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Abstract  

Efficient non-toxic catalysts for low temperature NH3-SCR applications are of great interest. 

Owing to their promising redox and low-temperature activity, we prepared CuO-CeO2 catalysts 

on a mesoporous SBA-15 support by using targeted solid-state impregnation (SSI), guided by 

multiple in situ spectroscopy. The use of template P123 allowed dedicated modification of the 

surface properties of the SBA-15 matrix, resulting in a changed reactivity behavior of the metal 

precursors during the calcination process. To unravel the details of the transformation of the 

precursors to the final catalyst material, we applied in situ DRIFT, UV-Vis, and Raman 

spectroscopies as well as online FTIR monitoring of the gas-phase composition, besides ex situ 

surface, porosity, and structural analysis. The in situ analysis reveals two types of nitrate 

decomposition mechanisms: a nitrate bridging route leading to the formation of a CuO-CeO2 

solid solution with increased low-temperature NH3-SCR activity, and a hydrolysis route, which 

facilitates the formation of binary oxides CuO+CeO2 showing activity over a broader 

temperature window peaking at higher temperatures. Our findings demonstrate that a detailed 

understanding of catalytic performance requires a profound knowledge of the calcination step 

and that the use of in situ analysis facilitates the rational design of catalytic properties.  
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1. Introduction 

Nitrogen oxides (NOx) may cause environmental problems including photochemical smog and 

acid rain, while endangering the human health.[1] NH3 selective catalytic reduction (NH3-SCR) 

of NO is an effective NOx removal technology that has been widely used in various fossil fuel 

industries, such as thermal power stations and automobiles.[2, 3] Prominent technical catalysts 

for this reaction are vanadia containing oxides (i.e., V2O5-WO3/TiO2) due to their high NOx 

removal efficiency. However, their main drawbacks are the toxicity of vanadia and the narrow 

and high operation temperature window.[4] A variety of transition metal oxides, including 

MnOx and Fe2O3,[5, 6] were reported as active catalysts for low temperature (LT) SCR 

reactions. However, their industrial application is hampered by their irreversible deactivation 

in the presence of SO2 and H2O. As an alternative candidate, ceria-based catalysts have been 

developed, showing good SCR catalytic performance and environmental resistance, owing to 

the high oxygen storage capacity and remarkable redox properties.[7]  

As a typical characteristic of heterogeneous catalysts, the catalytic efficiency is strongly 

related to the number of active sites. Small (nanosized) ceria particles exhibiting high surface 

areas and resistance against high-temperature aggregation are therefore preferred. To this end, 

mesoporous silica materials, such as MCM-41 and SBA-15, represent ideal carriers for metal 

oxide catalysts due to their high surface area and porosity. Besides, the exposed Si-OH sites 

facilitate oxide particle deposition and stable dispersion by forming Si-O-M linkages.[8] 

Accordingly, SBA-15 has previously been used as support material in NH3-SCR catalysts, e.g. 

CoO/SBA-15,[9] NiO/SBA-15,[10] Fe2O3/SBA-15,[11] and CeO2/SBA-15.[12-13] To 

improve the dispersion of cerium within the porous silicate matrix, a one-pot method has been 

applied, which, however, changed the original structure of SBA-15,[12] whereas the use of the 

wet impregnation (WI) method leads to an uneven distribution of ceria outside/inside the pores 

and facile aggregation.[14] The solid-state impregnation (SSI) method has been shown to 

enhance the resistance against thermal aggregation during calcination by strengthening the 
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interaction between metal oxides and the silica support.[15-16] In this context, a template P123 

assisted SSI method was proposed, which leaves the surfactant template within the SBA-15 

matrix during synthesis, forming a confined space for oxide growth. Applying this approach to 

the preparation of CeO2/SBA-15, CuO/SBA-15, Ag-CeO2/SBA-15, and NiO/SBA-15 materials 

has been shown to improve the catalytic performance.[17-20] 

However, due to the overall poor NH3-SCR reactivity of CeO2-only catalysts,[21] we 

added copper oxide to form CuO-CeO2/SBA-15 binary oxide catalysts, which are expected to 

improve the NH3-SCR performance due to the synergetic effect through the redox equilibrium 

Ce3++Cu2+ ↔ Ce4++Cu+.[22] In our previous work, we adopted the P123-assisted solid-state 

impregnation method to prepare CeO2/SBA-15 materials and used in situ spectroscopy to 

elucidate the role of P123 in the loading of CeO2 on SBA-15 including a physically formed 

confined space for growth of nano-oxides and chemically catalyzing the decomposition of 

active precursor.[23] To the best of our knowledge, this was the first time to use in situ 

spectroscopy to characterize the solid synthesis process of oxides supported on mesoporous 

materials. Based on the understanding of the synthesis mechanism, we are now able to design 

the template-assisted SSI method for the preparation of more relevant CeO2-CuO catalysts for 

NH3-SCR applications. Compared with the preparation of CeO2/SBA-15, for the common 

situation of a co-loaded system the role of the template needs to be evaluated, as not only the 

dispersion but also the distribution of the two oxides needs to be taken into account. Thus, 

clarifying the chemical reaction processes occurring during the loading and formation of the 

final catalyst is of great importance for a controllable synthesis of bimetallic oxides and more 

complex oxides.  

For the synthesis of metal oxide catalysts for SCR reactions, mainly two approaches are 

applied: (i) direct condensation from a metal precursor, or (ii) exchange with another 

coordination ligand, followed by condensation as metal oxide. Both routes involve the thermal 

decomposition of metal compounds and form the final oxide products at high temperature 
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calcination. For the SSI method applied here, the cerium and copper nitrate precursors are 

mixed with the support (SBA-15), followed by a calcination step, which includes the metal ion 

immigration to the pores and their interaction with support surface, the decomposition of the 

metal precursor, and the nucleation and growth of metal oxides. Due to the large number of 

processes occurring, calcination has often been considered as a ‘black-box`. 

In situ analysis is essential to elucidate the mechanisms of these processes, but it has 

proved difficult to use standard analytical techniques (e.g. TGA/DTA) for direct monitoring. 

To this end, the use of optical spectroscopy is of great interest, allowing a continuous data 

collection from outside the furnace (reaction) chamber, not affecting the calcination process. 

Applying in situ X-ray spectroscopy applied to nanomaterial synthesis has previously been 

shown to allow a description of the direct structural phase transformation.[24, 25] For a detailed 

understanding of the processes underlying synthesis, also the use of other techniques would be 

highly desirable, such as Raman spectroscopy, which probes the extended structure via phonons 

but also the short-range structure of solids, DRIFT spectroscopy, providing information on 

surface and adsorbed species, and UV-Vis spectroscopy, which gives details on the metal 

coordination environment. 

In this contribution, to unravel the synthesis mechanism of CeO2-CuO-based catalysts and to 

relate their preparation to the catalytic NH3-SCR performance, we used in situ DRIFT, UV-Vis, 

and Raman spectroscopies, as well as online FTIR monitoring of the gas-phase composition. 

To allow for a detailed understanding of the aspects controlling the synthesis and reactivity 

behavior, we will focus on samples with a Ce:Cu mole ratio of 1:1 loaded on silica SBA-15 by 

solid-state impregnation. Based on the results, the role of the oxide dispersion and distribution 

for NH3-SCR reactivity will be discussed. 
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2. Experimental 

2.1 Chemicals 

For the preparation of silica SBA-15 the following chemicals were purchased from Sigma-

Aldrich Chemie GmbH (Munich, Germany): triblock copolymer Pluronic P123 (molecular 

weight = 5800, EO20PO70EO20), tetraethylorthosilicate (>99%, TEOS), as well as cerium nitrate 

(>99%, Ce(NO3)3·6H2O) and cupric nitrate (>99%, Cu(NO3)2·3H2O), which served as 

precursors for CeO2 and CuO, respectively. 

 

2.2 Preparation 

Silica SBA-15 was prepared as described previously.[26] The as-made SBA-15 (asSBA-15) 

was collected using vacuum filtration und then calcined (12 h) in a muffle furnace heated to 

550 °C at 1.5 °C /min to remove the template P123, yielding template-free SBA-15 (tfSBA-

15). CeO2 and CuO were loaded onto asSBA-15 or tfSBA-15 by one-pot solid-state 

impregnation (SSI) by grinding a mixture of 0.173 g of Ce(NO3)3·6H2O, 0.096 g of 

Cu(NO3)2·3H2O, and SBA-15 (0.225 g of asSBA-15 or 0.108 g of tfSBA-15) under ambient 

conditions for 30 min (molar ratio Ce:Cu = 1:1). The completely mixed powder was calcined 

in air at 500 °C (5 h) at a heating rate of 1.5 °C/min. The final powder materials will be referred 

to as tfSBA-CeCuO and asSBA-CeCuO in the following. 

As reference samples, CeO2 and CuO were separately loaded onto SBA-15 by the same 

procedures as described above, and will be referred to tfSBA-CeO2, asSBA-CeO2, tfSBA-CuO 

and asSBA-CuO, respectively. 

In order to perform the in situ characterization during the calcination process, reaction 

cells were used instead of a furnace (see Scheme 1) during sample preparation. The Harrick cell 

is customized for IR and UV-vis diffuse reflection spectroscopy. For Raman experiments, a 

Linkam cell was used (see Scheme 1). Catalytic tests were also performed in the Linkam cell. 

Details will be given below. 
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Scheme 1. Schematic diagram of a reaction cell used for in situ spectroscopic characterization 

during catalyst preparation. 

 

2.3 Characterization 

For the recordance of X-ray diffraction (XRD) patterns an X-ray powder diffractometer in 

transmission geometry (StadiP, Stoe & Cie GmbH, Darmstadt, Germany) with a Mythen 1K 

(Dectris, Baden-Daettwil, Switzerland) detector was employed. Cu Kα1 radiation (λ = 1.540598 

Å) and a Ge [110] monochromator were employed, while MPI Jade® software was used for 

XRD data analysis.  

N2 adsorption/desorption isotherms were measured on a NOVA 3000e system 

(Quantachrome, Boynton Beach, FL, USA). The calculation of the surface area (SBET) was 

based on the adsorption data at 0.04-0.2 p/po and the use of the BET (Brunauer, Emmett, Teller) 

method. The porosity characteristics were evaluated by using non-local density functional 

theory (NLDFT). 

TEM measurements were performed with a JEOL JEM-2100F (JEOL, Akishimashi, 

Tokyo, Japan) equipped with a FEG, operating at 200kV. ED spectra and mappings were 

recorded using an Oxford XMax 80 silicon drift detector (Oxford Instruments plc, Tubney 
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Woods, Abingdon, U.K.). TEM grids were prepared by dispersing a small amount of sample in 

2ml Ethanol with an ultrasonic bath. 3-4 droplets of the suspension were applied on a carbon 

coated gold grid (Plano GmbH, Wetzlar, Germany) and allowed to dry. The charged grids were 

lightly carbon coated to avoid charging under the electron beam.  

As an X-ray photoelectron spectroscopy (XPS) an SSX 100 ECSA spectrometer (Surface 

Science Laboratories Inc., Minneapolis, MN, USA) was used, which was equipped with a 

monochromatic Al-Kα X-ray source (1486.6 eV) and run in constant analyzer energy (CAE) 

mode at a 36° detection angle (resolution: 0.1 eV). The C 1s peak of ubiquitous carbon (284.9 

eV) was used to correct the binding energies. The error in the at.% values (see Table 2) is 

estimated to be ≤ 0.3. As part of the data analysis a Shirley background was subtracted and a 

peak-fit analysis was performed using Gaussian−Lorentzian product functions with 45% 

Lorentzian share. To determine the degree of ceria reduction the ratio Ce3+/(Ce3++Ce4+) was 

calculated by using the sum of integrated peaks for Ce3+ and Ce4+, respectively. 

Thermogravimetric analysis (TGA) was performed on a TGA/SDTA851-e (Mettler 

Toledo). Samples were exposed to a flow of synthetic air (100 ml min−1) during heating from 

room temperature to 500 °C (rate: 1.5 °C min−1). Then, samples were calcined at 500 °C for 

5 h, while at the same time, derivative thermogravimetry (DTG) profiles were obtained.  

FTIR spectra were recorded on a Bruker Tensor 27, which was equipped with a DLaTGS 

(deuterated and L-alanine-doped triglycine sulfate) detector and a low volume gas cell (25 ml, 

0.5 m path-length, Axiom). To avoid water condensation during the catalytic reaction the gas 

cell was heated to 120 °C. IR spectra were continuously recorded every minute (resolution: 4 

cm−1). For the analysis backgrounds recorded under pure nitrogen gas were used. The gas-phase 

concentrations were determined based on a set of calibration curves. For online IR gas-phase 

detection, we connected the Bruker Tensor to the reactor (commercial CCR1000 catalyst cell, 

Linkam Scientific Instruments). 
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For recordance of the diffuse reflectance infrared Fourier transform (DRIFT) spectra a 

Vertex 70 (Bruker) was used, which was equipped with a liquid N2 cooled mercury cadmium 

telluride (MCT) detector and a commercial Harrick cell. As a background standard we used 

KBr powder. The spectral resolution of DRIFTS was set to 1 cm−1. 

Diffuse reflectance (DR) UV-vis spectroscopy was performed on a Jasco V-770 UV-

visible/NIR spectrometer, which was equipped with a praying mantis mirror cell, a high-

temperature reaction chamber (Harrick Scientific Products Inc.), halogen and deuterium light 

sources for the visible and ultraviolet, respectively, as well as a Peltier-cooled PbS detector. We 

recorded spectra from 800 to 200 nm (resolution: 0.5 nm), using MgO as the background 

standard. 

To record visible Raman spectra a Holo Spec f/1.8i spectrometer (Holographic Imaging 

Spectrograph, Kaiser Optical Systems, USA) was employed, which was equipped with a 

transmission grating (resolution: of 5 cm−1), while the wavelength stability was better than 0.5 

cm-1. For excitation, 532 nm radiation, obtained by frequency doubling from a Nd:YAG laser 

(Cobolt inc., Germany), was focused onto the sample with a power of 1.6 mW. The Raman 

scattered light was detected by a Peltier-cooled CCD camera (−40 °C). For in situ Raman 

studies, we used a commercial reactor (CCR1000, Linkam Scientific Instruments, Tadworth, 

UK) with a quartz glass window.  

 

2.4 Catalytic Performance  

To determine the SCR performance of the catalysts (15 mg) we used a commercial CCR1000 

reactor (Linkam Scientific Instruments) attached to a FTIR spectrometer for quantitative gas-

phase analysis (see above). The inlet gases sources were given as 2000 ppm NO/N2 (±0.25% 

abs.), 2000 ppm NH3/N2 (±0.25% abs.), O2 (≥99.999%), and N2 (≥99.999%), and were adjusted 

by mass flow controller to be 500 ppm NH3, 500 ppm NO, and 5 vol.% O2, and balanced with 

N2. The total flow rate was 50 ml·min-1, resulting in a gas hourly space velocity (GHSV) of 
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60000 h-1. For the SCR catalytic test at different temperatures, nine temperatures with 50 °C 

gradient were set up from 100 to 500 °C. Each temperature step contains for 30 min and the 

heating rate was set as 30 °C/min.   

Using the concentrations of NO, NO2, N2O, and NH3 detected in the outlet gas flow, and 

the feed gas concentrations, we calculated the N2 concentration based on conservation of mass 

and by assuming that nitrogen is present only in the form of the gases listed above. The 

following equations were used to calculate the NOx conversion and N2 selectivity: 

x in x out
x

x in

[NO ] - [NO ]NO  conversion = 100%
[NO ]

                      (1) 

2 out
2

2 out 2 out

[N ]N  selectivity = 100%
[N ] +[N O]                           (2) 

where the subscripts in and out indicate the inlet and outlet flows of the reactor, respectively. 

 

 

3. Result and Discussion 

3.1 Characterization  

Figure 1 shows the N2 isotherm adsorption/desorption curves, providing insight into the 

mesoporous and microporous structure of the SBA-15 supported samples. The curve for tfSBA-

15 in Fig. 1a is given as a reference and shows typical H1 type behavior with a hysteresis loop 

at 0.55-0.75 p/p0, reflecting uniform hexagonal pores and a narrow pore size distribution 

centered at around 6.3 nm diameter (see Fig. 1b). After cerium or copper oxides were loaded 

onto the SBA-15 support, the pore volume declined compared with the unloaded sample, 

resulting from the blocking of surface pores especially micropores. The shapes of the hysteresis 

loops changed, indicating the transport of solid oxides into the porous matrix. In detail, for the 

tfSBA-CeO2 sample, the desorption branch shows two stages: one at p/p0 of 0.55-0.7 p/p0, 

corresponding to open pores, and another one at 0.4-0.5 p/p0, suggesting narrow pores due to 

the local growth of CeO2. This behavior is consistent with the wide pore size distribution (see 
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Fig. 1b). The tfSBA-CuO sample shows a similar behavior, but with less pronounced stages, 

which may be attributed to the lower degree of CuO crystallization and agglomeration 

compared to CeO2 (see Fig. S1). For tfSBA-CeCuO, the pore volume further declined as 

compared to the single cerium or copper oxide loaded samples. In comparison, samples calcined 

with asSBA-15 (asSBA-CeO2 and asSBA-CeCuO) showed a better preservation of the pore 

structure. Similarly, the first stage at 0.6-0.7 p/p0 is attributed to the open pores, while the 

second stage, at 0.45-0.6 p/p0, results from a decreased pore diameter due to the presence of 

oxides. Overall, the isotherm profiles and porosity characteristics indicate that the asSBA-15-

based samples contain more dispersed oxides than the ones based on tfSBA-15. Table 1 

summarizes the BET surface area and porosity results of bare SBA-15 and SBA-15 supported 

cerium and/or copper oxides samples.  

 

Figure 1. (a) N2 adsorption/desorption isotherms, and (b) NLDFT pore size distributions of 

template-free SBA-15- and SBA-15-based materials. 

Table 1. Composition, specific surface area, and porosity characteristics of the SBA-15 

supported oxide samples compared to bare SBA-15. 

Samples CeO2 
(wt.%) 

CuO 
(wt.%) 

Stotal 
[m2/g]a 

Dp 
[nm]b 

Vtotal 
[cm3/g]c 

đCeO2 

[nm]d 
đCuO 

[nm]d 
tfSBA-15 0 0 616 6.3 0.64 -- -- 

tfSBA-CeO2 39 0 414 6.3 0.43 7.2 ± 2.2 -- 
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asSBA-CeO2 39 0 359 6.3 0.39 7.0 ± 2.1 -- 
tfSBA-CuOe 0 23 445 5.8 0.55 -- 20.0 ± 3.9 
asSBA-CuOe 0 23 315 5.4 0.45 -- -- 

tfSBA-CeCuOf 32 18 285 6.3 0.35 7.0 ± 1.3 -- 
asSBA-CeCuOf 32 18 400 6.6 0.44 5.8 ± 1.0 12.2 ± 7.8 

a Total BET surface area. 
b Pore diameter determined from the adsorption branch by NLDFT. 
c Total pore volume. 
d Calculated from XRD results using the Scherrer formula. The three strongest peaks were 

chosen to determine the average crystallite size of CeO2 and CuO as well as the errors. 
e N2 adsorption analysis performed on an Autosorb-3B device. 
f For sample preparation a different SBA-15 batch was used (Stotal = 739 m2/g; Dp = 6.6 nm), 

explaining the systematically higher surface area and porosity values.  

 

 

Figure 2. TEM analysis of tfSBA-CeCuO. (a) Bright field, (b) dark field, and elemental 

mapping of (c) Cu, and (d) Ce, based on the area outlined in (b). 

 

Figure 2 depicts TEM results of the calcined tfSBA-CeCuO sample. The bright field image 

in Fig. 2a verifies the channel structure of SBA-15. The dark field image in Fig. 2b provides an 
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enlarged view, indicating that Ce/Cu oxides are mainly located inside the channels but also 

form particles. Element mapping of Cu and Ce (see Figs. 2c and 2d) reveals that Cu and Ce 

are well mixed and distributed within SBA-15. 

Figure 3 shows the wide-angle XRD patterns of the SBA-15 supported ceria or/and copper 

oxide samples. The broad diffraction peak at 2θ = 23° observed for template-free SBA-15 is 

assigned to the amorphous silica framework.[27] After ceria loading, new peaks appear at 28.5°, 

33.2°, 47.5°, and 56.3° for both tfSBA-CeO2 and asSBA-CeO2, which are readily attributed to 

crystalline CeO2.[23] After copper oxide loading, sample tfSBA-CuO shows a series of peaks 

at 32.67° (110), 35.63° (111), 38.90° (022), 48.83° (202), 53.60° (020), 58.24° (202), 61.59° 

(113), 66.5° (022), and 68.19° (220), corresponding to different planes of monoclinic CuO.[28] 

In contrast, sample asSBA-CuO shows no copper oxide–related signals, which indicates that 

the presence of template P123 makes a difference regarding the copper oxide dispersion, 

consistent with the different colors observed for tfSBA-CuO (grey) and asSBA-CuO (green). 

For the co-impregnated sample tfSBA-CeCuO, XRD shows only CeO2 features with a higher 

FWHM than those of tfSBA-CeO2. This implies that Cu2+ ions can enter the CeO2 crystal lattice 

due to their smaller radius (Cu2+: 72 pm; Ce4+: 92 pm),[29] or form highly dispersed CuO 

clusters.[30] In contrast, asSBA-CeCuO shows XRD peaks of both CeO2 and CuO, evidencing 

the coexistence of crystalline CeO2 and CuO. Table 1 summarizes the corresponding crystallite 

sizes, as estimated from the Scherrer equation. 

 



 15 

 

Figure 3. X-ray diffraction patterns of bare SBA-15 and the SBA-15 supported samples. 

 

The XP spectra of the calcined samples provide insight into the surface chemical states of 

the loaded CeO2 and CuO. The Ce 3d photoemission presented in Figure 4a is characterized by 

two sets of peaks from spin–orbit coupling (d3/2, d5/2), labelled u and v, corresponding to the 

mixing of Ce4+ final states (u, v, u″, vʺ, u‴, v‴) as well as Ce3+ final states (u′, v′, u0, v0).[31] On 

the basis of the Ce 3d XPS data, the surface Ce3+ content is determined as 1.4 at.% and 1.5 at.% 

for tfSBA-CeCuO and asSBA-CeCuO, respectively (see Table 2). Detailed analysis of the Cu 

2p photoemission reveals contributions from Cu+ and Cu2+, as shown in Figure 4b. The peaks 

at 953.7 eV and 933.6 eV are assigned to Cu2+ 2p1/2 and Cu2+ 2p3/2 of CuO, respectively.[32] 

The contributions at lower binding energies can be attributed to the Cu+ ion in Cu2O , while the 

features at higher binding energies are assigned to Cu2+ in Cu(OH)2 formed via 

thermohydrolysis, in agreement with the literature.[33] The surface compositions of tfSBA-

CeCuO and asSBA-CeCuO are summarized in Table 2. The Cu/Ce surface ratio is close to 1 

for tfSBA-CeCuO, but equal to 0.6 for asSBA-CeCuO, indicating that tfSBA-CeCuO is 

characterized by a uniform mixture of metals and asSBA-CeCuO rather than by a phase-
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separated structure. In addition, asSBA-CeCuO contains a higher fraction of Cu(OH)2 and 

Cu2O, which may originate from hydrolysis and a reducing atmosphere in the presence of P123. 

 

 

Figure 4. X-ray photoelectron (XP) spectra of tfSBA-CeCuO and asSBA-CeCuO, showing the 

(a) Ce 3d and (b) Cu 2p photoemission, together with the results of a least-squares fitting 

analysis. For details see text.  

 

Table 2. Surface composition of tfSBA-CeCuO and asSBA-CeCuO from XPS analysis. 

 
Elements (at.%) Ce3+/ 

(Ce3++ Ce4+) 

Cu species (at.%) 

Cu Ce Si Cu(OH)2 CuO Cu2O 

tfSBA-
CeCuO 1.5 1.4 23.8 0.33 31.3 32.7 36.0 

asSBA-
CeCuO 0.9 1.5 25.0 0.34 33.3 25.2 41.5 

 

3.2 Catalytic Tests 

Figures 5 and S2 show the catalytic performance of the synthesized samples for NH3-SCR 

within the temperature range 100–500 °C. From Fig. 5 it can be clearly seen that e.g. the mono-
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metallic oxides tfSBA-CeO2 and tfSBA-CuO are characterized by a low level of NOx 

conversion (maximum: ~30%), while the bimetallic oxides tfSBA-CeCuO and asSBA-CeCuO 

show a strongly improved NOx conversion up to ~80 % (see Fig. 5a). Furthermore, tfSBA-

CeCuO shows a better low-temperature NOx conversion at 200-250 °C, while the SCR 

performance of asSBA-CeCuO spans a wide temperature window ranging from 250 to 450 °C 

and peaks at around 350 °C. Within the regions of maximum NOx conversion, both catalysts 

show N2 selectivity of 80% or higher (see Fig. 5b). Please note that at 500 °C, the NOx 

conversion of the tfSBA-15 prepared samples shows negative values, leading to increased NOx 

(NO+NO2) compared with the inlet gas, implying that NH3 was over-oxidized to NO2. 

 

 

Figure 5. Temperature-dependent NH3 SCR performance for the synthesized samples: (a) NOx 

conversion, (b) N2 selectivity.  

 

A more detailed view of the NH3-SCR reactivity behavior of tfSBA-CeCuO and asSBA-

CeCuO is provided by Fig. S3, showing the online gas-phase IR during a stepwise increase in 

temperature. Within the low-temperature range of 150–250 °C, tfSBA-CeCuO clearly shows 

NO desorption peaks when the temperature is raised, in contrast to asSBA-CeCuO, implying a 

better low-temperature NOx conversion by reaction of adsorbed NO with NH3. Both samples 
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exhibit similar NH3 peaks, indicating extensive NH3 adsorption on the surface, which excludes 

acidity effects. Regarding the NO2 emission behavior, major differences between the samples 

are detected. For tfSBA-CeCuO, NO2 desorption peaks appear within the whole temperature 

range studied, while asSBA-CeCuO shows only low-temperature NO2 peaks. From the 

observed behavior we deduce that tfSBA-CeCuO is characterized by a stronger oxidizing 

power, which facilitates the NOx conversion at low temperatures but increases the 

transformation of NH3 into NO2 at high temperatures, resulting in lower high-temperature NOx 

conversion and N2 selectivity. 

 

3.3 Mechanism of Cerium and Copper Co-dispersion Within the SBA-15 Matrix 

As discussed above, the samples tfSBA-CeCuO and asSBA-CeCuO present two types of CuO-

CeO2 materials with improved SCR performance compared to monometallic oxides. While 

different reactivities of CuO-CeO2 catalysts have been reported in the literature, a knowledge-

based synthesis approach aiming at dedicated surface and catalytic properties is still lacking, 

hampering further catalyst development. To gain insight into the mechanism of catalyst 

preparation, we conducted a multiple in situ spectroscopy study, as described in the following. 

Figure 6 depicts results from the TG analysis of cerium and/or copper nitrate mixed with 

tfSBA-15 or asSBA-15, using the same experimental conditions as during catalyst preparation. 

As a reference, the decomposition behavior of bare cerium nitrate, copper nitrate and asSBA-

15 is shown in Fig. S4. To identify the critical temperatures, the first derivatives of the TG 

curves were taken (see Fig. 6b). The critical temperature for template removal of asSBA-15 is 

about 130 °C. Both cerium nitrate and copper nitrate exhibit two weight losses: The first band 

at 0–150 °C originates from the loss of water of crystallization, and the second one from 

decomposition of nitrate salt, which was detected at about 220 °C for Ce(NO3)3 and 180 °C for 

Cu(NO3)2 due to different electronic interactions between metal and nitrate.[34] The higher 
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charge density of Cu2+ effectively polarizes nitrate, facilitating the decomposition compared to 

Ce3+. In addition, nitrate decomposition is sensitive to other factors, such as the support effect 

and the calcination atmosphere. For tfSBA-CeO2 or asSBA-CeO2, the catalytic interaction 

between the SiO2 support or template P123 with cerium nitrate facilitates the nitrate 

decomposition by changing the metal-nitrate electronic structure, as discussed previously.[34-

36] On the other hand, the decomposed P123 creates a reduced atmosphere for asSBA-CeO2 

that can inhibit the nitrate salt decomposition.[37]  Thus, the weight loss for the decomposition 

of Ce(NO3)3 moves to 200 °C for tfSBA-CeO2 but is delayed to 250 °C for asSBA-CeO2. For 

tfSBA-CuO or asSBA-CuO, dehydration is accompanied by thermohydrolysis, resulting in the 

appearance of Cu2(OH)3NO3, as also discussed later [38] The existence of P123 provides more 

-OH and free water for the thermohydrolysis products. The final product of the thermolysis, 

CuO, is formed at 200–250 °C. Finally, for the bimetallic tfSBA-CeCuO or asSBA-CeCuO, the 

nitrate decomposition temperatures are influenced by the mixed metal cations and the chemical 

surroundings, including support surface, reduced atmosphere, and moisture.[36, 39] For tfSBA-

CeCuO, the weight loss at low temperature (<150 °C) is attributed to water evaporation. After 

that, Ce(NO3)3 and Cu(NO3)2 are gradually decomposed to their oxides at lower decomposition 

temperatures compared to bare nitrate, owing to the support effect. In the case of asSBA-

CeCuO, the increasing temperature makes template P123 lose water and shrink to the silica 

surface, facilitating the thermohydrolysis of Ce3+ and Cu2+ as M(OH)x(NO3)y, which disperses 

and fixates the metal ions within the pores. When the temperature reaches about 250 °C, the 

intermediate M(OH)x is calcined, thereby forming oxide crystals, as indicated by a sharp 

decrease in the weight loss curve (see Fig. 6).  
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Figure 6. (a) Thermogravimetric analysis (TGA) and (b) Differential thermogravimetric (DTG) 

of the precursor samples using an airflow of 100 ml/min and the same heating program as 

during the calcination treatment. 

 

Figure 7 shows online gas-phase IR spectra during air calcination of the precursor samples 

to tfSBA-CeCuO and asSBA-CeCuO in the temperature range 25–500 °C. In the case of 

calcination of the precursor of tfSBA-CeCuO (see Fig. 7a), bands at 1316/1340 cm-1 and 

1698/1716 cm-1 are detected at low temperature (~80 oC), which are assigned to C-O-C bending 

and C=O stretching vibrations, respectively, accompanied by minor water-related features 

(1300–1800 cm-1; 3500–4000 cm-1). This implies that the residual template in tfSBA-15 is 

catalytically decomposed and oxidized by the Ce3+ and/or Cu2+ nitrate salts. Compared with the 

results for tfSBA-CeO2 (see Fig. S5), the presence of copper decreases the critical 

decomposition temperature of the residual template and changes the reactivity behavior, leading 

to products containing both C-O-C and C=O groups rather than only C=O groups, as a result of 

enhanced oxidation. After the catalytic decomposition of residual template, there are two stages 

of nitrate salt decomposition via MOx(NO3)y (M = Ce and Cu), leading to the release of NO2 

gas at about 170 °C and 200 °C, as observed by the IR signal at 1625 cm-1.[38] Fig. 7a also 

shows that when the temperature reaches 180 °C and 205 °C, bands due to C-containing 

products appear at 1316/1340 cm-1 (C-O-C), 1698/1716 cm-1 (C=O), 2870–2930 cm-1 (C-H), 



 21 

and 2338/2362 cm-1 (CO2), indicating that the produced intermediate MOx(NO3)y and their 

oxides MOx can catalyze the decomposition of residual P123 or its segments left inside the 

pore. For the calcination of the precursor of asSBA-CeCuO (see Fig. 7b), weak signals appear 

at low temperature (90 °C), which are related to C-O-C (1316/1340 cm-1) and C=O (1689/1716 

cm-1) vibrations, followed by NO2-related signals in the range 100–210 °C. At temperatures 

>200 °C, H2O and CO2 bands are detected together with CHn stretching features (2790–3950 

cm-1) within a narrow temperature range at around 195 °C, in agreement with the TGA results 

discussed above. Based on the TGA and gas phase IR results, we propose that Ce(NO3)3 and 

Cu(NO3)2 are transferred into the pores to undergo thermohydrolysis and coordinate with -OH 

groups of P123 as M(OH)x(NO3)y and further hydroxides M(OH)x. Finally, the coordinated 

metal cations catalytically decompose the P123 template bed with a large number of contact 

sites while transforming themselves into oxide phases. Summarizing, for tfSBA-CeCuO, a 

gradual emission is observed, which is attributed to the thermal decomposition of nitrate 

ligands, while the formation of asSBA-CeCuO is characterized by low temperature NO2 and 

high temperature H2O emission, originating from the hydrolysis of nitrate to hydroxides and 

condensation of hydroxides to oxides, respectively. 
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Figure 7. Online IR detection of exhaust gases during air calcination of precursors of the (a) 

tfSBA-CeCuO, (b) asSBA-CeCuO samples. The temperature was raised from 25 °C to 500 °C 

at a heating rate of 1.5 °C /min. 

 

To examine the adsorbed species during air calcination, we recorded DRIFT spectra of the 

precursors to samples tfSBA-CeCuO and asSBA-CeCuO, while the temperature was increased 

from 25 to 500 °C. For the precursor of tfSBA-CeCuO, at room temperature, strong adsorption 

bands are observed at 3000–3600 cm-1 (see Fig. 8a), which are assigned to H-bonded hydroxyl 

groups.[40] The presence of water is indicated by the bending and stretching features at around 

1640 cm-1 and 3442.[40] The sharp but asymmetric peak at 3740 cm-1 is characteristic of 

isolated Si-OH on the surface of silica (SBA-15),[23] whereas the bands at 1036 and 1216 cm-

1 are attributed to stretching vibrations of the mesoporous framework (Si-O-Si).[41] The DRIFT 

spectra of the precursor of tfSBA-CeCuO show a series of peaks at 1235, 1342, 1552, 

2482/2788, and 2583 cm-1, which are assigned to O-N-O stretching of nitrite,[42] N-O 

stretching of nitrate,[43] N=O stretching of monodentate nitrate,[42] nitrate species,[44] and 

nitrite species,[44] respectively. The negative peaks at 2357/2287 cm-1 originate from pre-

adsorbed CO2, which gradually desorbs with increasing temperature.[23] The bands at 1759 

and 2057 cm-1 are attributed to adsorbed nitric oxide and carbon monoxide, respectively,[44, 

45] which disappear at temperatures > 235 °C. The nearby bands at 1842 and 1982 cm-1 are 

tentatively assigned to nitrosyl groups coordinated to metal cations.[44] In addition, weak 

features appear in the NIR region (4000–5000 cm-1, not shown here), originating from the ν+δ 

overtone of M-OH and M-O-M (M = Si, Ce, and Cu) vibrations.[46] When the temperature is 

increased to 200 °C, the band related to monodentate nitrate at 1522 cm-1 decreases, while those 

related to bidentate nitrate (1554 cm-1) and bridging nitrate (1617 cm-1) increase, indicating a 

change in coordination from isolated M-O-NO2 to bridged M-O(NO2)-M. The band at 1342 cm-

1 (N-O) shifts to 1296 cm-1 (nitrite M-ONO) at 235 °C and finally to 1260 cm-1 (chelating nitrate 
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M-(O)2-NO) at 400 °C, reflecting the decomposition of nitrate salts. As a result of dehydration, 

starting at 130 °C, the hydroxy-related features in the range 3000–3600 cm-1 decrease in 

intensity. Two weak bands at 3205 and 3489 cm-1, which have been attributed to stretching 

vibrations of -OH on copper and cerium cations,[46] disappear at temperatures > 235 °C.  

The above findings demonstrate that DRIFT spectra provide detailed information on the 

surface chemistry of tfSBA-CeCuO during calcination. Previously, the thermal decomposition 

of metal nitrate to metal oxides had been studied by TGA, DTA, conductometric, and 

thermometric titration methods and proposed to proceed according to the sequence: 

M(NO3)x·yH2O → M(NO3)x → MONO3 → CeO2.[47] To this end, the IR results of this study 

provide new insight into the mechanism of metal nitrate decomposition (see Scheme 2), 

including chelating and bridging rearrangements and final condensation. 

 

 

Scheme 2. Schematic process of thermal decomposition of copper and cerium nitrates for 

tfSBA-CeCuO. 

 

For asSBA-CeCuO (see Fig. 8b), the characteristic C-H stretching features at 2879–

2975 cm-1 confirm the presence of template P123. The peaks at about 3740 cm-1, which 

suddenly appear when a critical temperature of 235 °C is reached, are attributed to surface 

silanol groups.[23] The observed spectral behavior implies that P123 covers the silica surface 

at low temperature, thereby blocking Si-OH species, while, with increasing temperature, P123 

gradually shrinks to the surface and silanol starts to appear (at 235 °C). Correspondingly, the 

(noisy) features at 800–1500 cm-1, detected at high temperatures, are assigned to C-C bonds 

resulting from P123 decomposition.[48] The blue-shift of the Ce-OH stretching band from 3373 
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to 3460 cm-1 is assigned to the gradual replacement of nitrate by hydroxyl during the ion-

exchange reaction.[40] The spectral region 1500–1600 cm-1, typically assigned to adsorption 

geometries of nitrate species, reveals that the structure of the nitrate ligands remains unchanged 

with increasing temperature until 235 °C, where the (intermediate) formation of chelating 

nitrate (1560 cm-1) is observed. In addition, at temperatures > 235 °C, two new bands appear, 

at 3232 and 3587 cm-1, which have been attributed to the OH-stretch vibration of copper and 

cerium hydroxide, respectively.[46] Compared with the apparent spectral changes observed for 

tfSBA-CeCuO, related to the transformation from monodentate to bridging nitrate and the 

disappearance of -OH species at high temperature, the presence of P123 (in the case of asSBA-

CeCuO) changes the mechanism of nitrate salt decomposition from solid calcination to a 

hydrothermal-like process,[34] as shown in Scheme 3. To this end, P123 provides abundant -

OH and -O- sites to coordinate the metal cations and replace the nitrate by hydroxide ligands 

by ion exchange.[35] Finally, the metal hydroxides condense to form their oxides. 

 

 

Scheme 3. Schematic process of the hydrothermal-like mechanism for decomposition of copper 

and cerium nitrate for asSBA-CeCuO.  
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Figure 8. In situ DRIFT spectra of precursors of the (a) tfSBA-CeCuO and (b) asSBA-CeCuO 

samples during air calcination from 25 to 500 °C at a heating rate of 1.5 °C /min.  

 

Figure 9 depicts in situ UV-Vis DR spectra of the precursors of tfSBA-CeCuO and asSBA-

CeCuO, which allow us to gain insight into changes of the coordination environment of cerium 

and copper ions during the calcination process. The initial spectra of precursor samples tfSBA-

CeCuO and asSBA-CeCuO at low temperature show typical features of Ce(NO3)3 at 218, 257, 

and 310 nm, corresponding to a 4f1–5d1 electronic transfer of Ce3+, a charge transfer (CT) of 

O2- 2p to Ce3+ 4f/5d, and a CT of Ce3+ 5d to O2- 2p, respectively.[49] The broad, weak feature 

at 600–800 nm is attributed to d-d transitions of Cu2+ ions.[50] The ligand metal charge transfer 
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(LMCT) of O2- 2p to Cu2+ 3d shows an absorption band at about 300 nm,[51] which overlaps 

with the CeO2 absorption. With increasing temperature, the peak at 257 nm disappears 

gradually as a result of copper and cerium nitrate decomposition. For tfSBA-CeCuO, the 

absorption bands at 257 nm and 310 nm increase with increasing temperatures until 225 °C. In 

the case of asSBA-CeCuO, the peak at 257 nm increases to a stable value at about 250 °C and 

the bands at about 280–310 nm show an overall increase but an intermediate decrease at 125–

175 °C, which is similar to the behavior of the tail bands at 600–800 nm. This behavior suggests 

that the decomposition of cerium and copper nitrate occurs in different stages, leading to the 

separate formation of CeO2 and CuO crystallites. On the other hand, for tfSBA-CeCuO, both 

nitrates tend to decompose simultaneously and form an amorphous CeO2-CuO solid solution. 

A different behavior is also observed for the peaks at about 218 nm, assigned to nitrate ligands, 

in agreement with the different decomposition routes discussed above. For tfSBA-CeCuO, the 

features decrease gradually throughout the whole calcination process, corresponding to the 

successive thermal release of NO2, while for asSBA-CeCuO, the features show little change 

until about 250 °C, where a sudden change in the spectral profile is observed due to the 

formation of oxides, in agreement with the TGA results.  

The band gap energy (Eg) was calculated from the DR UV-vis spectra using Eq. 3:[52]  

αhv = A(hv − Eg)n                                 (3) 

α is the absorption coefficient, which is determined by the absorbance, and A is a constant. For 

evaluation of the direct bandgap of the CeO2-CuO samples, n was taken to be ½.[52] Using 

Tauc’s method, the evolution of the Eg value during calcination can be derived (see Fig. S6). 

Although the calculation of the bandgap for mixed CuO-CeO2 is not rigorous, the derived Eg 

values are still expected to provide a first indication on the doping degree of Cu ions into the 

CeO2 lattice by comparison with bare CeO2 (3.2 eV). The smaller (final) band gap of tfSBA-

CeCuO (2.55 eV) compared to asSBA-CeCuO (2.80 eV) thus indicates that the ceria–copper 
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oxide mixture exhibits a better reducibility, in agreement with the improved catalytic activity 

at low temperature but minor NOx conversion at high temperature due to eased oxidation. 

 

 

Figure 9. In situ UV-Vis DR spectra of precursors of (a) tfSBA-CeCuO, (b) asSBA-CeCuO 

during air calcination from 25 to 500 °C at a heating rate of 1.5 °C /min.  

 

Figure 10 shows in situ Raman spectra of the precursors of tfSBA-CeCuO and asSBA-

CeCuO, facilitating the identification of structural changes during the calcination process. Free 

nitrate is planar and possesses D3h symmetry, resulting in the following vibrational modes: ν1, 

symmetric NO stretch at ~1049 cm−1; v2, out-of-plane rocking mode at ~830 cm−1 (Raman 

inactive); ν3, antisymmetric N–O stretch at ~1370 cm−1 and ν4, in-plane deformation at ~719 

cm−1. The ν3 and ν4 vibrations are doubly degenerate, i.e., they might split upon symmetry 

lowering.[53] For bulk metal nitrates, nitrates can be coordinated in different ways, e.g. as 

monodentate, bidentate or tridentate nitrate. For mono- and bidentate nitrates the symmetry is 

lowered to C2v. As a result, six vibrational modes are expected.[53] Starting with precursor 

tfSBA-CeCuO, the bands at 720/741 cm-1 originate from nitrate in-plane deformation and the 

strong peak at 1038 cm-1 from the symmetric stretch vibration of NO3
-.[54] The broad feature 

at 1337 cm-1 is attributed to NO3
- asymmetric stretching,[55] while that at about 1501 cm-1 is 

assigned to the asymmetric N-O stretching of monodentate nitrate.[53] The weak Raman bands 
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in the range 200–400 cm-1 are attributed to M-O (M = Ce and Cu) vibrations, and the peak at 

1609 cm-1 to bidentate bridging nitrate.[53] For the precursor of asSBA-CeCuO, the peaks at 

735 and 1040 cm-1 are again assigned to the bending and stretching of nitrate ions, respectively. 

In contrast, for tfSBA-CeCuO, instead of asymmetric nitrate features (1337, 1501 cm-1), split 

bands are detected at 1258/1347 and 1455/1513 cm-1. The doublet has been found to be 

insensitive to the nature of the cation. Thus its structure seems unlikely to be due to ion-pair 

formation. As the origin of the band splitting, we rather propose the presence of specific NO3
-

···H2O hydrogen-bond interactions.[56]  

In the case of asSBA-CeCuO, additional bands are detected due to the presence of P123. 

In particular, the features at 814, 854, 930, 956, and 1127 cm-1 are attributed to C-O-C 

symmetric stretching, -CH3 wagging, C-C symmetric stretching, -CH3 out of plane bending, 

and -CH3 rocking, respectively.[57] The band at 294 cm-1 is attributed to Cu-ONO2 or Ce-ONO2 

vibrations.[58, 59] With increasing temperature, the Raman bands of the precursor of tfSBA-

CeCuO continuously decrease in intensity and disappear at about 250 °C, indicating thermal 

decomposition of Ce(NO3)3 and Cu(NO3)2 to their amorphous oxides. In the case of asSBA-

CeCuO, the nitrate redshift from 1040 to 1019 cm-1 indicates major changes in the vicinity of 

the nitrate ligands. Previously, Xu et al. discussed metal–nitrate interactions such as hydration 

and ion pairing effects on the basis of Raman spectra.[54] Jackson et al. reported on the shift of 

the nitrate symmetric stretch due to partial replacement of nitrate by hydroxyl ligands.[55] 

Thus, it is reasonable to conclude that the migration of metal cations is supported by P123 and 

that M(NO3)n is coordinated to P123 molecules as MO(OH)x(NO3)y.[23, 35] With increasing 

temperature P123 is then further catalytically transformed to amorphous carbon (band at ~1600 

cm-1), which may confine the growth of ceria and copper oxides. The strong change in baseline 

is due to the formation of amorphous carbon, leading to strong Raman scattering of the sample. 

After calcination of the precursor of asSBA-CeCuO at 500 °C for 5 h, only one peak is detected 

at 447 cm-1, which is characteristic of the F2g mode of fluorite CeO2.  
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Figure 10. In situ Raman spectra of precursors of the (a) tfSBA-CeCuO and (b) asSBA-CeCuO 

samples during air calcination from 25 to 500 °C at a heating rate of 1.5 °C /min. The spectra 

were recorded using 532 nm laser excitation. 

 

 

3.4 Discussion of the Synthesis Mechanism and its Relevance for the Catalytic Properties 

In the following, we will first combine the results of the multiple in situ analyses during 

synthesis of CuO-CeO2 catalysts to develop a comprehensive mechanistic picture, and then 

discuss their relevance for the catalytic properties. The gas-phase IR results during calcination 

reveal that tfSBA-CeCuO undergoes a multi-staged release of NO2 within a wide temperature 

range (175–320 °C), while asSBA-CeCuO shows NO2 emission at lower temperature (~175 

°C) and a rapid release of H2O, hydrocarbon, and CO2 at higher temperature (230 °C) within a 

narrow temperature window (at about 220–250 °C). This is further supported by TGA showing 

a multiple step weight loss for tfSBA-CeCuO but a rapid weight loss in one step for asSBA-

CeCuO.  

The DRIFT spectra provide important information on the transformation and exchange of 

ligands and the surface chemistry. It is shown that during calcination the precursor of tfSBA-

CeCuO decomposes by stepwise NO2 release, whereas the residual NO3
- ligands transform from 
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a monodentate (M-ONO2) to a bridging (M-O-(N=O)-O-M) structure, which further condenses 

to mixed metal oxide particles. On the other hand, the decomposition of asSBA-CeCuO follows 

the hydrothermal-like route, i.e., NO2 is released during replacement of -ONO2 by -OH 

followed by the formation of metal hydroxide M(OH)x, which further condenses as metal oxide.  

The in situ DR UV-Vis spectra of tfSBA-CeCuO provide evidence for synchronous Ce-O 

and Cu-O changes, including the formation of bridged Ce-O-(NO)-O-Cu, resulting in an evenly 

mixed CeCuOx phase. In contrast, asSBA-CeCuO shows a different behavior supported by the 

different intermediates during the calcination process, including separated Ce(OH)3 and 

Cu(OH)2 hydroxyls. In situ Raman spectroscopy further specifies the differences of the two 

routes. The spectra of tfSBA-CeCuO are characterized by features of different nitrate species 

with monodentate and bridging structures, while for asSBA-CeCuO, a splitting of the 

asymmetric vibration is observed, implying the presence of hydrolyzed M(OH)x(NO3)y by 

ligand exchange between NO3
- and H2O.  

Scheme 4 summarizes the mechanism of CuO-CeO2 catalyst synthesis as derived from the 

multiple in situ analysis discussed above. In the case of tfSBA-CeCuO (a), cerium and copper 

nitrates are anchored to the silica surface and nitrates transform into oxides, which involves the 

conversion of monodentate to bridging nitrate at increasing temperatures and finally the 

generation of a CeCuOx solid solution. During the calcination of the asSBA-CeCuO (b) 

precursor, the nitrate salt is coordinated by OH groups of P123, thereby replacing nitrate 

ligands. With increasing temperature, P123 shrinks to the silica surface and separates the -OH 

coordinated metal ions. Finally, Ce(OH)3 and Cu(OH)2 condense separately as CeO2 and CuO, 

respectively. 
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Scheme 4. Mechanism of CuO-CeO2/SBA-15 catalyst synthesis as deduced from multiple in 

situ analyses without (a) and with (b) the presence of template P123.  

 

In previous studies on CuO-CeO2 catalysts in the context of CO-PROX, WGS, VOCs, and 

SCR,[60-63] the superior reactivity of CuO-CeO2 has been attributed to synergistic effects, 

originating from strong copper–ceria interactions.[64] To this end, Electronic Metal Support 

Interactions (EMSI) were proposed to explain the outstanding catalytic performance rather than 

Strong Metal Support Interactions (SMSI).[65, 66] In the EMSI concept, the alteration of the 

chemical properties of metal sites is related to perturbations in their electronic properties 

resulting from bonding interactions with the ceria support. Consequently, the fine-tuning of the 

copper and ceria oxide morphological characteristics can notably affect the metal–support 

interactions and, as a consequence, alter the catalytic performance.[64] When copper ions enter 

the ceria lattice or form smaller clusters on the ceria surface, the interaction between CuO and 

CeO2 improves the surface reducibility, while the formation of larger copper oxide aggregates 

is expected to attenuate the interaction with ceria. Previously,[67] CuO-CeO2 prepared by Cu 

doping was investigated for NH3-SCR of NO, showing an enhanced low-temperature activity, 

but decreased high-temperature activity owing to NH3 oxidation. On the other hand, for 

CuO/Ce0.8Zr0.2O2 catalysts used for NO reduction by CO, the maximum catalytic activity was 

found to be related to moderate sizes of bulk CuO.[68] Thus, consistent with the literature, the 

sample tfSBA-CeCuO, which is characterized by a CeCuOx solid solution, shows considerable 
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improvement of the low-temperature NOx conversion, but lower N2 selectivity due to its strong 

oxidation. The asSBA-CeCuO contains separated CuO and CeO2 particles, exhibiting a 

moderate EMSI effect, which results in an improved SCR catalytic performance at high 

temperatures and over a wide temperature range. 

 

 

4. Conclusion 

Bimetallic oxides CeO2-CuO supported on mesoporous SBA-15 for NH3-SCR applications 

were prepared by solid-state impregnation and structure–activity relations were established. It 

is demonstrated that templates can be employed in a targeted manner to influence the structure 

of the oxides, resulting in different NH3-SCR properties. The catalyst from the template-free 

synthesis (tfSBA-CeCuO) is characterized by a CeO2-CuO solid solution showing better low-

temperature NOx conversion but increased high-temperature NH3 oxidation, owing to its 

enhanced oxidation properties by coupled Ce3+/Ce4+ and Cu+/Cu2+ pairs. The catalyst formed 

in the presence of the template (asSBA-CeCuO) exhibits smaller but separated oxides phases 

of CeO2 and CuO, showing an improved SCR performance within a wide temperature range 

due to the moderate EMSI effect.  

A series of in situ analyses was performed to directly monitor the precursor decomposition 

during calcination, including gas-phase, surface, and bulk changes. In addition to conventional 

TG analysis, the in situ DRIFT spectra provide important information on the transformation 

and exchange of ligands and the surface chemistry, especially the identification of the nitrate 

and hydroxide intermediates during the change from metal precursors their oxides. The in situ 

DR UV-Vis spectra give evidence for synchronous or asynchronous Ce-O and Cu-O changes, 

corresponding to the formation of mixed or separated phases. Additionally, based on detailed 

analysis of the nitrate vibrations, in situ Raman spectroscopy further specifies the different 

decomposition pathways caused by the presence of different chemical environments. As an 
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important result, in situ spectroscopy evidenced two decomposition routes of the metal nitrates 

to their oxides, which are characterized by different catalytic properties: the precursor of tfSBA-

CeCuO followed a nitrate-bridging mechanism via a Ce-O-(N=O)-O-Cu intermediate and 

ended as CeO2-CuO solid solution, while the precursor of asSBA-CeCuO followed a 

hydrolysis-based mechanism, forming hydroxides M(OH)x on the route towards separated 

CeO2 and CuO.  

Generally, the results presented here can be used as a guideline for the development of 

mesoporous composite oxides by solid-state impregnation methods. The change of synthesis 

conditions using template assistance enables the dedicated formation of different oxide 

structures with different catalytic properties. Importantly, in situ spectra allowed to directly 

characterize the structural properties of the formed oxide catalysts and to correlate their 

structure with the catalytic performance in NH3 SCR. Based on our study, we expect the use of 

in situ spectroscopy to largely facilitate the rational synthesis of highly active and selective 

catalyst materials for NOx abatement as well as other applications. 
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