyl cellulose, 64 

polyvinyl alcohol and polyethylene glycol) and inorganic binder (e.g., colloidal silica, alumina sol and 65 

titania sol) according to their chemical composition. However, the binders, as one of the most critical 66 

raw materials for coated monolithic catalyst, could directly affect the catalytic performance, selectivity 67 

and stability of the coated monolithic catalyst to a certain extent. Shi et al. [18] pointed out that 68 

boehmite and zirconium oxynitrate as suitable binders could be effective in forming the Fe clusters 69 

with an excellent NO oxidation and storage abilities in the reaction temperature range of 100–300 ℃ 70 

and Fe3+ with an outstanding NO oxidation performance in the reaction temperature range of 400–71 

650 ℃, respectively, thereby resulting in the coated Fe based catalysts with distinct catalytic activities. 72 

Zhang et al. [19] reported that Al2O3 derived from alumina gel precursor could improve the redox 73 

properties of Fe species more than SiO2 originated from silica gel precursor for Fe/BEA catalysts, but 74 

Fe/BEA catalyst doped with Al2O3 or SiO2 exhibited very similar pore structures. Therefore, the 75 

selected binders are particularly critical in terms of automobile exhaust denitrification. Nowadays, 76 

catalysts supported on Al2O3, CeO2, TiO2 and SnO2 have attracted the attention of researchers [20–23]. 77 

For instance, γ-Al2O3, also known as activated alumina, is widely used as a catalyst support due to its 78 

large specific surface area, abundant pore structure, excellent adsorption properties, and favorable 79 

surface acidity. Yao et al. [24] compared SiO2, γ-Al2O3, ZrO2 and TiO2 as four commonly used catalyst 80 

supports in industry, and reported that γ-Al2O3 can improve the catalytic performance of Ce-based 81 

catalysts through the fast NH3-SCR pathway. Zhou et al. [25] indicated that Al2O3 could provide 82 

abundant Lewis acid sites, which could accelerate the formation of intermediate products (NO2 or NO83 

- 

3), thus enhancing the catalytic performance over a broad temperature range (>350 °C) and the N2 84 

selectivity within a higher temperature range (>450 ℃). Therefore, the above research results can 85 



provide a strong theoretical basis for the selection of binders that are satisfied with industrial 86 

applications. Additionally, the selected binders can not only be effective in enhancing the adhesion 87 

between the active component and the cordierite surface and the single-time loading capacity of active 88 

components during the preparation of the coated catalysts, but also the product produced by the binders 89 

during the calcination process can form a synergistic effect with the active component to improve the 90 

catalytic activity of the catalyst in the NH3-SCR catalytic reactions. However, there is comparatively 91 

little research focusing on the interaction between the washcoat generated by the inorganic binder 92 

during the calcination process and Cu-SSZ-13 as the active component for the coated monolithic 93 

catalysts. 94 

In the present work, a series of coated monolithic catalysts were prepared onto honeycomb 95 

cordierite monoliths (CC) by using the slurry coating method. This study aims to unravel the 96 

synergistic interaction between the γ-Al2O3 washcoat (produced by calcination of alumina sol) and Cu-97 

SSZ-13 as an active component for achieving efficient NOx removal. In addition, the synergistic 98 

interaction is further revealed through a comprehensive investigation of the structure and textural 99 

properties, redox properties, electrostatic interactions, NOx/NH3 adsorption-desorption behavior and 100 

catalytic reaction mechanism. 101 

2. Experiment and Method 102 

2.1 Preparation of coated monolithic catalysts 103 

The catalyst slurry was prepared by physically mixing the commercial Cu-SSZ-13 (CS) with a 104 

SiO2/Al2O3 molar ratio of 20 and Cu content of 4.12 wt%, the deionized water, the binder (silica sol 105 

with a 30 wt% SiO2 and alumina sol with a 10 wt% AlOOH) and the dispersing agent in a mass ratio 106 

of 32:64:20:1. The solid content and pH value of the catalyst slurry were maintained at 32.5 wt% and 107 

4.65, respectively. The mass ratio of silica sol and alumina sol was 6:1, 5:1, 4:1 and 3:1, respectively. 108 

Subsequently, the slurry was stirred on a magnetic stirrer for 48 h under 500 rpm to form a mixed 109 

stable catalyst slurry. 110 

The catalyst slurry was deposited in honeycomb cordierite monolith (CC) with a square channel 111 

density of 300 cpsi (cells per square inch), a length of 30 mm, a diameter of 20 mm and a wall thickness 112 

of 0.18 mm. The excess slurry retained in the straight channel was blown off by compressed air to 113 

avoid clogging the channels. The coated monolithic catalyst was dried in an electrothermal blast drying 114 



oven at 110 ℃ (at a heating rate of 2 ℃·min-1) for 24 h and calcined in a muffle oven at 550 ℃ (at a 115 

heating rate of 5 ℃·min-1) for 4 h. This coating process was repeated several times until the desired 116 

coating loading of 36 wt% was deposited onto the CC. The prepared catalysts were designated as 117 

Al/CC, CS-Si/CC and CS-SiAl-x/CC, where CS, Si, Al and x stand for CS, SiO2, γ-Al2O3 and the ratio 118 

of SiO2 to γ-Al2O3 mass of 6, 5, 4 and 3, respectively. In addition, the Cu content was measured by 119 

ICP-OES and listed in Table 1. The Cu content in the catalysts is approximately 3.40 wt%. 120 

Table 1 Physicochemical properties of CS, CS-Si/CC and CS-SiAl-x/CC. 

catalysts 
a Cu content 

(wt%) 

b Relative 

crystallinity (%) 

c Specific surface area 

(m2·g-1) 

d Micropore volume  

(m3·g-1) 

CS 4.12 100 582.20 0.21 

CS-Si/CC 3.46 98.29 530.67 0.18 

CS-SiAl-6/CC 3.46 97.58 528.28 0.17 

CS-SiAl-5/CC 3.47 97.19 530.85 0.18 

CS-SiAl-4/CC 3.45 98.81 531.33 0.17 

CS-SiAl-3/CC 3.21 97.89 479.24 0.14 

a Analyzed by ICP-OES. b Analyzed by XRD c Analyzed by BET method. d Analyzed by t-plot method. 
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n
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, where m and n 

represented CS-Si/CC(CS-SiAl-x/CC) and CS, respectively). 

2.2. Characterization of coated monolithic catalyst 121 

The elemental contents of Si, Al and Cu in the catalyst were studied by inductively coupled 122 

plasma-optical emission spectrometry (ICP-OES). 123 

The structural properties of the catalysts were carried out on a Rigaku D/MAX-2500 instrument 124 

manufactured by Rigaku Corporation, utilizing Cu-Kα as a radiation source (λ = 0.154 nm) and 125 

employing the tube voltage at 40 kV and current at 40 mA. Real-time data was recorded for 2θ values 126 

from 10 to 90° with a step size of 0.02 and a scanning speed of 5°·min-1. 127 

The microstructure characteristics and element distribution of the catalysts were observed by 128 

means of scanning electron microscope (SEM) and energy dispersive spectrometer (EDS). 129 

The textural properties of the catalysts were determined by an ASAP 2020C instrument. The 130 

catalysts were pretreated under vacuum at 350 ℃ for 9 h, and then the treated catalyst was tested in a 131 

liquid nitrogen environment. The adsorption-desorption isotherms were measured at -196 ℃ and in a 132 

helium (He) atmosphere. The specific surface area and micropore volume were computed. 133 



The elemental composition and chemical valence on the surface of the catalysts were analyzed 134 

on an Axis Supra spectrometer, utilizing a monochromatic Al-Kα X-ray source and using the C1s 135 

orbital at a binding energy of 284.8 eV to carry out the charge correction. The coordination 136 

environment of Cu species of the catalysts was verified by using UV–vis diffuse reflectance 137 

spectroscopy (UV–vis DRs). 138 

Temperature-programmed reduction tests including H2-temperature-programmed reduction (H2-139 

TPR) and NH3/NO-temperature-programmed desorption (NH3/(NO + O2)-TPD) were researched on a 140 

ChemBET Pulsar TPR/TPD automatic temperature-programmed chemical analyzer. All catalysts were 141 

processed at 400 °C in an Ar atmosphere with 50 mL·min-1 for 2 h to eliminate the adsorbed impurities 142 

from the catalyst surface and subsequently cooled to 50 ℃. For the H2-TPR test, 50 mg catalyst with 143 

40-60 mesh was heated from 50 to 800 ℃ at a heating rate of 5 ℃·min-1 in 1% H2/Ar with 110 mL·min-
144 

1. Before NH3/NO-TPD test, it was saturation adsorption in 10% NH3/Ar or 10% NO/Ar + 10 vol% O2 145 

with 110 mL·min-1 at 50 ℃ for 2 h. Subsequently, it was heated again from 50 to 800 ℃ at a heating 146 

rate of 5 ℃·min-1 under a pure Ar with 110 mL·min-1. 147 

The evolution of NOx and/or NH3 adsorption and desorption species and intermediate species on 148 

the catalysts was investigated by in-situ diffuse reflectance infrared fourier transform spectroscopy (In 149 

situ DRIFTS) online analysis, coupled with a liquid-nitrogen-cooled mercury cadmium telluride (MCT) 150 

detector. The catalyst sample is diluted with KBr at a dilution ratio of 1:100. Prior to testing, a pure Ar 151 

gas with 100 mL·min-1 was passed from the sample at 400 ℃ for 2 h in order to clean trace impurities 152 

from the samples and subsequently cooled to the desired reaction temperature. In the process of testing, 153 

the feed reactant gas (1100 ppm NH3 (when used), 1000 ppm NO (when used) and 10 vol% O2 (when 154 

used)) was passed through the samples, and the total flow of the feeding gas was 50 mL·min-1. 155 

2.3. Coated monolithic catalyst activity evaluation 156 

The coated monolithic catalyst activity evaluation was carried out in a fixed-bed reactor made of 157 

a quartz tube at atmospheric pressure. The target reaction temperature in the reactor and reaction gas 158 

flow rate were precisely controlled by a series of K-type thermocouples as well as PID control furnaces 159 

and the mass flow controllers. The coated monolithic catalyst was placed into the reactor with an inner 160 

diameter of 20 mm. The catalytic reaction of NOx by NH3 was performed in the temperature range of 161 

150–550 ℃ (interval 50 ℃), and the feed gas contained 1100 ppm NH3, 1000 ppm NO and 10 vol% 162 

O2 with Ar as the balance gas and maintained the gas hourly space velocity (GHSV) at 70,000 h-1 (total 163 



flow rate of 8.110 L·min-1). To investigate the effect of hydrothermal aging on the activity of 164 

monolithic catalyst, the monolithic catalyst was pretreated at 800 ℃ for 12 h in 10 vol% water vapor 165 

(only used for the hydrothermal aging research). During the experiment, the steady-state outlet 166 

concentrations (NO, NH3, N2O and NO2) were measured by an online mass spectrometer manufactured 167 

by V&F corporation from Austria. The key parameters for evaluating the catalytic performance of 168 

monolithic catalysts were treated as equations (1) and (2) : 169 

NO,in NO,out

NO,in

NOx conversion 100%
C C

C

−
= 

 
(1) 

2 2

3 3

N O,out NO ,out

2

NO,in NO,out NH ,in NH ,out

2
N  selectivity 1 100%

C C

C C C C

+
= − 

− + −  
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where Cg,in and Cg,out denote feed and effluent gases concentration of species g. 170 

3. Results and Discussion 171 

3.1 NH3-SCR catalytic performance 172 

Fig. 1 depicts the changes in NOx conversion and N2 selectivity of Al/CC and CS-Si/CC and CS-173 

SiAl-x/CC (x = 3, 4, 5 and 6) in the temperature range of 150 to 550 ℃. The Al/CC displays virtually 174 

no activity for the NH3-SCR reaction over the tested temperature range of 150 to 550 ℃, with the NO 175 

conversion remaining around 7% (Fig 1(a)). In addition, the variation trends in NOx conversion and 176 

N2 selectivity for CS-Si/CC and CS-SiAl-x/CC exhibit a remarkable similarity at different 177 

temperatures. It can be clearly observed from Fig. 1(a) that the CS-Si/CC achieves a NOx conversion 178 

exceeding 80% within the temperature region of 260–500 ℃, with the maximum NOx conversion of 179 

86.83% occurring at 300 ℃. Furthermore, CS-SiAl-x/CC displays an exceptionally high NOx 180 

conversion than CS-Si/CC in the whole temperature window. In addition, there are significant 181 

differences in catalytic performance between CS-SiAl-4/CC and CS-SiAl-3/CC. This suggests that the 182 

introduction of excessive γ-Al2O3 may cover the active sites or block the pores of CS, thereby leading 183 

to a decline in catalytic performance. However, the enhancement effects of CS-SiAl-4/CC are 184 

particularly pronounced. The CS-SiAl-4/CC maintains the NOx conversion in excess of 80% at 218–185 

550 ℃ and 90% at 245–440 ℃, reaching a maximum NOx conversion of 96.27% at 300 ℃. These 186 

results indicate that γ-Al2O3 effectively broadens the reaction temperature window for achieving over 187 

80% NOx conversion and significantly enhances catalytic activity in the entire temperature range. In 188 



addition, a noticeable decreasing trend in the NOx conversion is detected for all catalysts when the 189 

reaction temperature surpasses 400 ℃, this phenomenon can be explained by the non-selective 190 

oxidation of reducing agent NH3 with O2 [26]. As depicted in Fig. 1(b), compared with CS-Si/CC, CS-191 

SiAl-x/CC demonstrates remarkably superior N2 selectivity and maintains the N2 selectivity of above 192 

98% at 200–550 ℃ in the NH3-SCR reaction. For all catalysts, NO2 by-product is discovered at below 193 

250 ℃, whereas the formation of N2O as a byproduct takes place at above 250 ℃ (Fig. S1). 194 

Furthermore, the N2 selectivity of the CS-SiAl-x/CC gradually increases with the rise of γ-Al2O3 195 

content, which indicates that γ-Al2O3 can effectually improve the N2 selectivity of the catalyst. 196 

  

Fig. 1. (a) NOx conversion and (b) N2 selectivity of Al/CC, CS-Si/CC and CS-SiAl-x/CC. 

It is well-known that the hydrothermal aging treatment may affect the NH3-SCR reaction in the 197 

diesel engine exhaust [26–29]. Therefore, the influence of hydrothermal aging on the performance of 198 

the catalyst was investigated. As shown in Fig. 2, there is a decline in the performance of the CS-Si/CC 199 

and CS-SiAl-x/CC within the temperature region of 150 to 550 ℃. CS-Si/CC exhibits a temperature 200 

window for NOx conversion above 80% between 286–431 ℃, but it does not achieve a NOx 201 

conversion above 85% at any temperature. In contrast, CS-SiAl-4/CC displays superior catalytic 202 

performance, achieving a temperature window for NOx conversion above 80% between 250–522 ℃ 203 

and above 90% between 289–415 ℃. 204 
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Fig. 2. NOx conversion of CS-Si/CC and CS-SiAl-x/CC after hydrothermal aging treatment. 

3.2 Textural properties 205 

The zeolite lattice structures of the CS and CS-SiAl-x/CC were detected by XRD technique. As 206 

depicted in Fig. 3, the major characteristic diffraction peaks of CS-Si/CC and CS-SiAl-x/CC at 2θ 207 

angles of 9.5°, 12.9°, 14.1°, 16.0°, 17.8°, 20.6°, 25.1° and 30.6° are in accordance with standard SSZ-208 

13 (PDF# 47–0762). In addition, compared to the CS, no significant changes are observed in the major 209 

characteristic diffraction peaks and signal intensity after the introduction of γ-Al2O3 derived from 210 

alumina sol calcination or SiO2 formed via silica sol calcination, which reveals that the framework 211 

structure of CS is not destroyed by the introduction of silica sol and alumina sol during the preparation 212 

of the catalyst preparation. As can be seen from Fig. S2, the characteristic diffraction peak of SiO2 at 213 

2θ angle of 21.6° is consistent with the corresponding peak of standard SiO2 (PDF# 27–0605), while 214 

the characteristic diffraction peaks of γ-Al2O3 at 2θ angles of 19.4°, 32.3°, 37.1°, 39.5°, 45.9°, 60.8° 215 

and 66.9° correspond to those of standard γ-Al2O3 (PDF# 10–0425). The major characteristic 216 

diffraction peaks attributable to γ-Al2O3 and SiO2 are exhibited during calcination when pure silica sol 217 

and pure alumina sol are mixed, demonstrating that the γ-Al2O3 or SiO2 species are not affected by the 218 

preparation conditions. Furthermore, all catalysts do not display a diffraction peak attributable to SiO2 219 

or γ-Al2O3 or CuO, which illustrates that the SiO2 or γ-Al2O3 is uniformly dispersed on the surface of 220 

CS, and there is no release of Cu species when the silica sol and alumina sol are introduced during the 221 

preparation of the catalyst. Moreover, the relative crystallinity of the catalyst was calculated by the 222 

peak areas at 2θ = 9.5°, 12.9°, 14.1°, 16.0°, 17.8°, 20.6°, 25.1° and 30.6° [30]. As shown in Table 1, 223 

CS-Si/CC and CS-SiAl-x/CC exhibit a similar relative crystallinity (97–98%), which is slightly lower 224 
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than that of CS (100%). This result indicates that SiO2 and γ-Al2O3 do not affect the framework 225 

structure of SSZ-13. In addition, the study finds no significant correlation between the relative 226 

crystallinity and catalytic activity in the SCR reaction. 227 

 

Fig. 3. XRD patterns of CS, CS-Si/CC and CS-SiAl-x/CC. 

The microstructure and element distribution of the CS, CS-Si/CC and CS-SiAl-x/CC (x = 3 and 228 

4) were investigated by SEM and EDS in Fig. 4 and Fig. S3. It is observed from the SEM of Fig. 4 that 229 

CS consists of particles exhibiting nearly cubic morphology with sizes of 0.25–0.30 μm. The 230 

introduction of SiO2 and γ-Al2O3 does not change the approximately cubic morphology of CS-Si/CC 231 

and CS-SiAl-4/CC, demonstrating that the SiO2 and γ-Al2O3 do not destroy the structural integrity of 232 

the CS framework. In addition, small particles are observed on the cubic surfaces of CS-Si/CC and 233 

CS-SiAl-4/CC. Small particles exhibit excellent adhesion and uniform dispersion on the cubic surfaces 234 

of the CS, as evidenced by SEM imaging (Fig. 4). To confirm the elemental composition of CS-Si/CC 235 

and CS-SiAl-4/CC, the EDX measurement was carried out. As depicted in Fig. S3, the elements of 236 

CS-Si/CC and CS-SiAl-4/CC are composed of O, Si, Al and Cu. Elemental mapping clearly 237 

demonstrates that O, Si, Al and Cu are uniformly distributed in the CS-Si/CC and CS-SiAl-4/CC. 238 

Furthermore, the Cu contents in CS-Si/CC and CS-SiAl-4/CC measured by EDX are 3.77 and 3.71 wt% 239 

(Fig. S3), respectively, which suggests that the elements are uniformly distributed. However, 240 

agglomeration is observed in the CS-SiAl-3/CC (Fig. 4). According to the characterization by XRD, 241 

the signal intensity of the characteristic peaks in CS-SiAl-3/CC is essentially comparable to that in CS. 242 

These findings indicate that excessive γ-Al2O3 can lead to the agglomeration of CS. 243 

The structure of the catalysts was examined by He-physisorption. The results in Table 1 display 244 
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that CS-Si/CC features a micropore volume of 0.18 m3·g-1 and a specific surface area of 530.67 m2·g-
245 

1. After the introduction of γ-Al2O3, CS-SiAl-x/CC (x = 4, 5 and 6) exhibits no change in micropore 246 

volume and specific surface area compared to CS-Si/CC. However, compared to CS-SiAl-4/CC, CS-247 

SiAl-3/CC possesses a micropore volume of 0.14 m3·g-1 and a specific surface area of 479.24 m2·g-1, 248 

reducing by 9.80% and 17.65%, respectively. Combined with SEM characterization results, the 249 

deterioration in the structure of CS-SiAl-3/CC is attributed to the agglomeration of CS, which 250 

consequently decreases its performance. 251 

 

Fig. 4. SEM images of CS, CS-Si/CC, CS-SiAl-4/CC and CS-SiAl-3/CC. 

3.3 Active Cu species 252 

The Cu2+ is always recognized by researchers as the active center of the adsorption and oxidation 253 

of NH3 or NO in the NH3-SCR reaction, involving [ZCu2+(OH)]+ located at eight-member rings (8MRs) 254 

and Z2Cu2+ located at six-member rings (6MRs) (Z stands for a molecular sieve framework negative 255 

charge) [31,32]. Therefore, the redox properties of the Cu2+ in the CS-Si/CC, CS-SiAl-x/CC and CS 256 

were characterized by H2-TPR, and the results are depicted in Fig. 5(a) and Fig. S4(a). For CS-Si/CC, 257 

CS-SiAl-x/CC and CS, four deconvoluted peaks of H2 consumption from 100–500 ℃ can be found at 258 

around 220, 297, 380 and 445 ℃, which are designated as the reduction of [ZCu2+(OH)]+ located at 259 



the 8MRs to Cu+ [15,28], the reduction of CuO to Cu0 [28,33], the reduction of Z2Cu2+ located at the 260 

6MRs to Cu+ [33,34] and the reduction of Cu+ to Cu0 [35,36], respectively. CS-Si/CC and CS-SiAl-261 

x/CC (x = 4, 5 and 6) are almost identical in terms of H2 consumption amount on [ZCu2+(OH)]+ sites 262 

(at approximately 85.21 μmol·g-1), Z2Cu2+ sites (at approximately 192.03 μmol·g-1) and total H2 263 

consumption amount (at approximately 277.24 μmol·g-1) in Table 2 and H2 reduction temperature (at 264 

around 220, 297, 380 and 445 ℃, respectively) in Fig. 5(a) and Fig. S4(a), which declares that the 265 

redox properties of Cu2+ are not affected by the presence of SiO2 and γ-Al2O3. This finding exhibits an 266 

inverse trend compared to catalysts synthesized through mechanical blending [15] or ion-exchange 267 

methods [30], indicating that the differences in catalyst preparation methods directly influence the H2 268 

reduction temperature and H2 consumption amount of Cu active sites. However, the presence of excess 269 

γ-Al2O3 leads to partial coverage of Cu active sites in CS, thereby inducing the decrease of H2 270 

consumption amount. In addition, excessive γ-Al2O3 does not affect the reduction temperature of Cu 271 

species. 272 

The element chemical states and chemical composition of the catalysts were characterized by 273 

XPS analysis and the surface atomic concentrations of the catalyst were summarized in Table S1. The 274 

results indicate that Si, Al and O are the main elements on the catalyst surface, whereas the content of 275 

Cu element is very low. Furthermore, the Cu contents in CS-Si/CC and CS-SiAl-x/CC (x = 4, 5 and 6) 276 

are similar, indicating that the difference in catalyst performance is attributed to γ-Al2O3. In contrast, 277 

the Cu contents in CS-SiAl-3/CC are lower than those in other catalysts. 278 

The XPS was further carried out to confirm the effect of SiO2 and γ-Al2O3 on Cu species in the 279 

catalysts. The Cu 2p XPS spectra of CS-Si/CC, CS-SiAl-x/CC in Fig. 5(b) and CS in Fig. S4(b) were 280 

displayed. Cu 2p3/2 and Cu 2p1/2 peaks can be detected in the range of 930.3-938.9 and 950.4-956.3 281 

eV, respectively [37–39]. Additionally, there is a peak at around 944.3 eV, which is attributed to the 282 

shake-up satellites [40,41], illustrating that the valence state of the Cu species in the CS-Si/CC and 283 

CS-SiAl-x/CC is predominantly + 2. The Cu 2p3/2 peaks can be divided into two contributions 284 

appearing at around 936.4 and 933.5 eV, which are designated as Cu2+ associated with oxygen atom 285 

sites in the framework structure of the molecular sieve (Cu-O-Si-O) and CuO species, respectively 286 

[29,35,42,43]. It can be clearly found from Table 2 that the Cu2+ surface concentration on CS-Si/CC 287 

and CS-SiAl-x/CC (x = 4, 5 and 6) remains nearly constant at approximately 0.16 at%, which suggests 288 

that there is no change in the Cu species with the introduction of SiO2 and γ-Al2O3. Furthermore, 289 



surface Cu2+ concentration on the CS-SiAl-3/CC decreases when excess γ-Al2O3 is introduced. This 290 

result is in line with the H2-TPR. 291 

   

 

 

Fig. 5. (a) H2-TPR, (b) Cu 2p XPS, (c) O 1s XPS, (d) Al 2p XPS and (e) UV–vis DRS spectra of CS-Si/CC and CS-SiAl-

x/CC. 

The catalysts’ O 1s spectra illustrated in Fig. 5(c) and Fig. S4(c) can be divided into lattice oxygen 292 

(Olat) at 532.1-532.6 eV and chemisorption oxygen (Oads) at 533.2-534.6 eV [30,44]. In addition, the 293 

Oads exhibits greater activity than Olat due to its high mobility, thus facilitating the NH3-SCR reaction 294 
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[45]. Therefore, the proportion of Oads/(Olat + Oads) of the catalysts was calculated from the 295 

corresponding peak areas and listed in Table 2. The proportion of Oads/(Olat + Oads) in the catalyst 296 

remains at approximately 33%, suggesting that the addition of SiO2 and γ-Al2O3 cannot influence the 297 

Oads of the catalysts. Hence, the difference in activity between CS-Si/CC and CS-SiAl-x/CC is not 298 

caused by Oads. In Fig. 5d, a peak at around 74.3 eV corresponds to Al3+, which indicates that Al exists 299 

primarily in the form of + 3 in the catalyst [46,47]. 300 

Table 2 Changes in concentration of Cu and O species on CS, CS-Si/CC and CS-SiAl-x/CC. 

catalysts 

a H2 consumption (μmol·g-1) 
b Surface Cu2+ 

concentration 

(at%) 

b Oads/(Oads+ Olat) 

(%) [ZCu2+(OH)]+ Z2Cu2+ Total 

CS 100.89 243.04 343.93 0.20 33.54 

CS-Si/CC 85.24 192.07 277.31 0.16 33.59 

CS-SiAl-6/CC 85.20 192.02 277.22 0.15 33.23 

CS-SiAl-5/CC 85.39 192.63 278.02 0.15 33.43 

CS-SiAl-4/CC 85.01 191.40 276.41 0.17 32.67 

CS-SiAl-3/CC 80.12 173.79 252.91 0.12 32.70 

a Analyzed by H2-TPR. b Analyzed by XPS.  

The UV–vis DRS spectra were used to further clarify the coordination environment of Cu species 301 

in the CS, CS-Si/CC and CS-SiAl-x/CC. As shown in Fig. 5e, an extremely significant absorption peak 302 

centered at around 205 nm and another weak and broad absorption peak in the range of 600-800 nm 303 

are observed for all the catalysts, which can be considered as the charge transferring by oxygen in 304 

molecular sieve framework structure to Cu2+ (O2−→Cu2+) and the electron d-d transition of Cu2+ in 305 

dispersed CuO species with octahedral coordination, respectively [41,48–51]. Compared to CS, CS-306 

Si/CC and CS-SiAl-x/CC exhibit almost no change in the strength and position of the adsorption peaks, 307 

indicating that the coordination environment of Cu species remains unaltered upon the introduction of 308 

SiO2 and γ-Al2O3. This result is consistent with the XPS and H2-TPR. 309 

3.4 Adsorption/Desorption and activation of NO+O2 310 

3.4.1. NO+O2 adsorption 311 

As one of the major reactants, NOx on the catalyst is critical for adsorption, oxidation and 312 

desorption properties in the NH3-SCR of NOx performance. The catalysts were pretreated in an Ar 313 



atmosphere for 1 h at 400 ℃, followed by purging with Ar for 1 h at 50 ℃. Subsequently, a gas mixture 314 

of 1000 ppm NO + 10% O2 was introduced and the adsorption of NO + O2 on CS, CS-Si/CC and CS-315 

SiAl-x/CC was recorded using in situ DRIFTS at 50 ℃. As exhibited in Fig. 6, the five distinct types 316 

of adsorbed NOx species are identified in all catalysts. The peaks at 1332 and 1423 cm-1 are assigned 317 

to monodentate nitrates adsorbed on Cu sites [35,52–54]. The peak at 1373 cm-1 is commonly derived 318 

from free ionic nitrates adsorbed on Cu sites [55,56], while those at 1589, 1628 and 1730 cm-1 are 319 

assigned to bidentate nitrates, bridging nitrates and absorbed N2O4, respectively [56–58]. Under the 320 

conditions of 50 ℃ and 10 min, the adsorbed NOx species on CS-Si/CC and CS-SiAl-x/CC remain 321 

unchanged compared with those on CS (Fig. 6a), indicating that the introduction of SiO2 and/or γ-322 

Al2O3 has no significant effect on the NOx adsorbed species on CS. The temporal evolution of 323 

adsorbed NOx species on CS, CS-Si/CC, and CS-SiAl-4/CC was investigated using in situ DRIFTS 324 

for real-time monitoring, as shown in Fig. 6b-d. The peak intensity of adsorbed NOx species exhibits 325 

a positive correlation with the exposure time to NO + O2. Notably, the peak intensities corresponding 326 

to adsorbed NOx species on CS-SiAl-4/CC are markedly higher than those observed on CS and CS-327 

Si/CC at the same time point. It can be inferred that the introduction of γ-Al2O3 drives a bifunctional 328 

mechanism that promotes NOx adsorption capacity and NOx adsorption rate. It is reported that 329 

monodentate nitrates, serving as key intermediates, can participate in the NH3-SCR reaction [35,59,60], 330 

and thus more monodentate nitrates are formed over CS-SiAl-4/CC promoting the catalytic activity. 331 
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Fig. 6. In situ DRIFTS of NO+O2 adsorption on: (a) CS, CS-Si/CC and CS-SiAl-x/CC at 50 ℃ at 10 min; (b)–(d) 

Time-dependent profiles for (b) CS, (c) CS-Si/CC and (d) CS-SiAl-4/CC with exposure durations spanning 1–10 min 

(at 1 min intervals) at 50 ℃. 

3.4.2. NO+O2 desorption 332 

The desorption behavior of NOx at active sites of the catalyst was further investigated by 333 

(NO+O2)-TPD, and the experimental results were displayed in Fig. 7 and Fig. S5. For the CS-Si/CC 334 

and CS-SiAl-x/CC, there are two peaks of NOx desorption in the temperature range of 50–200 and 335 

225–445 ℃. It is interesting to note that γ-Al2O3 can be an effective NOx adsorbent. In contrast, SiO2 336 

has almost no effect on NOx adsorption (Fig. S5b). It can be observed from Table 3 that the amount 337 

of NOx desorption on CS-SiAl-x/CC (x = 4, 5 and 6) gradually increases from 71.69 to 238.61 μmol·g-
338 

1 with the increase of the γ-Al2O3 content, indicating that abundant NOx species are adsorbed on CS-339 

SiAl-x/CC (x = 4, 5 and 6). This result is consistent with the In situ DRIFTS observations of NO + O2 340 

adsorption. Therefore, the plentiful NOx species formed on the CS-SiAl-4/CC are one of the main 341 

factors affecting the NOx-SCR performance. 342 
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Fig. 7. (NO+O2)-TPD patterns of CS-Si/CC and CS-SiAl-x/CC. 

 343 

Table 3 Changes in NOx storage capacity and acid capacity on CS, CS-Si/CC and CS-SiAl-x/CC. 

catalysts 

a(NO+O2)-TPD (μmol·g-1) bNH3-TPD (mmol·g-1) 

50–200 ℃ 225–445 ℃ Total 

Weak 

acid sites 

(WACs) 

Moderate 

acid sites 

(MACs)  

Strong 

acid sites 

(SACs) 

Total 

CS 72.20 31.25 103.45 1.69 0.43 0.13 2.25 

CS-Si/CC 51.63  20.06  71.69 1.13 0.31 0.11 1.55 

CS-SiAl-6/CC 117.10  53.18  170.28 1.24 0.33 0.09 1.66 

CS-SiAl-5/CC 136.79  67.78  204.57 1.31 0.35 0.10 1.76 

CS-SiAl-4/CC 150.35  88.26  238.61 1.40 0.37 0.10 1.87 

CS-SiAl-3/CC 141.27  72.86  214.13 1.23 0.29 0.06 1.58 

a Analyzed by (NO+O2)-TPD. b Analyzed by NH3-TPD. 

3.5 Acid sites 344 

3.5.1 NH3 adsorption 345 

The acid centers of molecular sieves play a crucial role in activating and reserving NH3, which is 346 

one of the most critical steps in the NH3-SCR of NOx reaction. The catalysts were pretreated in an Ar 347 

atmosphere for 1 h at 400 ℃, followed by purging with Ar for 1 h at 50 ℃. Subsequently, 1000 ppm 348 

NH3 was introduced and its adsorption on CS, CS-Si/CC and CS-SiAl-x/CC was collected using in situ 349 
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DRIFTS at 50 ℃. As exhibited in Fig. 8, the peaks at around 1457 and 3268 cm-1 are attributed to the 350 

NH
+ 

4  ions adsorbed on the Brønsted acid sites [61], while the peaks at around 1605 and 3162 cm-1 
351 

correspond to the coordinated NH3 bonded to the Lewis acid sites provided by Cu sites and NH3 352 

adsorbed on the Lewis acid sites, respectively [62,63]. The peak at around 3339 cm-1 is assigned to NH353 

+ 

4  ions adsorbed on Si-OH sites [30,63]. Furthermore, the peaks at around 3604, 3681 and 3739 cm-1 
354 

are ascribed to the NH3 adsorbed on the Cu-OH, Al-OH and Si-OH sites, respectively [30,61,64]. No 355 

change is observed in the NH3 adsorption species on the SiO2 and/or γ-Al2O3-modified catalysts (Fig. 356 

8a). This result demonstrates that the incorporation of SiO2 and/or γ-Al2O3 does not alter the NH3 357 

adsorbed species on CS. To investigate the dynamic evolution of adsorbed NH3 species on CS, CS-358 

Si/CC and CS-SiAl-4/CC, in situ DRIFTS was systematically employed for monitoring, as shown in 359 

Fig. 8b-d. For CS, CS-Si/CC and CS-SiAl-4/CC, the peak intensities associated with NH3 adsorbed 360 

species exhibit a gradual enhancement with increasing adsorption time (Fig. 8b-d). Compared with CS, 361 

the introduction of SiO2 leads to an enhancement in peak intensities at around 1456, 1603 and 3739 362 

cm-1 accompanied by a reduction in peak intensities at around 3200, 3266 and 3337 cm-1, indicating 363 

that SiO2 may alter the surface acid properties of CS and modulate NH3 adsorption sites. However, the 364 

adsorption strength of NH
+ 

4  ions on Brønsted acid sites (1454 cm-1) for the CS-SiAl-4/CC is 365 

significantly lower than that of the CS and CS-Si/CC. Gao et al [65] proposed that a reduction in 366 

Brønsted acid sites leads to significant improvement in catalyst performance. Therefore, it can be 367 

inferred that the appropriate γ-Al2O3 doping optimizes the surface acidity of CS-SiAl-4/CC, thereby 368 

enhancing its catalytic performance. 369 
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Fig. 8. In situ DRIFTS of NH3 adsorption on: (a) CS, CS-Si/CC and CS-SiAl-x/CC at 50 ℃ at 10 min; (b)–(d) Time-

dependent profiles for (b) CS, (c) CS-Si/CC and (d) CS-SiAl-4/CC with exposure durations spanning 1–10 min (at 1 

min intervals) at 50 ℃. 

3.5.2. NH3 desorption 370 

The desorption behavior of NH3 on the catalyst’s acid centers was further investigated by NH3-371 

TPD, and the experimental results are displayed in Fig. 9 and Fig. S6. It can be clearly observed from 372 

Fig. 9 that three distinct desorption peaks are observed at around 179, 329 and 436 ℃ for CS-Si/CC 373 

and CS-SiAl-x/CC, which are attributed to weak acid sites (WACs), medium acid sites (MACs) and 374 

strong acid sites (SACs), respectively [41,43,66]. A very interesting phenomenon found in Fig. S6 is 375 

that SACs are only dedicated by CS, while WACs and MACs can be contributed to γ-Al2O3, SiO2 and 376 

CS. In addition, the intensity of the NH3 desorption peak on γ-Al2O3 is significantly stronger than that 377 

on SiO2 (Fig. S6), indicating that the contribution of γ-Al2O3 to WACs and MACs is much higher than 378 

that of SiO2. The acid sites (WACs and MACs) on γ-Al2O3 comprise both Brønsted acid sites (from 379 

surface hydroxyl groups) and Lewis acid sites (from uncoordinated Al3+). Besides, these acid sites play 380 

a very important role in storing NH3 and providing NH
+ 

4  [30]. More importantly, NH3 and NH
+ 

4  can 381 

participate in reactions with NOx species [15,67]. Therefore, the performance of the catalyst is 382 

improved to some extent. By performing curve-fitting analysis on the NH3-TPD spectra, the NH3 383 

desorption capacities associated with different types of acid sites were quantified and compiled in 384 

Table 3. The amount of acid centers on CS-SiAl-x/CC (x = 4, 5 and 6) gradually enhances from 1.55 385 

to 1.87 mmol·g-1 with the increase of γ-Al2O3 content. In particular, the amount of the WACs and 386 

MACs on CS-SiAl-x/CC (x = 4, 5 and 6) is always higher than that on the CS-Si/CC. The higher NOx 387 

conversion on CS-SiAl-x/CC declares that the amount of the WACs and MACs is one of the main 388 
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factors that can directly affect the NH3-SCR performance of the catalyst. This finding is consistent 389 

with the NH3-TPD results reported by Wang et al. [30], Liu et al. [35] and Xu et al. [68]. However, the 390 

inferior NH3 adsorption capacity of CS-SiAl-3/CC relative to CS-SiAl-4/CC arises from excessive γ-391 

Al2O3 coverage partially obstructing the Cu species. The observed decrease in the catalytic activity of 392 

CS-SiAl-3/CC is linked to this phenomenon, as demonstrated by the corresponding NH3-SCR 393 

performance deterioration. 394 

 

Fig. 9. NH3-TPD patterns of CS-Si/CC and CS-SiAl-x/CC. 

3.6 Reaction mechanism study 395 

3.6.1 Reactions between pre-adsorbed NO + 10% O2 and NH3 + 10% O2  396 

Fig. 10 illustrates the dynamic evolution of the reaction between NH3 + 10% O2 and pre-adsorbed 397 

NO + 10% O2 at 200 ℃ over time, revealing the NH3-SCR reaction mechanisms of the CS-Si/CC and 398 

CS-SiAl-4/CC. After switching to NH3 + O2, the monodentate nitrates (1332 and 1423 cm-1) and free 399 

ionic nitrates (1373 cm-1) adsorbed on Cu sites can be rapidly consumed in the SCR reaction. It 400 

indicates that both monodentate nitrates and free ionic nitrates play a more critical role as the main 401 

active intermediates. Meanwhile, the NH3 adsorbed on the Lewis acid sites (3162 cm-1) is observed on 402 

CS-Si/CC and CS-SiAl-4/CC at 1 min, and its adsorption intensity increases with prolonged reaction 403 

time. More importantly, the consumption rates of both monodentate nitrate and free ionic nitrate on 404 
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CS-SiAl-4/CC are significantly faster than those on CS-Si/CC, and the adsorption strength of NH3 on 405 

the Lewis acid sites on CS-SiAl-4/CC is dramatically higher than that on CS-Si/CC at some point. 406 

Moreover, Lyu et al [55] and Xiong et al [69] proposed that NH3 adsorbed on the Lewis acid sites can 407 

react with free ionic nitrates/monodentate nitrates to form N2 and H2O. It can be inferred that γ-Al2O3 408 

can provide sufficient NH3 adsorbed on the Lewis acid sites to participate in SCR reaction between 409 

NH3 adsorbed on the Lewis acid sites and free ionic nitrate/monodentate nitrate. As a result, the 410 

consumption rates of monodentate nitrate and free ionic nitrate are faster on CS-SiAl-4/CC than on 411 

CS-Si/CC during reaction with NH3 + O2. In short, the NH3 adsorbed on the Lewis acid sites reacts 412 

with the adsorbed NOx species (monodentate nitrates and free ionic nitrates) through the Langmuir-413 

Hinshelwood (L-H) mechanism to participate in the SCR reaction. 414 

  

Fig. 10. In situ DRIFTS of pre-adsorbed NO + O2 followed by reaction with NH3 + O2 on (a) CS-Si/CC and (b) CS-

SiAl-4/CC at 200 ℃. 

3.6.2 Reactions between pre-adsorbed NH3 + 10% O2 and NO + 10% O2 415 

Fig. 11 illustrates the dynamic evolution of the reaction between NO + 10% O2 and pre-adsorbed 416 

NH3 + 10% O2 at 200 ℃ over time, revealing the NH3-SCR reaction mechanisms of the CS-Si/CC and 417 

CS-SiAl-4/CC. After switching to NO + O2, NH
+ 

4  adsorbed on Brønsted acid sites (1482 and 3266 cm-
418 

1) and Si-OH sites (3337 cm-1) is gradually consumed in the SCR reaction, which means that the NH
+ 

4  419 

plays a more important role as the main active intermediates, and its reaction with gaseous NO 420 

indicates the Eley-Rideal (E-R) mechanism. With prolonged exposure of pre-adsorbed NH3 species to 421 

NO + O2, bidentate nitrates are observed on CS-Si/CC (at 7 min) and CS-SiAl-4/CC (at 5 min). This 422 

result indicates that γ-Al2O3 can effectively promote the formation of bidentate nitrates. However, 423 
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bidentate nitrates can convert to monodentate nitrites to participate in the SCR reaction [35,70], which 424 

serve as the active species for the SCR reaction. This might be interpreted as the CS-SiAl-4/CC has 425 

superior activity compared to CS-Si/CC. Meanwhile, the NH3 adsorbed on the Lewis acid sites (3180 426 

cm-1) is consumed rapidly on CS-Si/CC and CS-SiAl-4/CC. It reveals that NH3 adsorbed on the Lewis 427 

acid sites reacts with monodentate nitrites in the SCR reaction through the Langmuir-Hinshelwood (L-428 

H) mechanism. 429 

In the end, based on the above analysis, Fig. 12 depicts the possible synergistic pathways of NH3-430 

SCR reaction on CS-SiAl-4/CC. γ-Al2O3 features a substantial number of both Brønsted and Lewis 431 

acid sites, which play a crucial role in storing NH3 and providing NH
+ 

4 . Furthermore, NH3 and NH
+ 

4  432 

serve as the main active intermediates. The reaction consists of NH3 adsorbed on the Lewis acid sites 433 

reacting with free ionic nitrates/monodentate nitrites adsorbed on the Cu sites and gaseous NO reacting 434 

with NH
+ 

4 . Therefore, NH3-SCR reaction on CS-SiAl-4/CC follows L-H and E-R mechanisms. 435 

  

Fig. 11. In situ DRIFTS of pre-adsorbed NH3 + O2 followed by reaction with NO + O2 on (a) CS-Si/CC and (b) CS-

SiAl-4/CC at 200 ℃. 

 436 
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Fig. 12. The possible synergistic pathways of NH3-SCR reaction on CS-SiAl-4/CC. 

4. Conclusion 437 

A series of CS-SiAl-x/CC (x = 3, 4, 5 and 6) were prepared and evaluated for NH3-SCR activity. 438 

CS-SiAl-4/CC, selected as the optimal catalyst, exhibits remarkable NOx conversion, achieving 439 

greater than 80% across a broad temperature range of 218–550 ℃ and over 90% in the narrower 440 

window of 245–440 ℃ and displays outstanding N2 selectivity. Furthermore, this catalyst displays 441 

excellent NOx purification performance in the absence of water vapor as well as outstanding 442 

hydrothermal aging resistance. γ-Al2O3 enhances NOx adsorption capacity and rate, thereby promoting 443 

the formation of nitrate intermediate species. Concurrently, γ-Al2O3 modulates the relative abundance 444 

of NH
+ 

4  and NH3, while enhancing the NH3 adsorption rate on the catalyst. For CS-SiAl-4/CC, the 445 

SCR reaction follows both E-R and L-H mechanisms. The reaction consists of gaseous NO reacting 446 

with NH
+ 

4  and NH3 adsorbed on the Lewis acid sites reacting with free ionic nitrates/monodentate 447 

nitrites adsorbed on the Cu sites. More importantly, bidentate nitrates can convert to monodentate 448 

nitrites, which serve as the active species for the SCR reaction. This might be interpreted as the CS-449 

SiAl-4/CC having superior activity compared to CS-Si/CC. 450 
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