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Abstract 

Nitrogen oxides (NOx) are major pollutants of the air environment, which are known as the major causes 

of haze, photochemical smog, acid rain, ozone depletion, and the greenhouse effect. Selective catalytic 

reduction using ammonia as a reductant (NH3-SCR) is proved to be an effective method to remove 

nitrogen oxides (DeNOx). Previous studies have reported that cerium-based oxide catalysts own the 

advantages of wide operating temperature windows and high catalytic activities in NH3-SCR reactions. 

Mesoporous materials (e.g. SBA-15) are considered as a suitable support material for metal oxides, 

providing a high surface area and stabilization effect. Thus, this work addresses the synthesis of SBA-

15 supported ceria-based catalysts and their application for the NH3-SCR reaction. 

First, the simplest system was considered by loading only ceria onto the mesoporous SBA-15 

(CeO2/SBA-15). In order to achieve a good dispersion of ceria on the inner surface, two kinds of samples 

were prepared by solid-state impregnation method following the “medium-synthesis” route (asSBA-

CeO2) and the “post-synthesis” route (tfSBA-CeO2). Catalytic tests indicated that the DeNOx 

performance was enhanced by the assistance of template P123 in asSBA-CeO2. In situ characterizations, 

which were performed to elucidate the effect of P123 during the synthesis process, revealed that the 

good dispersion effect of asSBA-15 supported ceria was due to the presence of template P123, playing 

a physical role to confine the growth of ceria and a chemical role in catalytically reducing the ceria 

simultaneously. After the synthesis, the catalysts were applied for the NH3-SCR reaction and the 

mechanism was studied. In situ DRIFT spectra of CeO2/SBA-15 were recorded to monitor the surface 

species changes as a function of feeding gas, time, and temperature. The results showed that two active 

species, -NH2 and NO-, were involved. In addition, the analysis of features at about 2100-2200 cm-1, 

typically assigned to triple bonds, made it possible to deduce the formation of the side product N2O by 

over-oxidation of NH3. Moreover, the co-existence of the L-H and E-R routes for the NH3-SCR reaction 

on CeO2/SBA-15 was proved. 

Considering the poor reactivity of bare CeO2 for the NH3-SCR reaction, a second metal oxide was 

added to form a MOx-CeO2 couple, which was expected to improve the catalytic performance due to the 

synergistic effect of M-O-Ce species. Firstly, a wide selection of secondary metal elements was 

employed to prepare SBA-CeCuO, SBA-CeMnO, SBA-CeNiO, SBA-CeMgO, and SBA-CeLaO, while 

SBA-CeO2 served as a reference. The catalytic tests showed that the mixture with variable metals (Cu, 

Mn, Ni) resulted in enhanced DeNOx performance, while the mixture with permanent metals (Mg, La) 

exhibited a decreased performance. The observed behavior revealed that the redox ability rather than the 

acidity contributed to the NH3-SCR reactivity. Based on the catalytic performance and due to its wide 
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application in various catalytic systems, the CuO-CeO2 catalyst was selected for detailed analysis. 

Template-free SBA-15 and as-made SBA-15 were employed as support precursors to form CuO-

CeO2/SBA-15 and the synthesis process was monitored with in situ characterizations including Raman, 

DRIFT, and DR UV-Vis spectroscopy. The results specified the synthesis to follow two different routes, 

i.e. solid thermal decomposition for the template-free SBA-15 prepared sample and a hydrothermal route 

for the as-made SBA-15 prepared sample. The former route resulted in a mixed CuO-CeO2 phase with 

strong redox ability, leading to a low optimal temperature window but poor N2 selectivity, while the 

latter route led to separated CuO and CeO2 phases with moderate redox properties, resulting in a high 

and broad working temperature window. These findings provided evidence for the presence of a more 

comprehensive research pattern, connecting catalyst synthesis, structure, property, and catalytic 

performance. Another bimetallic oxide catalyst, MnOx-CeO2 supported on SBA-15, was prepared due 

to its favorable DeNOx performance. In situ characterizations were applied to study the whole process 

from the catalyst synthesis to its application for the NH3-SCR reaction. The results for the synthesis 

process revealed two different preparation routes when using a similar template strategy as for the CuO 

system. Based on in situ DRIFT spectra the mechanism of NH3-SCR on MnOx-CeO2/SBA-15 was shown 

to follow mainly the E-R route and the quick regeneration of -NH2 by strong redox properties contributed 

to the high reactivity. 

Atomic layer deposition (ALD) was employed as another promising method to load active metal 

oxides onto mesoporous materials. Firstly, VOx/TiO2/SBA-15 catalysts were prepared by ALD to 

explore the feasibility of using mesoporous powder as a deposition substrate. The results showed that 

the prepared sample owns a high surface area as expected and the surface-loaded VOx could be 

quantitatively controlled by the number of ALD cycles. Secondly, several atomic layers of SiO2 were 

deposited on prepared CeO2/SBA-15 to explore the activity of Ce-O-Si sites although SiO2 itself is 

known as an inert support. Due to the sandwich structure of SiO2/CeO2/SiO2 and the controllable amount 

of Ce-O-Si sites by ALD, Ce-O-Si was shown to be the active site for the NH3-SCR reaction and the 

NOx conversion was proportional to the SiO2 coverage until full coverage of the surface. In addition, the 

SiO2-covered sample showed a better SO2 resistance than bare CeO2/SBA-15. Besides, VOx/CeO2/SBA-

15 was prepared by depositing VOx on CeO2/SBA-15 via the common ALD and a site-selective ALD 

(SSALD) method. This SSALD method is proposed here for the first time. As a crucial step it involves 

the pretreatment of the substrate with the target reaction gas (NH3-SCR) before the ALD procedure. The 

results showed that the SSALD-coated sample exhibited a better DeNOx performance than the common 

ALD-coated sample. IR analysis of the catalyst surface revealed that the substrate pretreated with the 

SCR experimental gas showed the presence of NHx and NxOy replacing hydroxyl groups. The NHx 

species was inert to the vanadium precursor and retained the NH3-active sites after coating, while the 



 

iii 

 

NxOy species was desorbed and free water was transformed into -OH groups, resulting in more active 

VOx species deposition. 

During the study of the synthesis process by in situ characterizations, the synthesis reaction was 

realized to be important for determining the final catalyst structure and further the reactivity behavior in 

the target NH3-SCR reaction. It is reasonable to hypothesize that there exists a correlation between the 

synthesis reaction and the target catalytic reaction. To test this hypothesis, CeO2/SBA-15 samples were 

prepared by the SSI method and calcined in different gas atmospheres, from reductive NH3 to oxidative 

O2. Among the prepared samples, the sample calcined in the target reaction gas showed the best catalytic 

performance. Raman and DR UV-Vis spectra of the sample exposed to the target reaction gas revealed 

the presence of a moderate amount of oxygen vacancies, which is proposed to contribute to the high 

NOx conversion due to the optimized adsorption of NH3. In all, the correlation between synthesis 

reaction and target catalytic reaction is an interesting topic to be explored for other reactions, and in situ 

spectroscopy applied to both synthesis and reaction is a powerful tool to elucidate the underlying 

chemistry. 
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Zusammenfassung 

Stickoxide (NOx) gehören zu den Hauptschadstoffen der Luftumgebung, die als die Hauptursachen für 

Dunst, photochemischen Smog, sauren Regen, Ozonabbau und den Treibhauseffekt bekannt sind. Die 

selektive katalytische Reduktion mit Ammoniak als Reduktionsmittel (NH3-SCR) hat sich als effektive 

Methode zur Entfernung von Stickoxiden (DeNOx) erwiesen. Frühere Studien haben berichtet, dass 

oxidische Katalysatoren auf Basis von Cer einen weiten Bereich an Betriebstemperaturen ermöglichen 

und hohe katalytische Aktivitäten in NH3-SCR-Reaktionen aufweisen. Mesoporöse Materialien (z.B. 

SBA-15) werden als gut geeignete Trägermaterialien für Metalloxide angesehen, um eine große 

spezifische Oberfläche bereitzustellen und stabilisierend zu wirken. Daher adressiert diese Arbeit die 

Synthese von Cerdioxid-basierten mesoporösen Katalysatoren unter Verwendung von SBA-15 als 

Trägermaterial sowie deren Anwendung in der NH3-SCR-Reaktion. 

Es wurde zunächst das einfachste System, bestehend aus Ceroxid auf mesoporösem SBA-15 

(CeO2/SBA-15), betrachtet. Um eine gute Dispersion von Cerdioxid auf der inneren Oberfläche der 

Poren zu erreichen, wurden zwei Arten von Proben durch Festkörperimprägnierung (SSI) hergestellt, 

und zwar basierend auf SBA-15 mit Templat (asSBA-CeO2) und SBA-15 ohne Templat (tfSBA-CeO2). 

Die katalytischen Tests zeigen, dass die DeNOx-Performanz durch die Gegenwart des Templats P123 

im Falle von asSBA-CeO2 verbessert wurde. Mit Hilfe von in situ-Charakterisierungen konnte die 

Wirkung von P123 während des Syntheseprozesses herausgearbeitet werden. So kann die gute 

Dispersion von asSBA-15-geträgertem Cerdioxid darauf zurückgeführt werden, dass das Templat P123 

einerseits eine physikalische Rolle spielt, um das Wachstum von Cerdioxid zu begrenzen, andererseits 

eine chemische Rolle bei der gleichzeitig stattfindenden katalytischen Reduktion des Ceroxids. Mittels 

in situ-DRIFT-Spektroskopie wurden die Änderungen der Oberflächenspezies als Funktion des 

zugeführten Gases, der Zeit und der Temperatur analysiert, um mechanistische Einblicke zu erhalten. 

Die Ergebnisse zeigen, dass zwei aktive Spezies, -NH2 und NO-, an der NH3-SCR-Reaktion über 

CeO2/SBA-15-Katalysatoren beteiligt sind. Darüber hinaus ermöglicht es die Analyse der Banden 

innerhalb von 2100-2200 cm-1, welche typischerweise Dreifachbindungen zugeordnet werden, die 

Bildung des Nebenprodukts N2O durch Überoxidation von NH3 abzuleiten. Darüber hinaus wird die 

Koexistenz der L-H- und E-R-Routen für die NH3-SCR-Reaktion über CeO2/SBA-15 nachgewiesen. 

In Anbetracht der geringen Reaktivität von reinem CeO2 in der NH3-SCR-Reaktion wurde ein 

zweites Metalloxid hinzugefügt, um MOx-CeO2-Paare zu bilden, mit der Erwartung, dass die 

katalytische Leistung durch den synergistischen Effekt der M-O-Ce-Spezies verbessert wird. Zunächst 

wurde Cerdioxid mit einer breiten Auswahl an sekundären Metallelementen gemischt und SBA-CeCuO, 
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SBA-CeMnO, SBA-CeNiO, SBA-CeMgO und SBA-CeLaO hergestellt, wobei SBA-CeO2 als Referenz 

diente. Die katalytischen Tests zeigten, dass die Mischung mit variablen Metallen (Cu, Mn, Ni) zu einer 

verbesserten DeNOx-Performanz führte, während die Mischung mit permanenten Metallen (Mg, La) zu 

einer geringeren Leistung führte. Dieses Verhalten zeigt, dass die Redoxfähigkeit und nicht die Acidität 

zur NH3-SCR-Reaktivität beiträgt. Auf Basis seiner katalytischen Performanz und aufgrund seiner 

breiten Anwendung in verschiedenen katalytischen Systemen wurde der CuO-CeO2-Katalysator für eine 

detaillierte Analyse ausgewählt. Als Träger für die Synthese von CuO-CeO2/SBA-15 wurde Templat-

enhaltendes und templatfreies SBA verwendet und der Syntheseprozess von CuO-CeO2/SBA-15 u.a. 

mittels in situ-Raman-, DRIFT- und DR-UV-Vis-Spektroskopie verfolgt. Die Ergebnisse zeigen, dass 

die Synthese je nach Träger unterschiedlich abläuft, und zwar einerseits über eine thermische Zersetzung 

(asSBA-15), andererseits über eine hydrothermale Zersetzung (tfSBA-15). Im ersten Fall wird eine 

gemischten CuO-CeO2-Phase mit ausgeprägten Redoxeigenschaften erhalten, was die Reaktivität bei 

niedrigen Temperaturen begünstigt, aber eine geringe N2-Selektivität mit sich bringt, während im 

zweiten Fall getrennte CuO- und CeO2-Phasen mit gemäßigten Redoxeigenschaften entstehen, was 

einen breiten Arbeitsbereich und hohe Arbeitstemperaturen begünstigt. Die Ergebnisse weisen darauf 

hin, dass die Katalysatorsynthese, die Struktur und Eigenschaften des Katalysators und die katalytische 

Performanz miteinander verknüpft sind. Aufgrund seiner hervorragenden DeNOx-Performanz wurde ein 

weiterer bimetallischer Oxidkatalysator, basierend auf MnOx-CeO2 auf SBA-15, hergestellt. Mittels in 

situ-Charakterisierung wurde der gesamte Prozess von der Katalysatorsynthese bis zur Anwendung in 

der NH3-SCR-Reaktion untersucht. Die Ergebnisse für den Syntheseprozess zeigen wiederum 

verschiedene Herstellungswege bei Verwendung der zuvor beschriebenen Trägermaterialien (asSB-15, 

tfSBA-15). In situ-DRIFT-Spektren zeigen, dass der Mechanismus der NH3-SCR-Reaktion über MnOx-

CeO2/SBA-15 hauptsächlich der E-R-Route folgt und die schnelle Regeneration von -NH2 durch die 

ausgeprägten Redox-Eigenschaften zu der hohen Reaktivität beiträgt. 

Die Atomlagenabscheidung (ALD) wurde als weitere vielversprechende Methode eingesetzt, um 

aktive Metalloxide auf mesoporösen Materialien zu verankern. Zunächst wurden VOx/TiO2/SBA-15-

Katalysatoren mittels ALD hergestellt, um die Anwendbarkeit von mesoporösem Pulver als 

Abscheidungssubstrat bei ALD-Prozessen zu untersuchen. Die Ergebnisse zeigen, dass die präparierte 

Probe wie erwartet eine große Oberfläche besitzt und die Beladung mit VOx durch die Anzahl der ALD-

Zyklen kontrolliert werden kann. In einer weiteren Studie wurden mittels ALD SiO2-Atomschichten auf 

hergestelltem CeO2/SBA-15 kontrolliert abgeschieden, um die Aktivität der gebildeten Ce-O-Si-Spezies 

zu untersuchen. Aufgrund der Sandwich-Struktur von SiO2/CeO2/SiO2 und der durch ALD 

kontrollierbaren Ce-O-Si-Konzentration konnte Ce-O-Si als aktives Zentrum für die NH3-SCR-Reaktion 

identifiziert werden, basierend auf der Proportionalität zwischen der NOx-Umwandlung und der 
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Bedeckung bis hin zur vollständigen Bedeckung der Oberfläche mit SiO2. Darüber hinaus zeigte die 

SiO2-beschichtete Probe eine bessere SO2-Beständigkeit als reines CeO2/SBA-15. In einer ALD-Studie 

zum Einfluß der Synthesebedingungen auf die Reaktivität, wurde VOx/CeO2/SBA-15 durch 

Abscheidung von VOx auf CeO2/SBA-15 einerseits über das übliche ALD-Verfahren, andererseits über 

ein ortsselektives ALD (SSALD)-Verfahren hergestellt. Dieses SSALD-Verfahren wird hier zum ersten 

Mal vorgeschlagen und enthält als wichtigen Schritt vor dem ALD-Verfahren die Vorbehandlung des 

Substrats mit dem Reaktionsgas der Zielreaktion (NH3-SCR). Die Ergebnisse zeigen für die mit dem 

SSALD-Verfahren beschichtete Probe eine bessere DeNOx-Performanz, welche mittels IR-

Untersuchungen auf den Austausch von OH-Gruppen durch NHx und NxOy während der Behandlung 

mit dem SCR-Reaktionsgas zurückgeführt werden kann. Dabei zeigte sich die NHx-Spezies gegenüber 

dem Vanadium-ALD-Prekursor inert, so dass die NH3-aktiven Zentren erhalten blieben, während die 

NxOy-Spezies unter Umwandlung von freiem Wasser in OH-Gruppen desorbiert wurde, was zu einer 

verstärkten Abscheidung der VOx-Spezies führte. 

Während der Untersuchung des Syntheseprozesses durch in situ-Charakterisierung zeigte sich die 

Bedeutung der Behandlung mit Reaktionsgas für die endgültige Katalysatorstruktur und die NH3-SCR-

Reaktivität. Um die vorgeschlagene Korrelation zwischen der Behandlung mit dem Reaktionsgas 

während der Synthese und der katalytischen Zielreaktion näher zu untersuchen, wurden CeO2/SBA-15-

Katalysatoren nach dem SSI-Verfahren hergestellt und in verschiedenen Gasatmosphären kalziniert, von 

reduktiven (NH3) bis zu oxidativen (O2) Bedingungen. Unter den hergestellten Proben zeigte die im 

Reaktionsgas kalzinierte Probe die beste katalytische Performanz. Raman- und DR-UV-Vis-Spektren 

zeigen für diese Probe die Gegenwart von Ceroxid mit einer gemäßigten Anzahl an Sauerstoffleerstellen, 

was zu der hohen NOx-Umwandlung durch optimierte Adsorption von NH3 beitragen könnte. Insgesamt 

stellt die Korrelation zwischen der Synthesereaktion und der katalytischen Zielreaktion ein interessantes 

Thema für zukünftige Untersuchungen an anderen Katalysatorsystemen dar, wobei die in situ-

Spektroskopie ein leistungsfähiges Werkzeug für die Untersuchung der zugrundeliegenden chemischen 

Vorgänge darstellt. 
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Mn(NO3)2∙4H2O  Manganese(II) nitrate tetrahydrate 

NH3    Ammonia 

Ni(NO3)2∙6H2O  Nickel(II) nitrate hexahydrate 

N2O    Nitrous oxide 

NO    Nitric oxide 

NO2    Nitrogen dioxide 

NO2
-    Nitrite 

NO3
-    Nitrate 

SO2    Sulfur dioxide 

SO4
-    Sulfate 

SiCl4    Tetrachlorosilane 

TiO2    Titanium oxide 

TiCl4    Titanium tetrachloride 

V2O5    Vanadium(V) oxide 

VOx    Vanadium oxide 

VOCl3    Vanadium(V) oxychloride 

 

General abbreviations 
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α    Absorption coefficient 

γ    Grüneisen parameter 

λ    Wavelength 

    Frequency 

d    Crystallite size 

ALD    Atomic Layer Deposition 

BET    Brunauer-Emmett-Teller 

CIG    Catalytic Induced Growth 

DRIFTS   Diffuse Reflectance Infrared Fourier Transform Spectroscopy 

DR UV-Vis   Diffuse Reflectance Ultraviolet-Visible Spectroscopy 

DeNOx    Reduction of nitrogen oxides 

EMSI    Electronic Metal-Support Interaction 

F(R)    Kubelka-Munk function 

FTIR    Fourier-Transform Infrared 

FWHM   Full Width at Half Maximum 

GHSV    Gas Hourly Space Velocity 

G(R)    Function for correction of absorption effects 

h    Planck constant 

I0    Raman laser intensity 

HWHM   Half Width at Half Maximum 

P123 Pluronic P123, Poly(ethylene glycol)-block-poly(propylene glycol)-block-

poly(ethylene glycol)  

SCR    Selective Catalytic Reduction 

R    Reflectance of an infinitely thick sample 

R    Reflectance 

SBA-15   Santa Barbara Amorphous-15  

SMSI    Strong Metal Support Interaction 

SSALD   Site Selective Atomic Layer Deposition 

SSI    Solid State Impregnation 

TEM    Transmission Electron Microscopy 

VO
∙∙    Doubly positively charged oxygen vacancy 

XPS    X-ray Photoelectron Spectroscopy 

XRD    X-Ray Diffraction 
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1. Introduction and motivation 

1.1. NOx pollution and emission control 

NOx pollution is a major risk affecting both natural environments and our health.1 From the 

environmental perspective, NOx emission will lead to acid rain, which further results in potential changes 

in soil and water quality. The effect can be significant including damage to the ecosystems and decreases 

in biodiversity. For health issues, NOx mainly affects respiratory conditions, causing airway 

inflammation at high levels. Long-term exposure can decrease lung function, increase the risk of 

respiratory infections, and increase the response to allergens. NOx also contributes to the formation of 

fine particles (PM) and ground-level ozone, both of which are associated with adverse health effects.2  

Nitric oxide (NO) and nitrogen dioxide (NO2) are collectively referred to as nitrogen oxides (NOx), 

which are mainly produced and emitted by the combustion of fossil fuels, such as fuel vehicles (movable 

source) and coal-fired power plants (stationary source).3 According to the European Union emission 

inventory report (1990-2019), the transport and energy industries shared 47 % and 34 % of the total NOx 

emission. Thus, it is important to reduce the NOx by controlling the NOx emission from the combustion 

of fossil fuels.4  

The emission depends not only on the nitrogen content in the fuel but also on the combustion 

conditions. NOx is formed in the gas phase by three possible routes: (1) oxidation of nitrogen in the 

combustion air as “thermal NOx”, (2) oxidation of nitrogen in the fuel as “fuel NOx”, and (3) fast 

oxidation of nitrogen fixed by hydrocarbon fragments as “prompt NOx”.5 The thermal NOx formation is 

sensitive to flame temperature and can be controlled by appropriately controlling peak temperature, 

while the fuel NOx depends on the availability of oxygen to react with the nitrogen. Thus, one strategy 

is to control the combustion process by adjusting the devolatilization of fuel-bound nitrogen, availability 

of oxygen, and flame temperature, which are denoted as primary control technologies as minimizing the 

initially produced NOx in the combustion zone.6 In terms of such an idea, various techniques are 

developed such as low NOx burner (LNB), over fire air (OFA), dry low NOx (DLN), dilute injection, 

etc.7 Another strategy is the use of secondary control technologies such as reducing the NOx in the 

exhausted gas from the combustion zone.8 There are two main techniques for secondary controlling that 

are selective noncatalytic reduction (SNCR) and selective catalytic reduction (SCR).9 Compared with 

the primary strategy, the second one provides a further decrease in NOx emission and does not affect the 

thermal output when adjusting the combustion conditions. In addition, for the comparison of SNCR and 

SCR, the non-catalytic reaction requires a higher reduction temperature and the treated gas shows a 

higher NO concentration than SCR treatment. At present, SCR with NH3 is widely adopted for both 
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stationary and mobile sources to maintain the increasing request for NOx removal (DeNOx) by the latest 

regulations (Figure 1).4 Even though, one can find that the practical emission consistently exceeds its 

limit for the same period (from EURO-III-2000 to EURO-VI-2014) in Europe, especially for the diesel 

source which owns typical low-temperature combustion conditions. Therefore, further improvement of 

DeNOx technology is of great importance regarding both scientific and industrial aspects. 

 

Figure 1. Comparison of NOx emission standards for different Euro classes. 

 

1.2. Role of characterization for the catalytic chemistry tetrahedron 

The concept of materials science tetrahedron (MST) concisely depicts the inter-dependent relationships 

among the structure, property, performance, and processing of a material at the four vertices, which are 

achieved by the characterization sitting in the center of the material tetrahedron. Similar to its role in 

traditional materials science, catalysis research shares the same paradigm to encompass the scientific 

foundation and development of various catalysts and corresponding catalytic reactions, which is defined 

as catalytic chemistry tetrahedron (CCT). 

As seen in Figure 2, the catalytic chemistry tetrahedron includes four corners as synthesis, structure, 

property, and performance, and one core inside as characterization. For an NH3-SCR reaction on metal 

oxides, there have been a lot of publications about using various characterizations, including the typical 

ex-situ techniques (XPS, TEM, XRD, TP-R/D),10 in situ DRIFT spectroscopy11, and even transient 

Raman spectroscopy,12 to explore the relationship amount the triangle side face “Structure-property-

performance”, which are denoted as reaction mechanism or structure-activity relationship. 
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However, the exploration of the corner “synthesis” is almost experiential because of lacking 

systemic investigations of the relationship between the synthesis process and the prepared catalysts. 

Putting aside the catalysts for NH3-SCR reactions for the moment, using in situ characterizations to 

monitor the catalysts synthesis process and get insight into the mechanism of reactive 

component/structure formation has attracted more and more interest. Generally, in situ TEM and X-ray 

spectroscopy are widely adopted to explain the formation of nano metal particles. Wu et al. reported the 

in situ observation of Cu-Ni alloy nanoparticle formation by X-Ray Diffraction (XRD), X-Ray 

Absorption Spectroscopy (XAS), and Transmission Electron Microscopy (TEM).13 Golks et al. 

presented detailed in situ surface X-ray scattering studies of homoepitaxial Cu electrodeposition on 

Cu(001) electrodes in electrolytes Cu(ClO4)2, revealing a pronounced mutual interaction of the Cl 

adlayer order and Cu growth behavior.14 Phillion et al. researched the micropores formation of Al-Cu 

alloy by an X-ray tomography study, which was further developed by Weber et al. to understand the 

porous nickel alumina catalyst synthesis in 3D with X-ray ptychography.  

 

Figure 2. The catalytic chemistry tetrahedron (for NH3-SCR on metal oxide catalysts as an 

example). 

 

So far in situ characterization has focused more on understanding the synthesis-structure 

relationship on the nanoscale by shape and phase identification. From a deeper level, the synthesis 

conditions directly affect the interactions among the original precursors and then reflect the evolution of 
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structures. Therefore, the description of the possible reaction during the process from metal precursors 

to their final oxides is important to understand the nucleation and growth of oxides. The orientation of 

growth and the defection structure is expected to be related to the interface reaction between transformed 

oxides and the precursors. There are lots of works on the reaction mechanism of mechanochemical 

synthesis by in situ Raman and NMR.15, 16 Mechanistic understanding of mechanochemical reactions is 

sparse and has been acquired mostly by stepwise ex situ analysis.16 Monitoring the course of 

mechanochemical transformations at the molecular level in situ and in real-time by Raman spectroscopy 

reveals the mechanochemical reactions to form coordination polymers and organic co-crystals, as well 

as the assessment of the reaction dynamics and course under different reaction conditions. On the other 

hand, in situ DRIFT spectroscopy is also a powerful tool to characterize the surface adsorbed species 

applying for the synthesis process by the atomic layer deposition (ALD) technique. For example, Du et 

al. used in situ DRIFT spectroscopy to monitor the growth of SiO2 thin films by the ALD technique and 

discussed the catalytic effect of pyridine during the surface precursors reaction which achieved a low-

temperature deposition window.17  

In brief, for the catalytic system of NH3-SCR, catalytic reaction mechanisms are widely researched 

by various characterizations to reveal the relationship between structure/property and the catalytic 

performance of prepared catalysts, while the synthesis process is rarely paid attention to, for example, 

by developing purposely designed routes to achieve expected active species instead of experiential try. 

Previous literature results have showed great promise in using in situ spectroscopy for material synthesis. 

Therefore, it is reasonable to consider the use of in situ spectroscopy to get insight into the NH3-SCR 

catalyst synthesis mechanism and to achieve further control on the structure and catalytic performance. 

 

1.3. Research outline 

The present thesis addresses the catalytic chemistry tetrahedron of ceria-based catalysts applied to the 

NH3-SCR reaction for NO abatement. For the choice of the catalyst, ceria is a present hot candidate, due 

to its unique redox properties, to replace the conventional vanadia-based catalyst attracting much 

research interest. As introduced above in situ spectroscopy has been applied to the material synthesis by 

mechanochemical and ALD methods; herein, solid-state impregnation (like the mechanochemical 

method) and ALD were adopted to prepare ceria-based catalysts. The in situ characterizations include 

Raman, DRIFT, and DR (diffuse reflectance) UV-Vis spectroscopy, applied to monitor the whole 

process, from catalysts synthesis to SCR reaction. Details are shown below (Figure 3). 
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Figure 3. Schematic map of the research routes and the content of this thesis. 

 

(1) Considering the low surface area of ceria, mesoporous SBA-15 was used as support to achieve 

a high surface area by dispersing the ceria on SBA-15. Various spectroscopies were performed for the 

synthesis process to get insight into the dispersion of ceria and the role of template P123. Then the 

prepared CeO2/SBA-15 was applied for the NH3-SCR to explore the reaction mechanism by in situ 

DRIFT spectroscopy. As a plugin, pure CeO2 was prepared for NH3-SCR application and in situ Raman 

spectroscopy was performed to investigate the role of surface oxygen species. 

(2) Considering the rather poor catalytic performance of bare CeO2 or CeO2/SBA-15, at second 

metal component was added to achieve an enhanced NH3-SCR reactivity. Firstly, (CuO+CeO2)/SBA-15 

was prepared for the possible SO2-resistance of CuO and the synthesis process is investigated to make 

clear the loading mechanism of binary metal oxides on SBA-15 by SSI methods. Then 

(MnOx+CeO2)/SBA-15 was prepared to obtain sufficiently high DeNOx ability. At last, the reaction 

mechanism on (MnOx+CeO2)/SBA-15 was explored by in situ DRIFT spectroscopy. 
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(3) The ALD technique was adopted to prepare active oxides on porous SBA-15 obtaining a high 

surface area. In this case, the VOx/TiO2/SBA-15 was first prepared to explore the deposition of oxides 

on mesoporous supports. After that, CeO2/SBA-15 (prepared by SSI methods) was adopted as the 

support and several atomic layers of SiO2 were deposited yielding the “SiO2/CeO2/SiO2” sandwich 

structure. The role of Ce-O-Si species on NH3-SCR reactivity was studied by controllable adjustment. 

On the other hand, active VOx was deposited on CeO2/SBA-15 by the site-selective ALD (SSALD) 

method. In detail, the CeO2/SBA-15 was pretreated in an experimental SCR atmosphere yielding various 

surface species and then the pretreated sample was coated with VOx by ALD. DRIFT spectroscopy was 

adopted to depict the surface group changes of the pretreated and deposited samples. 

(4) In the works above, the reaction during catalyst synthesis showed significant importance for the 

structure/property of prepared catalysts and further for the NH3-SCR reactivity by both SSI and ALD 

techniques. In this case, the synthesis reaction was tried to be designed as the target SCR reaction, in 

other words, the metal oxide was formed (nucleation and growth) under the same atmosphere as the 

NH3-SCR reaction, which was expected to own both high reactivity and stability. In detail, CeO2/SBA-

15 catalysts were prepared by calcination in various gas atmospheres, which was referred to as the 

catalytic induced growth (CIG) method. The prepared CeO2/SBA-15 catalysts were further applied to 

the NH3-SCR reaction and their catalytic performances are compared. At the end, the reason for the 

catalytic improvement was analyzed. 
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2. Background on the NH3-SCR catalytic system 

2.1. The NH3-SCR technique 

The technique of selective catalytic reduction of NO with NH3 (NH3-SCR) has been widely applied as 

an efficient post-combustion control to remove the NOx gases.18 The NH3-SCR process, reducing toxic 

NO to harmless N2 and H2O, mainly contains the following reactions:19 

4NO + 4NH3 + O2 → 4N2 + 6H2O   (1) 

4NH3 + 2NO +2NO2 → 4N2 + 6H2O   (2) 

Reaction (1) is defined as a “Standard SCR” reaction, while reaction (2) is defined as a “Fast SCR” 

reaction as its reaction efficiency is at least 10 times faster than reaction (1) with the assistance of NO2. 

Besides these, some undesirable side reactions also exist, such as: 

4NH3 + 7O2 → 4NO2 + 6H2O   (3) 

4NO + 4NH3 + 3O2 → 4N2O + 6H2O  (4) 

Due to the different reactivities of these reactions, the NOx conversion and N2 selectivity are used 

to evaluate the NH3-SCR catalytic performance of a certain catalyst. 

Catalysts for the NH3-SCR reaction have been developed for decades, and as far as we know, the 

large amount of researched catalysts can be classified into three categories: noble metal catalysts, metal 

oxides catalysts, and zeolite catalysts.19 

For noble metal catalysts, Pt, Pd, and Ag are used as active sites and supported on Al2O3, SiO2, or 

TiO2 to obtain typical catalysts in the early time.20 The noble metal catalysts show good reactivity to 

react with NH3 by H-abstraction. However, a too strong reductive results in the over-oxidation of NH3, 

which wastes the NH3 and decreases both the NO conversion and N2 selectivity. Thus, the noble metal 

catalysts are only explored for H2-SCR or CO-SCR reaction using H2 or CO as the reductive agent. In 

addition, their processing cost is also quite high, which is not beneficial for large-scale applications, 

resulting in replacement by the following two types of catalysts. 

Metal oxide catalysts mainly include oxides such as V2O5, TiO2, CeO2, MnO2, CuO, and their 

composite oxides.21, 22 On the basis of these active components, oxides promoters, and supports make 

additional effects. V2O5-WO3(MoO3)-TiO2 is a present commercial catalyst applied in the treatment of 

coal-fire flue gas due its good reactivity and SO2 resistance at 300-400 oC. However, there are several 

disadvantages for the commercial vanadia catalysts including the narrow operation temperature range at 

300-400 oC, the toxicity of vanadia, low activity at low temperatures, and limited thermal stability at 

high temperatures, all of which limit the application of vanadia based catalysts.22 To this end, CeO2, 
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CuO, and MnO2-based catalysts are focused on due to their high reactivity in a wide temperature window 

and environmentally friendly properties. 

Zeolites are a class of aluminosilicates containing micropores (< 2 nm), which are described by the 

general formula M n+
1/n (AlO2)

- (SiO2)x·yH2O ( the M n+
1/n is either a metal ion or H+) and which occur 

naturally but are also produced industrially on a large scale.23 Since the first synthesis of ZSM-5 in the 

middle of the last century, different types of microporous molecular sieve catalysts rapidly caught 

attention of the research community,24, 25 due to their unique pore structure and hydrothermal stability. 

According to the difference of skeleton structure and constituent elements, molecular sieves can be 

divided into many different types, such as Y-zeolite, ZSM series, and MFI. For NH3-SCR application, 

the molecular sieve catalysts are mainly prepared by ion exchange with the metal elements, including 

Cu, Fe, Mn, Pd, Co, and Ce.1 At present, Cu and Fe ions exchanged molecular sieve catalysts are being 

applied in practical engineering.26 They show a high DeNOx performance and the active temperature 

range reaches usually as high as 600 oC, but the H2O and SO2 resistance of these catalysts needs to be 

further improved.1 

 

2.2. Ceria-based catalyst for NH3-SCR 

As introduced above, commercial V2O5-WO3(MoO3)/TiO2 is poisoned and not suitable for some special 

applications, for example, in low-temperature cement furnaces and diesel engines. Especially, Europe 

has discontinued the use of vanadium-based catalysts for these drawbacks.27 Thus, many studies are 

focusing on searching for the gradual replacement of the V2O5-WO3/TiO2 catalyst by a non-vanadium 

catalyst.27 Ceria is a promising catalytic material for NH3-SCR due to its excellent redox properties,28 

high oxygen storage/release capacities,29, 30 and good Ce3+/Ce4+ transfer capacities (in Figure 4).31  

 

Figure 4. Cell structure of (a) the stoichiometric CeO2, and (b) the non-stoichiometric CeO2.  
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For NH3-SCR applications, bare CeO2 usually shows poor reactivity for NH3-SCR. By choosing 

different cerium precursors for preparation, such as cerium sulfide,32 and ceria nitride with 

pyrophosphoric,33 the SCR activity was improved which was due to the increased acidity introduced by 

the acid ions. It implies that the poor SCR activity of pure CeO2 was attributed to weak acidity. In the 

following text, ceria-based catalysts always mean the composite oxides including ceria as main 

components. According to the cerium sites or roles, they can be classified into three kinds, including 

usage as pure support/active component, for bulk doping, and for surface modification.18  

When ceria is used as support for other active sites, it not only plays the role of dispersing active 

species but also enhances the activity through Ce-O-M interactions.18 Fan et al. reported that CeO2 as a 

dispersing auxiliary can inhibit the migration and aggregation of supported Cu-Mn oxides.34 Xu et al. 

prepared MnOx/CeO2 and achieved superior catalytic performance for SCR of NO at low temperature 

which was attributed to the enhanced redox of active Mn ions by ceria.35 Regarding the promotion of 

ceria, various catalysts were prepared by loading oxides from single metal oxide to bimetallic or even to 

trimetallic oxides systems.36-38 In addition to the surface dispersed active species, the structure of ceria 

as a carrier constitutes another important factor that affects the final catalytic performance. The rapid 

development of materials science enables us to manufacture ceria with different structures. However, 

there are only few reports on exploring specially structured ceria as NH3-SCR catalyst support. It should 

be noted that using bare ceria as the active component or support is helpful to study the structure-activity 

relationship of ceria-based catalysts in NH3-SCR. However, from the perspective of activity 

improvement, the use of bare cerium dioxide as an active ingredient is not advocated. In the case of the 

introduction of foreign components, it is generally considered that sufficient contact between ceria and 

other components is required to obtain maximum activity. Taking this into account, the use of ceria as 

catalyst support does not seem to be advantageous.37 

Compared with the supported catalysts by ceria, the ceria-based mixed oxides are dominated by 

mixtures of different metallic oxides, such as CeO2-TiO2, CeO2-MnOx, CeO2-ZrO2, CeO2-CuO-TiO2, 

etc. By mixing these oxides and aging at high temperatures, one obtains binary or multivariate solid 

solutions, spinel, perovskite oxides, or mixed oxides. In the composite oxide catalyst, one metal element 

can change the catalytic performance of another metal element, which is caused by the influence of 

electrons and structure. Li et al. studied the amorphous CeO2-TiO2 composite oxide SCR catalyst by 

means of XAFS and other characterization methods and determined the short-range ordered structure of 

Ce-O-Ti with atomic level interaction as the reaction active site of the catalyst.39  

The third type of ceria-based catalyst is to load CeO2 on other oxides supports. Oxides supports can 

be porous or nano-sized particles which could provide high surface areas, so that the loaded ceria can be 
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dispersed as smaller size crystals and form a separated active phase. The high surface area supports such 

as TiO2, Al2O3, SiO2, and carbon materials (active carbon and carbon nanotubes) are applied to ceria 

supporting low-temperature NH3-SCR. Among them, SiO2 was reported for its chemical inertia and 

availability. Especially, since the mesoporous SBA-15 was first introduced and synthesized at the end 

of the last century,40 this kind of silicate support was widely used for the ceria loading and applied to the 

SCR reaction.41 Based on this, adding other metal elements to form composite oxides on inert SBA-15 

support is expected to further improve the catalytic activity.  

 

2.3. Synthesis of SBA-15 and relevant mesoporous catalysts 

Mesoporous materials have many excellent properties, such as high surface areas, large pore volumes, 

controllable pore sizes and shapes, and nanopores.42 These features are particularly advantageous for 

applications in catalysis. Ordered mesoporous silica, M41S, was first reported in 1992. Afterwards, great 

progress has been made in morphology control, pore size adjustment, composition change, and 

application development.43 In 1998, Zhao et al. proposed mesoporous (2-50 nm) SBA-15, and since then 

a large number of related support materials have been developed.44 Compared with microporous material 

(< 2 nm), such as zeolite, the extended pore size of SBA-15 allows gas diffusion and mass transfer. Due 

to its large pore size (5-30 nm) and wall thickness (3.1-6.4 nm), its thermal and hydrothermal stability 

has been significantly improved, thus expanding the application range of mesoporous materials. Up to 

now, the research reports based on SBA-15 mesoporous materials have the highest number in the field 

of mesoporous materials.45 

 

Figure 5. Synthesis of SBA-15 by the soft-templating method. 

 

SBA-15 is synthesized in a cooperative self-assembly process with the use of a nonionic triblock 

copolymer consisting of ethylene oxide and propylene oxide units (PEO20POO70PEO20) as template, also 

known as Pluronic P123, and tetraethoxysilane (TEOS) as silica source, which results in a 2-D array 
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with long 1-D channels. The propylene oxide unit forms the hydrophobic part while ethylene oxide units 

form the hydrophilic part, as shown in Figure 5. 

Pure silica-based mesoporous materials have many limitations. Their catalytic activities for major 

reactions are quite low. And the low mechanical and hydrothermal stability of amorphous silica walls 

may cause problems in catalytic applications. Therefore, functionalization is needed to form metal 

anchored active sites. Generally, there are three strategies for the synthesis of active mesoporous 

catalysts.45 The first strategy is noted as ‘pre-synthesis’ which is mixing the template P123 and silicon 

precursor TEOS as the solution phase and adding the active metal precursor into the solution followed 

by hydrothermal and calcination steps. The advantage of this method is that the metal element, as well 

as its oxides, are dispersed well on the support. But the doping of various valences of metal into the 

silicate framework breaks the ordered hexagonal array of pores structure, especially at high-temperature 

calcination, which leads to the loss of unique properties of SBA-15. The second strategy noted as ‘post-

synthesis’ is preparing the SBA-15 first and then loading the active metal oxides on the SBA-15 by a 

mixture of SBA-15 with metal precursors in a solid state. In this method, the solvent-free technique is 

easy to operate, cheap, and environmentally friendly, which shows promising industrial application. 

However, this method is facing the dispersion problem of the competition between the immigrant of 

metal ions into the pore channels and the growth of metal oxides. Recently, a third strategy has been put 

forward as ‘med-synthesis’ which is like the post-synthesis process but replaces the SBA-15 by “as made 

SBA-15”, thus the template P123 is not removed when mixing the SBA-15 support and active metal 

precursors. It is proved that the ‘med-synthesis’ owns both the advantages of the good dispersion of 

metal species and the ordered and stable mesoporous structures. The three strategies of loading active 

metal oxides on SBA-15 are schematically shown in Figure 6. 

 

Figure 6. Synthesis approaches for mesoporous silicate materials (e.g. SBA-15) modified by 

the addition of an active component at different stages. 
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2.4. Reaction mechanism of NH3-SCR 

Getting insight into the reaction mechanism is helpful to guide the design of highly efficient SCR 

catalysts. In general, the NH3-SCR mechanism contains two cycles: acid adsorption and redox reaction,1, 

18, 46, 47 as shown in Figure 7.  

 

Figure 7. General NH3-SCR reaction mechanism over metal oxide catalysts. 

 

From a general point of view, the reaction mechanism involves three main points to be clarified. 

The first point refers to reaction route the SCR follows: a L-H (Langmuir-Hinshelwood) or an E-R (Eley-

Rideal) mechanism? For the L-H route, the NH3 is adsorbed on surface and reacts with adjunct adsorbed 

NO species, while for the E-R route, the adsorbed NH3 reacts with gaseous NO. The second point refers 

the active sites for NH3 adsorption: Lewis acid sites (L acid sites) or Bronsted acid sites (B acid sites)? 

No matter whether the reaction follows the E-R or L-H route, the initial step must be the adsorption of 

ammonia on the catalyst sites. Thus, it is important to make clear which sites are active for the effective 

adsorption of NH3 that further reacts with adsorbed or gaseous NO molecules. The third point refers to 

the intermediate products which are related to the reaction route and NH3 adsorption. However, based 

on the literature, the reaction mechanisms of NH3-SCR remain controversial for diverse catalyst systems. 

Different catalyst systems have disparate redox and acidic capacities, which form various active 

intermediates that predominantly affect the pathway and reaction efficiency. 

For the common VOx based catalysts, VOx is considered as the active site. Firstly, the sites for 

reactants adsorption (L vs B acid sites) have been a matter of debate. In brief, L acid sites were related 

to V=O and B acid sites to V-OH species. Earlier, Topsoe et al. had proposed B acid sites to be the 
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catalytically active sites as they detected a dominant amount of NH4
+ adsorbed onto V-OH surface 

sites.46, 48 On the other hand, Ramis et al. found NH3 adsorbed on V=O sites to be thermally more stable 

than NH4
+, implying that L acid sites were the dominant adsorption sites under reaction conditions 49, 

More recently, Marberger et al. supported the idea of Lewis acid sites being the active intermediate by 

observing a faster consumption of NH3 adsorbed at L acid sites compared to NH4
+ adsorbed at B acid 

sites.50, 51 Zhu et al. objected to the standpoint of Lewis acid sites as active sites by concluding that 

minority L sites (V5+=O) exhibited higher activity (TOF), while the more abundant B sites (V5+-OH) 

dominated the overall reaction.52 Thus, still no consensus has been reached regarding the role of L and 

B acid sites. Secondly, the redox reaction step has been related to the reactivity and connected to the 

VOx surface structures. The use of in situ electron paramagnetic resonance (EPR) and X-ray absorption 

spectroscopy (XAS) under reaction conditions has revealed the reducing/re-oxidizing processes to be 

accompanied by changes of the vanadium valence and VOx surface structure 53, 54. Feng et al. reported 

VOx with polymeric structure to be redox-active and provided an atomic view of the change of the VOx 

structure with the redox state.55, 56 Consistently, DFT results showed that formation of both oxidized and 

reduced VOx, i.e., V5+ and V4+, kept the vanadyl bond intact for isolated VOx on TiO2, as verified by in 

situ EPR data for VOx/TiO2 exposed to ammonia.57 All these results have revealed that the redox 

reactivity of VOx species is structure sensitive. Finally, the interaction between H2O and surface VOx 

sites was also explored. According to DFT calculations by Avdeev et al., adsorbed water changes the 

VOx molecular configuration by spontaneous dissociation and formation of surface V-OH groups 58, 59. 

Importantly, lattice oxygen of surface VOx species was shown to originate from adsorbed water rather 

than gas-phase oxygen.59 Oxygen-18 isotope labeling studies have revealed that both terminal V=O and 

bridging V-O-V bonds readily exchange oxygen with water vapor.60 

In ceria-based catalysts, ceria can play different roles (active component, promotor, or supporter) 

depending on the state of ceria. Thus, the SCR reaction mechanism on ceria-containing catalysts is 

debatable and no consensus has been reached yet.  

Bare ceria was proved to be the ideal catalyst to explore the role of cerium oxide acting as active 

component for the NH3-SCR reaction. Guo et al. used different cerium precursors to prepare bare ceria 

catalysts by direct calcination at different temperatures and applied them for NH3-SCR. It was reported 

that the performance of CeO2 might be related to its surface area, redox ability, NH3 adsorption capacity, 

amount of surface Ce3+, and active oxygen.61 Zhang et al. reported a simply pretreated bare CeO2 by 

calcination in Argon atmosphere with increased surface oxygen vacancies showing enhanced SCR 

reactivity. Based on this result, it was concluded that oxygen vacancies accelerated the acidity and the 

redox cycle during the NH3-SCR reaction, increasing the adsorption and promoting the activation of 
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NH3 and NO, facilitating the restoration of Ce4+ from Ce3+ by adsorbed oxygen, and subsequently 

improving the NH3-SCR catalytic performance.62  

Considering the poor catalytic performance of bare CeO2,
27 it is necessary to add additional active 

components to achieve synergistic effect. Therefore, there are new requirements for the research of the 

NH3-SCR mechanism on composite oxide catalysts. WO3-CeO2-TiO2 catalysts show high activity in a 

broad temperature range of 200-480 oC, which may be related to the synergistic effect between CeOx 

and WOx in the catalysts, including activation of oxygen and increase of both the Bronsted and Lewis 

acid sites.63 It also found that the Ce0.6Zr0.4O2 catalyst shows better NH3-SCR activity and SO2 resistance 

than the bare ceria due to the presence of more acid sites and reactions proceeding via the E-R 

mechanism.64 CeVO4 was prepared by adding ceria to V2O5/TiO2, presenting stable Bronsted acid sites 

for NH3 adsorption and moderate redox sites for NH3 activation rather than polymeric VOx for the V-

based catalyst, which effectively suppressed the formation of N2O and hence improved its high-

temperature N2 selectivity.65 Even for inert elements, synergistic effects exist improving the NH3-SCR 

reactivity or SO2 resistance. An innovative CeO2-SiO2 mixed oxide catalyst was prepared with strong 

interaction between Ce and Si (Ce-O-Si) and the abundant surface hydroxyl groups.66 The NH3-SCR 

performance of CeO2-SiO2 was promoted by an enhanced Eley-Rideal (E-R) mechanism, by which 

gaseous NO could directly react with adsorbed NH3. Thus, for composite oxide catalysts, it is important 

to make clear the mechanism and then provide a reaction mechanism-enhanced strategy to develop an 

environmentally friendly NH3-SCR catalyst with superior SO2 resistance. 

 

2.5. Identification of IR vibrations related to the NH3-SCR reaction 

In order to find effective DeNOx catalyst, it is necessary to understand the mechanisms of the NH3-SCR 

reaction in detail. A very powerful technique for this purpose is DRIFT spectroscopy, which provides 

direct information about the surface species during the reaction based on their vibrational signature. For 

the NH3-SCR reaction, many different gas molecules and corresponding adsorbed species are involved, 

which makes it even more important to identify these species based on their IR signals.  

Regarding the NH3 gas, it is adsorbed on acid sites, including Lewis and Bronsted acid sites. The 

assignments of various IR bands resulting from to NH3 - CeO2 species are shown in Table 1. Generally, 

a band at above 3500 cm-1 is assigned to O-H stretching, whereas N-H stretch vibrations appear at about 

3100-3400 cm-1. Bending modes of NH3 on L acid sites are located at about 1200 and 1600 cm-1, while 

those for NH4
+-B acid sites are located at about 1450 and 1650 cm-1. The intermediate species NH2 is 

characterized by a feature at about 1500-1550 cm-1. 
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Table 1. Literature assignments of IR bands related to NH3-ceria species. 

Substrate 
Wavenumber [cm-1] 

L-acid-site B-acid site NH2 H2O OH  

CeO2 cube 
1289 
1603 

 
1407 
1468 
1775 

    67 

Sulfated CeO2 

1273-
1296 
1678-
1681 

 

1435-
1440 
1485-
1492 

    67 

HSiW/CeO2 
1196, 
1592 

 
1420, 
1663 

    68 

Sulfated CeO2   
1431, 
1323 

 1160 1628  69 

CeO2-MnOx 

1626, 
1040-
1200 

3334 
1692, 
1642, 
1458 

    70 

VOx/CeO2 1127 
3384, 
3263, 
3173 

1436     71 

CeOx 
1594, 
1184 

      72 

CeO2/Ti-Zr-S 
1251, 
1685 

3356, 
3248, 
3152 

1438, 
1665 

 
1300, 
1323 

 3674 73 

Ce-Fe oxide 
1181, 
1361 

3100-
3400 

1380, 
1692 

 
1559, 
2348 

 3674 74 

CeO2-TiO2 

1591, 
1299, 
1148 

3371, 
3280 

1461, 
1421 

 
1534, 
1522, 
1265 

 3680 75 

CeO2-TiO2 1603  
1670 
1440 

 1550  
3600-
3740 

76 

CeZrO 
1601, 
1336, 
1273 

3346, 
3271, 
3404, 
3276 

1684, 
1427, 
1448 

3107, 
2700 

   77 

 

Another important type of adsorbed species originates from the interaction between NOx and ceria-

based catalysts. The differently structured NOx species, especially the NO3
- species, exhibit distinct 

activity. Table 2 summarizes literature assignments of surface NOx species resulting from the interaction 

of NO+O2 with oxide catalysts. Generally, bands within 1500-1600 cm-1 are assigned to nitrate species. 

In detail, features in the 1500-1540 cm-1 range have been attributed to monodentate nitrate, those in the 

1540-1580 cm-1 range to bidentate nitrate, and those in the 1580-1600 cm-1 range to bridging nitrate.  
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Table 2. Literature assignments of IR bands related to NOx-ceria species. 

 nitrate nitrite NO2  

 monodentate bidentate bridging monodentate   

CeO2 
1250, 1165, 
1200, 1240, 

1294 
 

1597, 1552, 
1545, 1589, 

1563 

1403, 1498, 
1373, 1357, 
1460, 1396 

1615-
1620 

67 

CeO2-nanocube  
1550, 

1215 
1255 1525  78 

CeO2-
nanopolyhydrons 

 1347  
1541, 

1358 
 78 

CeO2 1547, 1356 
1561, 1528, 
1274, 1216 

1600   69 

CeO2-MnOx  1513    70 

VOx/CeO2 1559 1577 1607  1636 71 

CeOx  1574  1253 1606 72 

CeO2/Ti-Zr-S 1286 1572, 1517 1211  1620 73 

Ce-Fe oxide 
1393 

 
1623,1535 1238, 1235   74 

CeO2-TiO2 1297, 1280 1560, 1535, 1601, 1244 1613  75 

CeO2-TiO2 
1530 

1290 
1571, 1550, 1240  1620 76 
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3. Fundamentals and experimental 

3.1. Chemicals, gases, and instruments 

The main chemical reagents used for catalyst preparation and performance tests are listed in Table 3, the 

gases used in the experiments are listed in Table 4, and the instruments and equipment used for catalyst 

preparation, characterization and reactivity tests are listed in Table 5. 

 

Table 3. List of chemicals used in this thesis.  

Name Chemical formula Specification Manufacturer 

Pluronic P123 
 

x=20, y=70, z=20 

Analytical pure Aldrich Sigma 

Tetraethylorthosilicate 

(TEOS)  
Si(OEt)4  >99 % Aldrich Sigma 

Titanium tetrachloride  TiCl4 >99 % Aldrich Sigma 

Silicon tetrachloride SiCl4 >99 % Aldrich Sigma 

Vanadium 

oxychloride 
VOCl3 >99 % Aldrich Sigma 

Pyridine C5H5N 99.8 % Aldrich Sigma 

Cerium nitrate 

hexahydrate 
Ce(NO3)3∙6H2O 99 % Aldrich Sigma 

Copper nitrate 

trihydrate 
Cu(NO3)2∙3H2O 99 % Aldrich Sigma 

Manganese nitrate 

tetrahydrate 
Mn(NO3)2∙4H2O > 97 % Aldrich Sigma 

Nickel nitrate 

hexahydrate 
Ni(NO3)2∙6H2O 99.999 % Aldrich Sigma 

Magnesium nitrate 

hexahydrate 
Mg(NO3)2∙6H2O 99 % Aldrich Sigma 

Lanthanum nitrate 

hexahydrate 
La(NO3)3∙6H2O 99.999 % Aldrich Sigma 

Magnesium oxide MgO > 99.99 % Aldrich Sigma 
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Table 4. List of gases used in this thesis. 

Name Chemical formula Specification Manufacturer 

Nitrogen N2 ≥ 99.999% Westfalen 

Oxygen O2 ≥ 99.999% Westfalen 

Nitrogen 

monoxide / 

Nitrogen 

NO / N2 2000 ppm ± 0.25% abs. Air Liquide 

Ammonia / 

Nitrogen  
NH3 / N2 2000 ppm ± 0.25% abs. Air Liquide 

Sulfur 

dioxide / 

Nitrogen 

SO2 / N2 1000 ppm Air Liquide 

 

Table 5. Instruments and equipment used in this thesis. 

Name Equipment model Manufacturer 

Raman spectrometer 
Argon ion laser (514 nm) Melles Griot Inc. 

Nd:YAG laser (532 nm) Cobolt Inc. 

Gas-phase FTIR spectrometer Tensor-27 Bruker 

DRIFT spectrometer Vertex Bruker 

Gas adsorption analysis NOVA 3000e Quantachrome 

X-ray powder diffractometer StadiP Stoe & Cie GmbH 

DR UV-Vis spectrometer V-770 Jasco 

X-ray photoelectron spectrometer SSX 100 ECSA Surface Science Laboratories 

Inc. 

Transmission electron microscope JEOL JEM-2100F Akishimashi 

Reactor cell I CRA-1000 Linkam 

Reactor cell II DRP-ASC Harrick 
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3.2. Characterization methods 

The structure and physical properties of the samples were characterized by X-ray diffraction 

(XRD), nitrogen adsorption-desorption measurements, Transmission electron microscopy 

(TEM), and X-ray photoelectron spectra (XPS). 

XRD. X-ray diffraction experiments were carried out in transmission geometry on an X-ray 

powder diffractometer (StadiP, Stoe & Cie GmbH) with a Mythen 1K (Dectris) detector. For the 

measurements, Cu Kα1 radiation (λ = 1.540598 Å) and a Ge[111] monochromator were used. 

N2 adsorption isotherm. Nitrogen adsorption-desorption measurements were carried out 

on a NOVA 3000e (Quantachrome) to determine the surface area and pore size of the 

mesoporous samples. The Brunauer-Emmett-Teller (BET) method was employed to calculate 

the specific surface area, and nonlocal density functional theory (NLDFT) was used to calculate 

the adsorption branch to obtain the porosity characteristics. 

TEM. 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 

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. 

XPS. X-ray photoelectron spectra were recorded on an SSX 100 ECSA spectrometer 

(Surface Science Laboratories Inc., Minneapolis, MN, USA), equipped with a monochromatic 

Al-Kα X-ray source (1486.6 eV), in constant analyzer energy (CAE) mode at a 36° detection 

angle with 0.1 eV resolution. The C 1s peak of ubiquitous carbon (284.9 eV) was used to correct 

the binding energies. Data analysis included subtraction of a Shirley background and a peak-fit 

analysis using Gaussian−Lorentzian product functions with 45% Lorentzian share. The degree 

of reduction of ceria was determined based on the ratio Ce3+/(Ce3++Ce4+) using the sum of 

integrated peaks for Ce3+ and Ce4+, respectively. 

To analyse the formation of ceria during the calcination process, thermogravimetric analysis 

(TGA) and in situ spectroscopies were applied. 

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

Toledo). In order to record TGA curves, samples were exposed to a flow of synthetic air or pure 

N2 gas (100 ml/min) while being heated from room temperature to 500 °C at a rate of 1.5 °C/min. 
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Samples were then calcined at 500 °C for 5 h. At the same time, derivative thermogravimetry 

(DTG) profiles were obtained. 

Gas-phase Fourier transform infrared (FTIR) spectroscopy. FTIR spectroscopy was 

performed on a Bruker Tensor 27 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). The 

gas cell was heated to 120 °C to avoid the condensation of water produced by the catalytic 

reaction. IR spectra were continuously recorded every minute with a resolution of 4 cm-1. The 

backgrounds used for the analysis were recorded under pure nitrogen gas at room temperature. 

For online IR gas-phase detection, the Tensor was connected to the SCR reactor (commercial 

CCR1000 catalyst cell, Linkam Scientific Instruments). The gas-phase concentrations were 

determined based on a set of calibration curves. 

Diffuse reflectance (DR) UV-Vis spectroscopy. DR UV-Vis spectra were recorded on a 

Jasco V-770 UV-Visible/NIR spectrometer with a praying mantis mirror cell and a high-

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

sources were adopted to transmit wavelengths in the visible and ultra-violet, respectively, and a 

Peltier-cooled PbS detector was employed. Spectra were recorded from 800 to 200 nm with a 

spectral resolution of 0.5 nm. MgO was used as the white standard. 

Raman spectroscopy. Raman spectra were recorded in a backscattering geometry. For 

excitation, an argon ion laser (514.5 nm, Melles Griot) or a Nd:YAG laser (532 nm, Cobolt Inc., 

Germany) was employed and for collection of the backscattered light a transmission 

spectrometer (Kaiser Optical) equipped with a charge-coupled device (CCD) detector was 

employed. The spectrometer was calibrated using the emission lines of a standard argon lamp. 

The resolution of the spectrometer was 5 cm-1 and the wavelength stability was better than 0.5 

cm-1. The laser power was set to 2.5 mW and measured by a power meter (Ophir). The Raman 

features were fitted by Voigt functions using a Gaussian linewidth of 6 cm-1 to account for the 

instrumental broadening.  

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS). DRIFT spectra were 

recorded on a Vertex 70 (Bruker) equipped with a liquid N2 cooled mercury cadmium telluride (MCT) 

detector and a commercial Harrick cell. As a background standard, KBr powder was used. The spectral 

resolution of DRIFTS was 1 cm−1, the temporal resolution was 60 s. In situ DRIFT spectroscopy was 

combined with gas-phase analysis, by analyzing the gas phase at the outlet of the in situ cell by gas-

phase FTIR spectroscopy (see above). 
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3.3. Synthesis methods 

Metal oxides (e.g. CeO2 based) are effective catalysts for NH3-SCR of NO. The reactivity is proportional 

to the number of active sites on the surface. Thus, a smaller size (nano size) is beneficial for the metal 

oxides to achieve high specific surface area. On the other hand, the high operation temperature can sinter 

the tiny oxides together which decreases the catalytic performance with increasing catalytic time. SBA-

15 is used as support with high surface area and inert silicate substrate to stabilize the ceria-based oxides. 

In order to disperse the oxides on the mesoporous SBA-15, two synthesis methods are adopted, i.e. solid 

state impregnation (SSI) and atomic layer deposition (ALD). 

Solid state impregnation. For the solid state impregnation (SSI) method, the precursors of the active 

metal oxides are mixed with the mesoporous support directly followed by calcination to remove the 

ligands and obtain the oxides dispersed on the support. Different from the conventional wetness 

impregnation method, the SSI method is solvent free which makes the technique environmentally 

friendly and easy to operate. Scheme 1 shows an example of the general process of the SSI method for 

preparing CeO2@SBA-15 using the cerium precursor Ce(NO3)3·6H2O. The cerium nitrate powder and 

SBA-15 are mixed according to the weight proportion and grand in a mortar for 30 mins. After that, the 

obtained mixture is calcined in a furnace with a specific temperature program.  

 

Scheme 1. General process of the SSI method for preparing CeO2@SBA-15 using the cerium 

precursor Ce(NO3)3·6H2O. 

 

Atomic layer deposition. Atomic layer deposition (ALD), also known as atomic layer epitaxy 

(ALE), is a chemical vapor deposition technology based on ordered, surface self-limiting reactions. ALD 

technology originated in the 1960s- 1970s. It was first reported by former Soviet scientists Aleskovskii 

and Koltsov.79 Then based on the demand for high-quality ZnS:Mn thin film materials for 
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electroluminescent thin-film flat-panel displays, it was developed and improved by Suntalo from 

Finland. However, due to its complex surface chemical processes and other factors, ALD technology 

did not achieve great development at the beginning. In the 1990s, with the rise of the semiconductor 

industry, the requirements for the size and integration of various components and parts became higher 

and higher, and ALD technology ushered in the golden stage of development. In the 21st century, with 

the successful development of commercial ALD instruments to meet various preparation needs, ALD 

technology has attracted more and more attention in both basic research and practical applications.79  

Typically, ALD refers to a process of forming thin films by feeding alternating pulses of gas-phase 

precursors into the reaction chamber followed by gas-solid chemical reactions on the surface of the 

deposited substrate. Figure 8 shows the process which includes four steps in more detail: (i) Feed of 

precursor MB pulse for adsorption reaction on the surface with an initial group (such as -AC); (ii) Use 

of inert gas (N2 or Ar) to purge excess reactants and by-products; (iii) Feed of precursor AC pulse (which 

always acts as an oxidant) for adsorption reaction with adsorbed -B; (iv) Use of inert gas to purge excess 

reactants and by-products.  

-AC + MB3 → -AMB2 + BC          (3-1) 

(-AM)-B + AC2 → (-AM)-AC + BC        (3-2) 

where M is the metal element for coating, B the coordinated ligand, AC is the oxidant with A is oxygen 

when metal oxide AM is wanted. These steps are then repeated to realize the film layer by layer growth 

on the substrate surface. 

 

Figure 8. Schematical diagram of the ALD procedure. 
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Here, the ALD technology is adopted to deposit oxide SiO2, Al2O3, TiO2, and VOx using as 

precursors SiCl4 (+pyridine), Al(CH3)3, TiCl4, and VOCl3, respectively. H2O is adopted as an oxidizing 

agent. In Figure 9, the ALD system used in this thesis is presented. The powder samples are loaded in a 

customized opened container with filters. The feed system and reactor can be heated by thermal 

controllers (red lines).  

 

Figure 9. Customized ALD instrument used in this thesis. 

 

3.4. NH3-SCR reaction system 

The NH3-SCR reaction was studied by using the reaction platform shown schematically in Figure 10 

which was developed within this thesis. 
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Figure 10. Schematic diagram of the NH3-SCR reaction system. 

 

Several points should be noted here. Firstly, the exhausted gas is detected by gas phase FTIR. 

Different from the specifically integrated detector for NH3-SCR, from which the gas component values 

can be obtained directly, the FTIR is advantageous in recording all the possible gas products except for 

the IR-inactive N2. In order to quantitatively determine the amount of the exhausted components, suitable 

IR signals are chosen and via calibration the relation between IR intensity and gas component 

concentration is evaluated, which is shown in the next section. 

Secondly, the NH3-SCR reaction is examined by using a Linkam cell. Regarding the in situ 

spectroscopy work, both a Linkam cell and a Harrick cell were used, which will be specified when 

discussing the results.  

In general, the NH3-SCR catalytic performance, including the NOx conversion and N2 selectivity, 

is conducted by putting a certain amount of catalyst into the fixed bed cell and feeding the experimental 

gas at a certain temperature with a known inlet gas composition and detected outlet exhausted 

composition. In detail, firstly, the catalyst is dehydrated at 550 oC and N2+ 20 vol.% O2 for 1 h. 

Afterwards the typical SCR reaction gas is fed into the cell chamber as 500 ppm NH3, 500 ppm NO, 5 

vol.% O2 and balanced with N2. When considering the effect of vapor and sulfur, 5 vol. % H2O and 200 

ppm SO2 are added in the typical SCR inlet gas and balanced with N2. The gas flow is set as 50 mL/min 

and the corresponding gas hour space velocity (GHSV) is about 60000 h-1 unless noted otherwise. 
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Considering the deadtime of the gas transport in the pipe and the reaction time for reaching a stable 

equilibrium, 20 mins (or 30 mins) are adopted for each reaction condition. 

The catalytic performances are evaluated as below, 

in out

in

[NO] -[NO]
NO conversion 100%

[NO]
=         (3-3) 

in out

in

[NO ] -[NO ]
NO  conversion 100%

[NO ]

x x
x

x

=         (3-4) 

2 out
2

2 out 2 out

[N ]
N  selectivity= 100%

[N ] +[N O]
        (3-5) 

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

 

3.5. Temperature calibration 

Temperature is an important factor affecting the NH3-SCR behavior as well as the reaction mechanism. 

Typically, the NH3-SCR reaction is ought to be tested in a temperature range from low temperature 

(about 150 oC) to high temperature (about 450 oC). Thus, accurately anchoring the tested temperature is 

the foundation for the understanding of NH3-SCR reaction especially at low temperature. Here, two 

reactor cells are adopted, the Linkam cell and the Harrick cell, which are each calibrated. 

For the temperature calibration of the reactor, it should be noted that the temperature in the cell 

space is not even for the side heating mode. In this case, the calibration point is fixed in the center and 

near the upper surface of sample (see Figure 11). Although it is typically lower than the wall side 

temperature which would result in a higher apparent temperature, the surface region acts as an important 

role in the in situ spectroscopy characterization which is sensitive to the temperature. In addition, during 

the calibration, the cell is opened (the glass window is removed) and the convective heat transfer makes 

great effect on the detected temperatures. Therefore, the SBA-15 is used as a filler above to simulate an 

closed atmosphere.  



 

26 

 

 

Figure 11. Scheme of the temperature calibration setup. 

 

The temperature calibration results are recorded and subjected to a least square fit analysis yielding 

a relation between the actual temperature (Tact) and the apparent temperature (Tapp), as shown in Figure 

12. In the following, all temperatures given refer to actual temperatures. 

 

Figure 12. Temperature calibration of the (a) Linkam cell and the (b) Harrick cell. 
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4. Synthesis of CeO2 loaded on mesoporous SBA-15 and its application for NH3-SCR 

As discussed in the last section, mesoporous SBA-15 has been widely adopted as catalyst support due 

to its high specific surface area and chemically inertness. Synthetic approaches leading to catalytically 

active mesoporous silicates are following mostly two routes, that is, the “one-pot” strategy and the 

“loading” strategy.45 In the case of the “one-pot” strategy (or pre-synthesis method), the silicon source 

is mixed with the precursor of the active composition, which then both interact with the template to co-

assemble into a porous framework.80, 81 The “loading” strategy (or post-synthesis method) mainly 

involves the preparation of a stable mesoporous silica matrix, followed by its loading with the active 

composition.82 Besides, the intermediate route between the pre- and post-synthesis approaches, denoted 

“med-synthesis”, in which the template remains in the pore (see Figure 6), has been applied owing to its 

potential to combine the advantages of the pre- and post-synthesis approaches, such as good active phase 

distribution and defined structure, as well as improved catalytic activity. 

In this section, the preparation of active metal oxide catalysts supported on SBA-15 by solid-state 

impregnation with the assistance of a template is described, corresponding to the “med-synthesis”. Based 

on the catalytic test comparing the template-assisted method (med-synthesis) with the template-free 

method (post-synthesis), the former apparently yielded an improved SCR performance which was the 

motivation to explore how the template assistance made an effect and why the prepared catalysts showed 

distinct SCR reactivities, which were corresponding to the mechanisms of the synthesis process and SCR 

reaction process, respectively. Firstly, in situ characterizations were adopted to monitor the synthesis of 

CeO2 loaded on SBA-15 by the SSI method with/without a template.41 Secondly, the SCR reaction 

mechanism was explored for the CeO2/SBA-15 catalyst. In order to exclude the effect of support, bare 

CeO2 exploration was inserted before the CeO2/SBA-15 to show the general mechanism of NH3-SCR 

on ceria.  

 

4.1. Controlling the dispersion of ceria using nanoconfinement: application to CeO2/SBA-15 
catalysts for NH3-SCR  

Ceria-based materials have been considered as potential catalysts for the NH3-SCR reaction, due to their 

high oxygen storage capacity (OSC) and excellent redox properties.83 Since crystalline CeO2 cannot 

provide a sufficiently high specific surface area, especially after high-temperature aggregation, SBA-15 

has been employed previously as a support material to disperse and stabilize CeO2 particles,84 but also 

other NH3-SCR-related materials.85  
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Recently, the positive effect of surfactants on the loading of active components in mesoporous 

silicates has attracted considerable attention. To this end, previous studies have shown that 3 nm-sized 

ceria particles dispersed on SBA-15, as achieved with the assistance of H3Cit, caused an enhanced 

reducibility and defect concentration of the particles, influencing the catalytic performance.86 Besides, 

surfactant-assisted impregnation has been widely applied in the context of Ni/SBA-15 catalysts for CO2 

reforming of CH4.
87 These studies have revealed that the use of surfactant P123 yields a catalytic 

performance superior to that of other surfactants,87-89 which was explained by the coordination of Ni 

atoms by the OH groups of P123, thus preventing their aggregation.88 Considering that P123 is the 

template of SBA-15, a method was put forward that used as-made SBA-15 for wetness impregnation 

after partial removal of P123. This method was employed for the synthesis of Cu/SBA-15 materials, 

enabling a good dispersion of copper even at high loadings.90 Yin et al. suggested an improved method 

to use the P123-contained SBA-15 combined with solid-state impregnation methods to avoid the extra 

step of partial removal of P123, which was applied to the synthesis of CuO/SBA-15 for thiophene 

capture,91 CeO2/SBA-15 for sulfur capture,92 Pt/SBA-15 for hydrogen storage,93 Co/SBA-15 for the 

oxidation of organic pollutants,94 and Fe/SBA-15 for phenol degradation.95 Also composite catalysts, 

i.e., Ag-CeO2/SBA-15, were prepared by using P123-contained SBA-15, showing good dispersion and 

catalytic performance for room-temperature reduction of 4-nitrophenol.96 Summarizing, previous 

studies have demonstrated the great potential of the template P123-assisted synthesis of mesoporous 

catalysts containing highly dispersed metals or metal oxides. 

Although the med-synthesis approach towards improved supported catalysts has received 

increasing attention, a detailed mechanistic understanding of the template P123-assisted synthesis is still 

lacking. One hypothesis is that P123 remaining in the pores of SBA-15 forms a confined space between 

the silica walls and residual P123 in the intra-wall pores,90, 92-95 while another proposes an interaction 

between P123 and the metal precursors, influencing their decomposition behavior.88 However, due to a 

lack of direct experimental evidence, particularly in situ analysis, none of the above hypotheses have 

been verified so far. Besides, it was found that the dispersion effect of P123 was limited to samples with 

high loadings.92 Thus, elucidating the mechanism of the template assistance will be of great importance 

to further improve its applicability to catalyst synthesis. 

In the following, the preparation of CeO2/SBA-15 catalysts by solid-state impregnation methods 

starting from bare and template-containing SBA-15 is reported, aiming at a mechanistic understanding 

of the synthesis. To monitor the calcination process in detail, in situ Raman, DRIFT, and DR UV-Vis 

spectroscopies were applied, revealing details of the transformation of the cerium precursor to the 

supported oxide. Additional thermogravimetric analysis (TGA) and exhaust gas analysis by FT-IR 
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spectroscopy allowed the temperature-dependent decomposition of the P123 template and the cerium 

precursors to be monitored. The differently prepared samples were characterized regarding their 

structural and surface properties and tested in NH3-SCR. Based on these combined results, a synthesis 

mechanism was proposed and used to develop a novel synthesis protocol to yield catalysts with improved 

ceria dispersion and superior NH3-SCR performance. This work mainly follows the published paper 

“Controlling the dispersion of ceria using nanoconfinement: application to CeO2/SBA-15 catalysts for 

NH3-SCR”.41 

 

4.1.1. Catalyst preparation 

asSBA-15 and tfSBA-15. Mesoporous SBA-15 was synthesized according to the methods reported by 

Zhao et al. (see Figure 5).40 Briefly, 4 g of pluronic EO20PO70EO20 (P123) was dissolved in 150 ml of 

1.6 M HCl solution and stirred at 35 °C and a speed of 250 r/min for 2.5 h. Then, 11 ml of 

tetraethylorthosilicate (TEOS) was added and the obtained mixture was stirred at 35 °C at an increased 

speed of 400 r/min for 20 h. The stirred mixture was then transferred to a Teflon bottle for hydrothermal 

treatment and crystallization at 85 °C for 24 h. Vacuum filtration of the suspension at room temperature 

yielded a white powder, which is referred to as as-made SBA-15 (asSBA-15) and which contains the 

templating agent P123 in the mesoporous matrix. Calcination of asSBA-15 at 550 °C for 12 h with a 

heating rate of 1.5 °C/min in air yields a white powder, referred to as template-free SBA-15 (tfSBA-15), 

from which the templating agent P123 has been removed. 

asSBA-L/H-CeO2-Air/N2. Cerium nitrate was employed as the cerium source for the preparation 

of CeO2/SBA-15 catalysts. The precursor Ce(NO3)3·6H2O was mixed with asSBA-15 (see above) via 

solid-state grinding at room temperature for 30 min. The thoroughly mixed powder was then calcined in 

a muffle furnace at 500 °C for 5 h (heating rate: 1.5 °C/min) in air (denoted by -Air) or N2 (denoted by 

-N2) to remove the P123 template and form the CeO2 phases. To explore the effect of CeO2 loading, 

CeO2/SBA-15 catalysts with low and high CeO2 loading were prepared. The sample resulting from a 

mixture of 0.173 g of Ce(NO3)3·6H2O and 0.225 g of asSBA-15 will be referred to as L-CeO2, while 

that resulting from a mixture of 0.346 g of Ce(NO3)3·6H2O and 0.225 g of asSBA-15 will be labelled as 

H-CeO2. Thus, as an example, mixing 0.173 g of Ce(NO3)3·6H2O with 0.225 g of asSBA-15, followed 

by calcination in air, gave the sample asSBA-L-CeO2-Air. 

tfSBA-L/H-CeO2-Air/N2. Similarly, tfSBA-L/H-CeO2-Air/N2 samples were prepared by following 

the above protocol, except that asSBA-15 was replaced by tfSBA-15. To ensure comparable CeO2 

loadings, 0.225 g of asSBA-15 was calcined yielding 0.108 g of tfSBA-15. Thus, as an example, mixing 
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0.173 g of Ce(NO3)3·6H2O with 0.108 g of tfSBA-15 followed by calcination in air resulted in the sample 

tfSBA-L-CeO2-Air.  

Prior to catalytic testing in NH3-SCR, all samples treated in N2 during synthesis were calcined in 

air for 2 h at 500 °C to remove residual template. 

 

4.1.2. Characterization of dispersed CeO2 on SBA-15 

Three CeO2/SBA-15 samples were prepared by calcination of the cerium oxide precursor 

Ce(NO3)3·6H2O and the SBA-15 support following different routes, as detailed in Scheme 2. The sample 

tfSBA-CeO2-air was synthesized by grinding template-free SBA-15 (tfSBA-15) with cerium nitrate and 

subsequent calcination in air to obtain ceria crystallites grown inside SBA-15 pores. For the sample 

asSBA-CeO2-air, P123-containing SBA-15 (asSBA-15) was employed as support material. Using the 

same calcination step in air results in ceria dispersed inside the SBA-15 pores. Moreover, a third route 

was designed, which yields the sample asSBA-CeO2-N2, by starting from asSBA-15 but changing the 

gas atmosphere to inert N2. 

 

Scheme 2. Different synthesis routes for CeO2/SBA-15 catalysts using the solid-state 

impregnation method. 

 

Figure 13(a) summarizes the temperature program of the calcination process, which is characterized 

by two stages, i.e., heating from room temperature to 500 °C at a rate of 1.5 °C/min and keeping the 

temperature at 500 °C for 5 h. 
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Figure 13. (a) Temperature program of the calcination process, and (b) XRD patterns of the 

calcined CeO2/SBA-15 materials, after starting from different SBA-15 matrixes (tfSBA-15 and 

asSBA-15) and cerium contents (low and high), and applying different atmospheres (air and 

N2). For comparison the XRD pattern of bare SBA-15 is shown. The CeO2-related peaks are 

marked. XRD patterns are offset for clarity. 

 

Figure 13(b) shows wide-angle XRD patterns of the calcined samples. Starting with bare SBA-15, 

the broad diffraction peak at 2θ = 23o is assigned to amorphous silica. For the samples with CeO2 loading, 

new peaks appear at 2θ values of 28.5o, 33.2o, 47.5o, and 56.3o, which can be attributed to different 

planes of crystalline CeO2, i.e., (111), (200), (220), and (311), respectively. Detailed analysis reveals 

that the peaks show a full width at half maximum (FWHM) in the order tfSBA-L-CeO2-air < asSBA-L-

CeO2-air < asSBA-L-CeO2-N2. Based on a fit analysis of the ceria (111) diffraction peak and application 

of the Scherrer formula,97 the grain sizes are found to decrease as tfSBA-L-CeO2-air > asSBA-L-CeO2-

air > asSBA-L-CeO2-N2 (see Table 6), reflecting the suppression of ceria crystal growth when the use 

of template P123 is combined with a N2 calcination atmosphere. Similarly, with increasing CeO2 

loading, the grain sizes decreased as asSBA-H-CeO2-air > asSBA-H-CeO2-N2, indicating that an inert 

calcination atmosphere can further improve the CeO2 dispersion compared to the effect of the surfactant 

template alone. 

Table 6 summarizes some physical properties of the CeO2/SBA-15 samples as determined on the 

basis of N2 adsorption isotherms, including the specific surface areas, pore volumes, and pore sizes. The 

CeO2-containing samples exhibit smaller specific surface areas than bare template-free SBA-15 (tfSBA-

15), decreasing in the order tfSBA-L-CeO2-Air > asSBA-L-CeO2-Air > asSBA-L-CeO2-N2, owing to 
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micropore blocking and, in the case of asSBA-L-CeO2-N2, also the reduction of mesopore diameter by 

ceria loading onto the inner surface of the porous matrix. 

 

Table 6. Composition, specific surface area, and porosity characteristics of the CeO2/SBA-15 

samples compared to bare SBA-15. 

Samples 
CeO2 

(wt.%) 

Stotal 

[m2/g]a 
Dp [nm]b 

Vtotal 

[cm3/g]c 
dCeO2 [nm]d 

tfSBA-15 0 616 6.3 0.64 -- 

tfSBA-L-CeO2-air 39 414 6.3 0.43 7.8 

asSBA-L-CeO2-air 39 359 6.3 0.39 6.4 

asSBA-L-CeO2-N2 39 280 5.8 0.32 5.4 

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 N2 adsorption/desorption isotherms of the SBA-15 and CeO2/SBA-15 samples all show profiles 

typical for mesoporous materials (see Figure 14(a)), but with variations in the shape of the hysteresis 

loop. Bare SBA-15 powder shows the typical shape of a mesoporous material with an H1 hysteresis loop 

at the relative pressure p/po of 0.55-0.75, reflecting uniform hexagonal pores with a narrow pore size 

distribution centered around 6.3 nm diameter. For samples loaded with CeO2, a decrease in the micropore 

area compared to bare SBA-15 is observed. Also, the closing point of the hysteresis loop shifts to lower 

relative pressure values of about 0.45, which implies that CeO2 is formed inside the pores, resulting in 

open and narrowed mesopores.98 The desorption branch of the hysteresis loop of tf-SBA-L-CeO2-air 

shows two steps, representing open mesopores (p/po of 0.53-0.70) and narrowed mesopores (p/po of 

0.45-0.53), respectively. For asSBA-L-CeO2-air, a weak feature from open mesopores and a forced 

closure of the hysteresis loop at p/po = 0.46 is observed, which is attributed to ink-bottle type pores. In 

contrast, the desorption branch of asSBA-L-CeO2-N2 is characterized by a smoother decrease, which is 

somewhat similar to that of SBA-15, representing a more uniform pore size along the channels, while 

the shift of the curve to lower relative pressure values compared to bare SBA-15 results from the 

decreased pore size after the coating with CeO2. 

Figure 14(b) shows the pore size distributions calculated from the adsorption branches of the 

isotherms. The samples treated in air, tfSBA-L-CeO2-air and asSBA-L-CeO2-air, exhibit a maximum at 
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a pore size of around 6.3 nm, i.e., at the same diameter as the original SBA-15, implying that a 

considerable amount of surface area inside the pores is uncoated. Especially the pore sizes of tfSBA-L-

CeO2-air are distributed over a wider range towards lower values, suggesting the presence of CeO2 

crystallites inside the pores. In contrast, asSBA-L-CeO2-N2 shows a maximum at a decreased pore 

diameter of 5.8 nm, as a result of a more even coating of the pores with nano-scale CeO2. For illustration, 

Fig. S4-1 in the Supporting Information provides schematic diagrams of the pore structures of these 

three samples, as proposed on the basis of the above analysis. In summary, for tfSBA-L-CeO2-air, the 

growth of crystalline ceria results in the presence of narrowed pores, while in the case of asSBA-L-

CeO2-air the limited diffusion of the cerium precursor leads to the formation of ink-bottle pores. By 

contrast, for asSBA-L-CeO2-N2, extensive diffusion of cerium ions results in an evenly coated porous 

matrix. 

 

Figure 14. (a) N2 adsorption/desorption isotherms and (b) NLDFT pore size distributions of 

template-free SBA-15 and CeO2/SBA-15 materials prepared by different synthesis routes. 

 

4.1.3. Mechanism of CeO2 dispersion during calcination 

Previously, the good dispersion on asSBA-15 has been proposed to be due to the existence of template 

P123, resulting in confined spaces for CeO2 crystal growth, however, without providing direct evidence. 

To elucidate the interaction between the SBA-15 support and the ceria species during calcination, TG 

analysis and online gas-phase FTIR spectroscopy, as well as in situ Raman, DR UV-Vis, and DRIFT 

spectroscopies were applied. 

First, TG analysis were applied to gain detailed insight into the decomposition of the template-

containing SBA-15 during calcination, compared to bare asSBA-15 and the cerium precursor 
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Ce(NO3)3·6H2O as reference (see Figure 15(a)), following the temperature program given in Figure 

13(a). The observed thermal decomposition of bare as-made SBA-15 shows a single weight loss of 47 

wt. % at about 120 °C, which is associated with the decomposition of triblock copolymer P123 slightly 

embedded in the siliceous pore walls.99 Previous studies have addressed the decomposition mechanism 

of bare cerium nitrate Ce(NO3)3·6H2O in air by TGA, as summarized in Fig. S4-2.100, 101 Here, by 

combining TG and DTG analysis (see Figure 15(a) and S4-3), It is identified 221 °C as a critical 

temperature point, attributed to the onset of cerium nitrate decomposition. Weight losses observed below 

221 °C are assigned to the release of surface water and structural water, while at temperatures above 221 

°C the decomposition of nitrate resulted in the release of NOx gas (see below, Figure 15(b)) and a further 

substantial weight loss of 35 wt.%. Sample tfSBA-L-CeO2 calcined in air shows a substantial decrease 

in weight below 200 °C due to lower onset temperatures for the release of water and cerium nitrate 

decomposition compared to bare cerium nitrate. 

However, because, for the mixed samples (cerium nitrate/SBA-15), the weight loss reflects a more 

complex interplay of different processes, the exhaust was continuously monitored by gas-phase FTIR 

spectroscopy. To this end, Figure 15(b) depicts the temperature-programmed evolution of NO2 gas (at 

1629 cm-1)67 resulting from cerium nitrate decomposition. As a reference, the NO2 evolution of bare 

Ce(NO3)3·6H2O salt is shown (see light-blue curve), which is characterized by a sharp increase at 240 

°C and a slower decline up to ~500 °C, in agreement with the literature.101 There is an additional small 

peak at about 120 °C, indicating the evaporation of aqueous acid azeotrope, as discussed in the context 

of Fig. S4-2. Compared to the bare cerium salt, the NO2 signal of tfSBA-L-CeO2-air appears within a 

much narrower temperature range, suggesting the influence of SBA-15 on the decomposition of cerium 

nitrate. The lack of NO2 features at lower temperatures, i.e., at around 120 °C and at 190-230 °C, suggests 

the inhibition of azeotrope formation by dry SBA-15. In contrast, the sample asSBA-L-CeO2-air shows 

an increasing signal at 160-250 °C, which is attributed to template P123 decomposition, producing water 

to form the HNO3 azeotrope, as well as a stronger nitrate decomposition peak with an onset at ~250 °C. 

For asSBA-L-CeO2-N2, the cerium nitrate precursor is observed to decompose within a very narrow 

temperature window (250 °C-300 °C), indicating differences in the interaction between precursor and 

template as a function of the calcination conditions. 

Fig. Figure 15(c) depicts the temperature-programmed evolution of exhaust CO2 gas (at 2350 cm-

1)102 resulting from the decomposition of template P123. For bare as-made SBA-15, the decomposition 

starts at around 155 °C and extends up to 500 °C. Sample tfSBA15-L-CeO2-air shows a small feature at 

240-350 °C, originating from residual P123 after calcination. By comparison of Figure 15(b) and Figure 

15(c), it can be seen that the temperature range of the CO2-related band overlaps with that of the NO2 
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band, possibly leading to synergetic effects in the decomposition and oxide formation processes. The 

sample asSBA-L-CeO2-air exhibits several CO2-related peaks. Compared to the single broad CO2 band 

detected for bare asSBA-15, these more discrete features indicate the presence of different intermediate 

states during P123 decomposition. In contrast, when the calcination is performed in N2, a significant 

amount of CO2 is released within a very narrow temperature window (270-275 °C), strongly overlapping 

with that of the NO2 release (see Figure 15(b)), reflecting an interaction between the decomposition of 

P123 and that of cerium nitrate, while the CO2 emission at higher temperatures can be ascribed to the 

decomposition of oxygen-containing fragments of the template. 

 

Figure 15. TGA profiles (a), and IR intensities of exhaust NO2 (b), and CO2 (c) during calcination 

of bare asSBA-15, bare cerium nitrate, and cerium nitrate/SBA-15 mixtures, following the 

protocol given in Figure 13a. 

To gain more detailed insight into the decomposition processes, Figure 16 shows the temporal 

evolution of all exhaust gases during calcination, as detected by online gas-phase IR analysis. Features 
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at around 1150-1250 cm-1 are assigned to C-O-C stretching modes,103 those at 1350 cm-1 and 2800-3000 

cm-1 to C-H bending and stretching modes, respectively.103 and those at 1750 and 3638 cm-1 to C=O and 

O-H stretching modes, respectively.102 

For bare asSBA-15, the P123 decomposes directly to gaseous CO2 as well as C1 or C2 fragments, 

starting at around 170 °C. In the case of tfSBA-L-CeO2-air, the decomposition of cerium nitrate, leading 

to NO2 formation, and small amounts of CO2 and Cn ketone are observed from 260 °C onwards. The 

exhaust gas evolution of asSBA-L-CeO2-air is characterized by four stages, beginning at about 160 (I), 

240 (II), 300 (III), and 350 °C (IV), respectively, consistent with the discrete CO2 peaks in Figure 15(c): 

In stage I, Cn fragments (including ketone, alcohol, and ether) are formed, while NO2 shows a gradual 

increase, indicating that P123 fragments may affect the decomposition of cerium nitrate, considering the 

higher onset temperature for decomposition observed for tfSBA-L-CeO2-air. In stage II, which 

corresponds to the temperature range of the original cerium nitrate decomposition, a facilitated 

decomposition of P123 compared to bare asSBA-15 is observed, which may be attributed to a catalytic 

effect by the formed ceria (see below). In stage III, most of the residual P123 is catalytically converted 

by ceria to CO2 and H2O, while in stage IV more stable fragments are decomposed.  

Summarizing, from the above in situ gas-phase results, it is concluded that P123 fragments facilitate 

the decomposition of cerium nitrate, while in turn the formed ceria catalyzes the decomposition of P123. 

Interestingly, for sample asSBA-L-CeO2-N2, P123 and cerium nitrate decompose almost simultaneously 

within a narrow temperature window at about 280 °C, which equals the decomposition temperature of 

cerium nitrate, according to the tfSBA-L-CeO2-air and asSBA-L-CeO2-air results. Thus, it is concluded 

that the inert atmosphere inhibits the decomposition of P123 at low temperatures (see also Fig. S4-4), 

allowing an increased catalytic interaction between cerium nitrate and P123 at elevated temperature, 

boosting the nucleation of nano ceria. 
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Figure 16. Online IR detection of exhaust gases during calcination of the samples (a) asSBA15-

air, (b) tfSBA-L-CeO2-air, (c) asSBA-L-CeO2-air, and (d) asSBA-L-CeO2-N2. The low-

temperature features at around 1600 and 3750 cm-1 can be attributed to water released from 

cerium nitrate. For details see text. 

 

The in situ Raman spectra of tfSBA-L-CeO2-air, asSBA-L-CeO2-air, and asSBA-L-CeO2-N2 

during calcination are mainly characterized by Raman features at 457, 745, and 1046 cm-1 (see Fig. S4-

5). The band at about 460 cm-1 is assigned to the triply degenerate symmetrical stretching mode (F2g) of 

ceria,62 and its position and shape are known to depend on the detailed ceria lattice structure.104 The 

Raman features at 745 cm-1 and 1046 cm-1 originate from bending and stretching vibrations of free 

nitrate, respectively.105 Figure 17 compares the temperature-dependent transformation of cerium nitrate 

into ceria for the three samples, focusing on the nitrate stretching mode at 1046 cm-1 to monitor the 

precursor decomposition (a) and the F2g mode at 457 cm-1 to describe formation of crystalline ceria (b). 

 

(a) (b) 
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For tfSBA-L-CeO2-air, the cerium nitrate features disappear at 300 °C, while those for ceria start to 

appear at 250 °C, implying simultaneous cerium nitrate decomposition and ceria formation. Initially, a 

broad F2g-related band is detected at about 450 cm-1, which undergoes a narrowing and red-shift to 457 

cm-1 with increasing temperature, thus indicating the growth of ceria crystallites (see Fig. S4-5(a)). The 

additional smaller features at about 250 and 279 cm-1 are attributed to nitro- and ceria-related vibrations 

and discussed in the context of Fig. S4-5. 

 

Figure 17. Temperature-dependent Raman intensities (514.5 nm) at 1046 cm-1, representing 

cerium nitrate (a), and at 457 cm-1, representing CeO2 (b), recorded during calcination, 

following the protocol given in Figure 13a. The corresponding Raman spectra are shown in Fig. 

S4-5. 

 

In the case of the asSBA-L-CeO2 samples, temperature windows of about 250-300 °C (in air) and 

250-450 °C (in N2) were detected. Sample asSBA-L-CeO2-air shows the F2g band only at about 300 °C, 

suggesting an inhibited ceria growth process. In contrast, in the case of asSBA-L-CeO2-N2, a F2g band 

is only indicated, consistent with the presence of amorphous ceria and/or very small ceria crystallites. 

Previously, a possible ion-exchange reaction on silicate adsorbent has been reported:88, 106 

Ce-O-NO2 + OH- → Ce-OH + NO3
-        (4-1) 

Thus, one may deduce that the dispersion of cerium within the pores is related to the extent of 

migration of soluble Ce3+, stabilized by hydroxyl groups of P123, prior to forming solid CeO2 crystallites 

at higher temperatures. Thus, a wide temperature window is expected to facilitate the migration process 

of cerium ions within the pores, resulting in a better dispersion. 
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In situ DR UV-Vis spectra were recorded to gain information about changes in the coordination 

environment of cerium ions during the transformation from Ce(NO3)3 to CeO2 (see Figure 18). The 

initial DR UV-Vis spectra of tfSBA-L-CeO2-air, asSBA-L-CeO2-air, and asSBA-L-CeO2-N2 at low 

temperature are characterized by typical features of Ce(NO3)3 at 218, 255, and 314 nm, which correspond 

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.107 At higher temperature, spectra show a broad absorption band at 220-320 

nm, which can be attributed to a CT band of O2- to Ce4+ (at ~270 nm) and inter-band transitions (at ~310 

nm) of ceria. With increasing temperature from room temperature to 500 °C, tfSBA-L-CeO2-air (see 

Figure 18(a)) shows an increase of the bands at 320 nm and 255 nm, but a decrease of the band at 220 

nm, which is attributed to the transformation of nitrate to oxide. In addition, there is a shift of the 

absorption edge from 370 nm for Ce(NO3)3 to 470 nm for CeO2. For the samples asSBA-L-CeO2-air 

(see Figure 18(b)) and asSBA-L-CeO2-N2 (see Figure 18(c)) similar overall changes were observed, i.e., 

the band at 260 nm increased, while the shoulder band at 320 nm disappeared. The presence of noise 

signals in the UV region can be explained by the strong absorption of the carbon-containing P123 

template. Similarly, the absorption edge shifted from 370 nm to 450 nm for asSBA-L-CeO2 calcined in 

air or in N2/air. The intensity at about 380 and 250 nm has been reported to be proportional to the amount 

of Ce4+ ions in an octahedral/polymeric and a tetrahedral coordination environment of CeO2, 

respectively.108 Thus, it is concluded that there is more tetrahedrally coordinated cerium present in 

asSBA-L-CeO2-air/N2 than in tfSBA-L-CeO2-air after calcination (see Fig. S4-6). 
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Figure 18. In situ DR UV-Vis spectra during the calcination of (a) tfSBA-L-CeO2-air, (b) asSBA-

L-CeO2-air, and (c) asSBA-L-CeO2-N2, following the protocol given in Figure 13a. 

 

For bare CeO2, the direct band gap energy (Eg) can be calculated from the DR UV-Vis spectra 

according to109 

αhv = A(hv - Eg)
1/2          (4-2) 

where α is the absorption coefficient, which is described by the absorbance here. Using Tauc’s method, 

the evolution of the Eg value during calcination can be derived (see Fig. S4-7). In the low-temperature 

range, the gradual wavelength blueshift in the UV absorption (i.e., Eg decrease) is due to the 

removal/dissociation of crystal water and chelated NO3
- according to110 

Ce(NO3)3·xH2O → Ce(NO3)3(s) → CeONO3 (s) → CeO2-x(s)    (4-3) 

The Eg values decrease rapidly for tfSBA-L-CeO2-air to reach a relatively stable state at about 275 

°C, while asSBA-L-CeO2-air and asSBA-L-CeO2-N2 require higher temperatures of ~375 °C and 500 

°C to reach their final state, respectively. In addition, with increasing temperature from 300 to 500 °C, 
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the band gap energy increases from 2.90 eV to 3.12 eV for tfSBA- L-CeO2-air, suggesting the growth 

of CeO2 crystallites. In contrast, for asSBA-L-CeO2-air, the band gap reaches its minimum value of 2.85 

eV at about 375 °C and then stays unchanged at higher temperature, indicative of a stable ceria crystallite 

size. Finally, for asSBA-L-CeO2-N2, the determined Eg value suggests that there is no dominant ceria 

crystal phase formation with N2 at 500 °C, while subsequent calcination for 2 h in air at 500 °C induces 

an Eg red-shift to 2.71 eV, which may indicate the formation of tiny CeO2 crystallites. 

Figure 19 shows in situ DRIFT spectra of tfSBA-L-CeO2-air, asSBA-L-CeO2-air, and asSBA-L-

CeO2-N2 during the calcination process. The assignments for the observed IR features are summarized 

in Table S4-1. Briefly, in the low-wavenumber region (1400-1800 cm-1), mainly bands of nitrogen-

containing species, and in the high-wavenumber region (>3000 cm-1) hydroxyl-related features are 

detected. In addition, there are features attributed to vibrational modes of organic groups, such as C-O, 

C=O, and C-H, originating from P123 in the case of the asSBA-15-based samples, and from a small 

amount of residual P123 in the case of the tfSBA-15-based sample. As can be seen in Figure 19, all three 

samples exhibit a distinct change in vibrational structure at a critical temperature. In detail, at low 

temperatures, sample tfSBA-L-CeO2-air shows a broad band at about 3200-3600 cm-1, originating from 

H-bonded hydroxyl groups, which disappears when the temperature is raised from 225 °C to 275 °C, 

suggesting the removal of crystal water from Ce(NO3)3·6H2O. Simultaneously, a strong decline of the 

nitrate features (at 1400-1800 cm-1) is detected,110 indicating the decomposition of cerium nitrate. 

Similarly, for asSBA-L-CeO2-air and asSBA-L-CeO2-N2, there are rather sudden spectral changes 

within 225-275 °C and 275-300 °C. These observations further prove that the inert gas causes a delay in 

the decomposition of the cerium precursor. The asymmetric peak at 3740 cm-1 is typical for Si-OH 

groups, while the feature at 3700 cm-1 is attributed to Ce-OH.104 It is noteworthy that tfSBA-L-CeO2-air 

shows a peak at 3740 cm-1 over the whole temperature range, providing evidence for the presence of 

uncovered silica, even after CeO2 formation. For asSBA-L-CeO2-air, at the beginning no peak at 3740 

cm-1 is detected, but at temperatures >275 °C, indicating that surface Si-OH is initially covered by the 

template, but emerges after the removal of P123. At low temperatures, the sample asSBA-L-CeO2-N2 

shows spectra similar to those of asSBA-L-CeO2-air, but the appearance of the Ce-OH peak at 3700 cm-

1 evidences that the silica surface is coated by ceria. Based on these changes of the surface hydroxyl 

groups, it is concluded that P123 inside the pores shrinks to the pore wall when the temperature is 

increased. After reaching a critical temperature, surface Si-OH is exposed. On the other hand, the 

observation of Ce-OH in the absence of silanol features clearly shows that the formed ceria coats the 

silica surface. 
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Figure 19. In situ DRIFT spectra during calcination of (a) tfSBA-L-CeO2-air, (b) asSBA-L-CeO2-

air, and (c) asSBA-L-CeO2-N2, following the protocol given in Figure 13a. 

 

4.1.4. The roles of P123 template 

Previously, it had been proposed that the template could form a confined space to hinder the growth 

of larger crystallites. An unverified hypothesis was that the confined space was formed between the 

P123 micelles and the inner wall of SBA-15. As part of the detailed analysis, in situ DRIFT spectra show 

Si-OH-related signals at about 3734 cm-1, which appear after the removal of P123, strongly suggesting 

that P123 shrinks to the wall with increasing temperature. Especially, at low temperatures, the P123 

chains are stabilized by their integration into the silica wall, while in the shrinkage stage, the water loss 

would break the central micelle structure (see Scheme 3). Thus, P123 tends to shrink to the inner wall, 

forming a confined space in the pore center, and cerium ions entering the pore are coordinated by P123, 

as shown in Scheme 3, overturning previous hypotheses.95 In the further course of the synthesis, cerium, 
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initially coordinated by P123 in the central confinement, is dispersed onto the silica surface when the 

template is removed at higher temperatures (see Scheme 3). 

 

Scheme 3. Schematic diagram of the template-assisted processes leading to ceria dispersion 

within the mesopores matrix. 

 

Based on the findings described above, the calcination process involves three steps, i.e., 

decomposition of cerium nitrate, migration of cerium species, and nucleation/growth of ceria. The final 

dispersion of ceria is shown to depend on the relative decomposition temperatures of P123 and cerium 

nitrate. The TG and FTIR results have revealed that the decomposition behavior of cerium nitrate/SBA-

15 mixtures significantly deviates from that of bare cerium nitrate and P123 containing SBA-15, 

confirming the presence of interactions between cerium nitrate and the P123 template. 

Calcination of mixed samples in air with the assistance of P123 results in the coordination of cerium 

ions by P123, while cerium nitrate migrates into the pores.88 Due to the catalytic reaction between cerium 

ions and P123, ceria nanoparticles are formed by oxidation in air, while without P123, thermal 

decomposition of cerium nitrate occurs over a wide temperature range, accompanied by nucleation and 

growth of ceria crystallites (see Scheme 4). The catalytic reaction facilitates the oxidation of P123-

coordinated cerium to ceria nuclei at even lower temperature than the critical decomposition temperature 

of bare Ce(NO3)3·6H2O. Meanwhile, reduction by P123 consumes lattice oxygen, which slows down 

the growth of ceria nanocrystals, thus increasing dispersion of ceria on SBA-15. 



 

44 

 

 

Scheme 4. Calcination of cerium nitrate with (left) or without (right) the assistance of template 

P123. 

 

Based on the knowledge of the catalytic effect of P123, the synthesis protocol for CeO2/SBA-15 

was modified by application of an inert N2 atmosphere to further improve the ceria dispersion. 

Considering the low thermal stability of P123, which decomposes at a temperature of about 115 °C 

(TGA) in air, the nitrogen atmosphere could delay the decomposition of P123 into carbon chain 

fragments, thus inhibiting the catalytic oxidation induced formation of ceria nuclei at an early stage until 

the decomposition temperature of cerium nitrate. Reaching this temperature results in an explosive 

nucleation of ceria and catalytic decomposition of P123, which is favorable for the formation of a 

homogeneous nanoscale grain structure. 

 

4.1.5. DeNOx performance 

Figure 20 summarizes the catalytic performance of CeO2/SBA-15 samples in NH3-SCR within a 

temperature range of 100-450 °C. Sample tfSBA-L-CeO2-air shows the lowest NO conversion (<30 %) 

over the whole temperature range (see Figure 20(a)) and the lowest N2 selectivity in the high-temperature 

range (see Figure 20(b)). The low reactivity in NH3-SCR is in agreement with that of bare CeO2 reported 

previously.62 Sample asSBA-L-CeO2-air, which is based on as-made SBA-15 and is calcined in air 

atmosphere, shows a dramatic improvement in NO conversion and N2 selectivity, exhibiting a maximum 

in NO conversion of about 60% at 300 °C. Combining the template interaction with a calcination in inert 

N2 atmosphere yields sample asSBA-L-CeO2-N2, which shows a further significant increase in NO 

conversion compared to asSBA-L-CeO2-air, and even the N2 selectivity slightly improves. Thus, the 

NH3-SCR performance of these three samples follows the order asSBA-L-CeO2-N2 > asSBA-L-CeO2-

air >> tfSBA-L-CeO2-air, which resembles the extent of ceria dispersion on the SBA-15 surface, as 

discussed above. At high ceria loading, similar trends were observed (see Fig. S4-8), with overall higher 
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NO conversions compared to low cerium loading. Especially, the N2 selectivity of asSBA-H-CeO2-N2 

was significantly higher than that of asSBA-H-CeO2-air, demonstrating that an inert calcination 

atmosphere could further improve the CeO2 dispersion and thus the catalytic performance even at high 

ceria loading. 

 

Figure 20. Catalytic performance of CeO2/SBA-15 samples in NH3-SCR. (a) NO conversion 

and (b) N2 selectivity. Feed: 500 ppm NO, 500 ppm NH3, 5% O2, balanced with N2; total gas 

flow: 50 Nml·min-1, GHSV=30000 h-1. The data points were determined based on an average 

of five gas-phase IR spectra. 

 

4.1.6. Conclusion 

Herein, Studies of the synthesis mechanism of CeO2/SBA-15 catalysts are reported by the solid-state 

impregnation method using a combination of TG and IR gas-phase analysis, as well as in situ Raman, 

DR UV-Vis, and DRIFT spectroscopies. These studies have revealed that ceria formation on mesoporous 

SBA-15 during calcination involves first cerium precursor decomposition, then migration of cerium 

species, and finally ceria formation at high temperature. Based on the findings the roles of the template 

inside the mesoporous matrix can be explained: on one hand P123 acts as a physical barrier to prevent 

the growth of ceria, on the other, P123 acts as a chemical reactant, which interacts with cerium ions, thus 

enabling the catalytic decomposition of the cerium precursor. 

With the gained mechanistic knowledge of the formation of CeO2/SBA-15 materials, a new 

calcination protocol was developed based on an intended retardation of the decomposition of the 

template and the cerium precursor, leading to a higher dispersion of ceria inside the pores and thus a 

significant improvement of catalytic performance in NH3-SCR. 
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An important finding of the study is that the precursor itself can facilitate the synthesis of the 

catalyst, as demonstrated here for a ceria-based catalyst, by using both the template and the gas 

atmosphere to control the catalytic reaction conditions. The results underline the importance of the 

details of the calcination process for defining the catalyst properties. Application of in situ spectroscopy 

allows one to monitor the preparation process, including calcination, thus facilitating a rational synthesis 

of supported catalysts as shown here in the context of NOx abatement. The outlined approach is expected 

to trigger more studies on the development of improved catalysts based on a careful design of the 

catalytic preparation reactions. 
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4.2. Reaction mechanism of CeO2/SBA-15 in NH3-SCR studied by in situ DRIFTS 

Ceria is known to contain abundant oxygen vacancies and coordinated unsaturated cerium ions on the 

surface and bulk, providing superior oxidative properties and the potential to function as catalyst for 

low-temperature NH3-SCR.111 Considering the poor NH3-SCR reactivity of bare CeO2,
112, 113 composite 

oxide catalysts were introduced to improve the DeNOx performance, such as binary systems including 

CeO2-MnOx,
70 CeO2-TiO2,

76 CeO2-WO3,
114 and CeO2-MoO3,

115 ternary systems including CeO2-WO3-

TiO2,
116 CeO2-CuO-TiO2,

117 CeO2-MnOx-Nb2O5,
118 or even quaternary catalyst such as CeO2-MnOx-

Nb2O5-TiO2.
119 While improvements in catalytic performance (NO conversion, N2 selectivity) were 

observed, the results reflected different reaction kinetics among these ceria-based catalysts.18 For 

example, addition of MnOx to CeO2 was reported to improve the redox properties of bare ceria, resulting 

in high NO conversion but low N2 selectivity, and to enhance the L-H route compared with bare ceria at 

low temperatures.120 On the other hand, modification of CeO2 with WO3 was reported to increase the 

number and strength of acid sites, resulting in a broader operating temperature window but little 

improved NO conversion.121 The above examples illustrate that the added oxides promote the reaction 

differently, highlighting the importance of first clarifying the SCR reaction mechanism on bare ceria to 

allow for rational development of improved ceria-based SCR catalysts. However, considering the lower 

activity of bare ceria, its mechanism was rarely explored despite its relevance for the discussion of ceria-

based mixed oxide catalysts and the fact that ceria may play multiple roles such as main active site,70 

promotor,122 and/or support.65 

Like in many other mechanistic studies on NH3-SCR, previous work on ceria focused on the 

following two aspects: (i) The site where NH3 is adsorbed and activated, i.e., either Lewis acid sites (L 

acid sites) or Brønsted acid sites (B acid sites). (ii) The reaction route of adsorbed NH3 was, i.e., either 

the reaction with gaseous NO to form an NH2NO intermediate (E-R route) or the reaction with nitrate 

species to form an NH3NO intermediate (L-H route). Previous studies on NH3-SCR over bare ceria 

concluded that the reaction followed the E-R mechanism,123 essentially in accordance with the amide-

nitrosamine mechanism typically reported for V2O5/TiO2 catalysts.124 On the other hand, based on 

kinetic experiments, Zhang et al. concluded that E-R and L-H routes were operative. Besides, CO-

pretreated ceria was shown to increase the L-H share,125 implying the existence of an active NO 

adsorbate on the ceria surface. To this end, DFT calculations on CeO2(110)126 and experimental results 

have demonstrated that the interaction of NO or NO2 with ceria gives rise to diverse N-containing 

species.127 Considering the temperature-dependent distribution of NxOy species (such as gaseous N2O, 

NO2, N2O4 or adsorbed N3
-, NO-, NO, NO+, nitrite, and nitrate) on the surface,128 it stands to reason to 

assume the existence of a L-H mechanism within a specific temperature range, comprising adsorbed NO 
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species and NH3 adsorbed on surface acid sites. In principle, L and B acid sites coexist on the ceria 

surface.129 However, previous experimental results showed only the presence of L acid sites,130 which 

implies that the surface -OH group (B acid sites) show a poor protonation activity. Even for the L acid 

sites, the acid strength was shown to be weak,131 which was invoked as reason for the lower catalytic 

performance. While increasing the ceria acidity was considered to be a good strategy to improve 

ammonia adsorption,69 it was further noticed that the increased acid strength would inversely weaken 

the interaction of NO with the ceria surface. It is therefore essential to identify the contribution of acidity 

and redox properties of ceria for the catalytic performance in NH3-SCR, thus providing guidance for the 

rational development of ceria-based composite catalysts. 

Herein, CeO2/SBA-15 catalysts were prepared by solid-state impregnation. Inert mesoporous SBA-

15 was chosen as support material to achieve a higher surface area and thus a larger number of active 

ceria sites. Operando vibrational spectroscopy was applied to monitor the surface dynamics by 

combining DRIFTS with simultaneous gas-phase FTIR characterization. Kinetic experiments were 

conducted to explore the contribution of L-H and E-R mechanisms. The results of the combined 

spectroscopic and kinetic approach provide new insight into the interaction of NO and/or NH3 with the 

ceria surface, allowing us to unravel the mechanism of NH3-SCR over ceria catalysts. 

 

4.2.1. Catalyst preparation 

For the preparation of SBA-15,41 4.0 g P123 was completely dispersed in a mixture of 120 ml HCl 

solution (2 M) and 30 ml water in a PP bottle at 35 °C with 250 r/min stirring for 2 h. Then 10 ml TEOS 

was added at 35 °C with 400 r/min stirring for 20 h. After that the bottle was placed in an oven at 85 °C 

for 24 h for hydrothermal crystallization treatment. After vacuum filtration, the as-made SBA-15 was 

calcined in a muffle furnace heated to 550 °C for 12 h (heating rate: 1.5 °C/min). CeO2 was loaded onto 

SBA-15 by solid-state impregnation by grinding a mixture of 0.173 g Ce(NO3)3·6H2O and 0.108 g SBA-

15 under ambient conditions for 30 min. The resulting mixed powder was calcined in air flow at 500 oC 

for 5 h (heating rate: of 1.5 oC/min). It will be referred to as CeO2/SBA-15. The specific surface area of 

CeO2/SBA-15 was determined as 345 m2·g-1 (BET method), and the pore volume as 0.447 cm3g-1 

(nitrogen adsorption). 

 

4.2.2. Catalytic performance 

Figure 21 depicts the catalytic performance of CeO2/SBA-15 for the NH3-SCR reaction at temperatures 

ranging from 100 to 500 oC. The conversion is characterized by an increase between 100 and 300 °C, a 
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plateau at 300 - 450 °C (maximum conversion: 58%), and a decline at temperatures > 450 oC. The N2 

selectivity decreased from 100% at 100 °C to 89 - 91% at 300 - 450 °C, and finally to 82% at 500 oC, as 

a result of increased generation of N2O.  

 

Figure 21. Catalytic performance of CeO2/SBA-15 for the NH3-SCR reaction at 100-500 oC. 

The feed gas composition was 500 ppm NO, 500 ppm NH3, 5% O2, balanced with N2; total gas 

flow: 50 Nml·min-1, GHSV=60000 h-1. 

 

4.2.3. Operando DRIFT spectroscopy 

Low temperature adsorption. The in situ DRIFT spectra for NH3 adsorption and NO+O2 co-adsorption 

over CeO2/SBA-15 at 200 oC are shown in Figure 22, respectively. The sample was first calcined at 500 

oC for 1h for dehydration and then cooled down to 200 oC in N2+20 % O2 atmosphere before recording 

spectrum, which was used as reference.  

As presented in Figure 22(a-b) after NH3 adsorption, three features appear at around 1445, 1600 

and 1673 cm-1 in the DRIFT spectra, increasing with NH3 exposure time. In detail, the band at 1600 cm-

1 is ascribed to the asymmetric deformation mode of coordinated NH3 to L acid sites, δas(NH3), while 

the weak features at around 1445 and 1673 cm-1 are assigned to the asymmetric and symmetric 

deformation mode of NH4
+ bound to B acid sites, δas(NH4

+) and δsym(NH4
+), respectively.132-134 

Correspondingly, the strong peaks at 3281 and 3364 cm-1 are attributed to the symmetric and asymmetric 

stretching mode of N-H of NH3-L acid sites, v(N-H, NH3).
135, 136 The other bands at about 3007, 3053, 

3160 are tentatively assigned to the N-H stretching vibration interacting with the overtone of δ(NH3) via 

a Fermi resonance. The strong peak at 1513 cm-1 is assigned to -NH2 species resulting from H-abstraction 

of adsorbed NH3.
135, 137 which reduces the intensity of the surface M-OH (M=Si and Ce) groups due to 
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hydrogen bond formation, which is verified by negative peaks of isolated Si-OH at 3740 cm-1 and Ce-

OH at 3610 cm-1. 

 

  

Figure 22. In situ DRIFT spectra of CeO2/SBA-15 during (a-b) NH3 adsorption, and (c-d) NO+O2 

adsorption at 200 oC. 

 

The bands at 1536 and 1544 cm-1 are tentatively assigned to the interaction between NH3 with CeO2 

crystal surface. For the NH3 adsorbate, the infrared spectra exhibits typical vibrational modes for N-H 

of both NH3 and NH4
+ species at 1603 and 1440 cm-1, respectively,76 which implied no possibility to 

assign the bands at 1536 and 1544 to these two species. Ramis et al, reported a band at 1480-1490 cm-1 

after ammonia adsorbed on CuO/TiO2 followed by thermal desorption and assigned it to NO stretching 

of nitroxyl HNO species.138, 139 Thus, it is supposed that NH3 molecules are coordinated on Lewis acid 
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sites Ce4+ but bonded with adjacent oxygen site as Ce-O-NH2 or chelating Ce-[O]2-N by oxidation. In 

detail, it is noted that the 1536 cm-1 band appeared at 3 min and 1544 cm-1 band at 15 min, and the NH2 

feature at 1513 cm-1 turned to decrease at 15 min. Thus, a two-step process was deduced in which NH3 

is adsorbed first on L acid site Ce4+ and then oxidized by adjacent lattice oxygen to Ce-O-NH2 in a fast 

step. Furthermore, the monodentate Ce-O-N species is further oxidized to be chelating bidentate Ce-

[O]2-N with slower rate according to: 

 

In addition, the negative peaks at 1524 and 1575 cm-1 are attributed to the monodentate and bidentate 

nitrate, which are residual from the preparation process and interact with NH3. Thus, the adsorbed NH3 

on the metal site is suggested to be oxidized by the lattice oxygen and then generates an O-N vibration. 

It should be noted that the continuous increase of features at 3281 and 3364 cm-1 for NH3-L acid sites 

proves that the lattice oxygen reservoir is limited and the majority of ammonia is still adsorbed on cerium 

cations in such a reductive atmosphere.  

There are two weak features at 2150 and 2258 cm-1, which are tentatively assigned to the stretching 

mode of N≡N, ν(N≡N), differing in their anchoring sites. Previously, regarding the detailed assignment 

of features in the range of 2100-2300 cm-1, Martra et al. assigned these to N2
- ions,140 while Matyshak 

et al. assigned a similar band at about 2200 cm-1
 to adsorbed N2O (asymmetric N-N-O stretching),141 

which is close to the typical feature of the gas phase N2O vibration at about 2216/2234 cm-1.142 On the 

other, the negative inductive effect of O-N2 should also cause a higher wavenumber than the positive 

inductive effect of Ce-N2. Thus, the two bands at about 2150 and 2258 cm-1 observed for NH3 adsorption 

(Figure 22 (b)), are tentatively assigned to the Ce-N≡N and O-N≡N, respectively.  

There are two possible routes for the dinitrogen formation from ammonia. According to Route I, 

first hydrazine forms from two NH3, followed by H-abstraction on the surface,134  

2Ce4+ + 2NH3 → 2Ce3+ - (N2H4) + 2H+ → 2Ce3+ - (N2) + 6H+    (4-4)  

Another possible process is that the NH3 is oxidized to bind to oxygen sites and then reacts with 

the second NH3 to form a N≡N bond (Route II),  

Ce4+-O + 2NH3 → Ce3+-[O]2 -N + 3H+ + NH3 → Ce-O-N2 + 6H+    (4-5) 
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The abstracted H+ from NH3 combined with surface Si-OH groups to form H2O, which resulted in 

a decrease of the intensity at 3740 cm-1. The band at 3659 cm-1 assigned to Ce-OH, increased, which is 

attributed to the reduction of Ce-O by NH3. 

For the former route I, Amores et al. compared the ammonia and hydrazine adsorption and oxidation 

behavior on the metal oxides and proposed that one hydrogen could easily be removed from ammonia 

giving rise to radical-like NH2 species (band at 1513 cm-1),134 which can undergo a radical-like coupling, 

giving rise to hydrazine, which is easily oxidized further to nitrogen by high-valence cations like Ce4+. 

For the latter route II, NH3 is oxidized as nitrate/nitrite like species (bands at 2448/2537/2727 cm-1) and 

anchored to surface lattice oxygen (bands at 1536/1544 cm-1) was proved above, and then the NOx 

species reacts with another NH3 following the L-H mechanism of the SCR reaction. Thus, both routes 

offer a reasonable explanation for the formation of N≡N containing species. 

Another interesting point is the presence of the peaks near 2844 and 2934 cm-1 (in Figure 22(b)) 

which are typically assigned to C-H stretching mode.143 However, these peaks exhibited an increased 

intensity with NH3 exposure time, in conflict with this assignment. Considering the combination ν1+ν3 

modes (ν1=1322 cm-1 for symmetric N-O stretching and ν3=1616 cm-1 for asymmetric N-O stretching) 

of NO2 observed at 2905 cm-1,144 the peaks could be assigned to bidentate nitrito -[O]2-N vibration for 

the deeply oxidized NH3, as described above. 

As presented in Figure 22(c) after NO+O2 co-adsorption, peaks appear at 1491 and 1537 cm-1, 1299 

and 1566 cm-1, and 1594 cm-1 which were assigned to monodentate, bidentate, and bridging nitrate 

vibration, respectively.132, 145 The peak at 1358 cm-1 was attributed to the NO- or dimer N2O2
2- species, 

which was tend to adsorb on strong reductive sites.128, 146 In Figure 22(d) there are various features 

increasing in intensity with NO+O2 adsorption. The peak at 2219 cm-1 was assigned to the N≡O vibration 

of adsorbed NO+ species.147, 148 The band at 2557 cm-1 was attributed to NO2
-
, while the bands at 2409 

and 2794 were assigned to NO3
-
.149 The peaks at 2857 and 2935 cm-1 were assigned to NO2 species 

resulting from oxidation of NO.150, 151 The bands in the range of 3046-3532 cm-1 were all attributed to 

vibrations of the -OH group linked to NOx species as HNOx.
152 The bands at 3650 and 3740 cm-1 were 

assigned to vibrations of the Ce-OH and Si-OH species, respectively. After the adsorption of NO+O2, 

the negative intensities for both Ce-OH and Si-OH indicate a decrease of these species due to the 

oxidation of the surface and the desorption of H2O, which is consistent with the increasing negative 

noise features for adsorbed water. 

The adsorption results of both NH3 and NO+O2 suggest the high reactivity of surface lattice oxygen 

of ceria oxidized both NH3 and NO to various NxOy species, which exhibited vibrational features in the 

fingerprint range below 2000 cm-1 and in the characteristic range above 2000 cm-1. In addition, for the 
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same species, different binding sites (O- or Ce- site) give rise to distinct IR features in the spectrum. It 

was deduced that NH3 mainly coordinated on L acid site Ce4+ cation and -NH2 species formed via H-

abstraction by oxidation interaction on the surface. Most importantly, ammonia transforms on a Ce-site 

(Ce-NH3) to a nitro-nitrito species ([Ce-O]-NH2) and finally to a nitrato species on an O-site (Ce-[O]2-

N).128 These two types of coordinated sites also give rise to the definition of two kinds of dinitrogen 

species as N2
- and N2O. For the NO+O2 adsorption, diverse NxOy species are expected to be formed with 

different oxidation states and coordination structures on the surface sites. 

 

Thermal stability. In this experiment, the CeO2/SBA-15 sample was pretreated in NH3 or NO+O2 for 

1h at room temperature to reach a saturated adsorption state, and was then, while keeping the gas flow, 

subjected to increasing temperatures from 25 to 400 oC. In-situ DRIFT spectra were recorded to explore 

the thermal stability of the adsorbed species as shown in Figure 23. The sample exposed to N2 at 25 oC 

was used to measure the background spectrum. 

  

Figure 23. In situ DRIFT spectra of CeO2/SBA-15 exposed to (a) NH3, and (b) NO+O2 at 

increasing temperature within 25oC-400 oC.  

 

Figure 23(a) shows the spectra of surface species after NH3 adsorption at increasing temperatures. 

The spectrum at room temperature is characterized by a broad and strong band at 2887 cm-1 due to the 

formation of nitric acid hydrates at room temperature.153 The peaks at 3258, 3320, and 3399 cm-1 are 

assigned to the N-H stretching of adsorbed NH3 on L acid sites. With the temperature increasing, these 

three peaks are blue-shifted to 3272, 3376, and 3480 cm-1, which indicates the shortening of N-H bonds 

and is further attributed to -NH2 generated for the preliminary oxidation of NH3, consistent with 
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computational results.129 The decreasing intensity with temperature rising from 100 to 400 oC implies 

that NH3 adsorbed on the surface is not stable at high temperature. The features at 1824 and 1939 cm-1 

were assigned to N-O stretching of nitrosyl,128 and the peak at 2099 cm-1 was assigned to adsorbed 

NO2,
154 all of which show that NH3 on L acid sites (Ce4+) prefers to be oxidized as NOx by binding to 

oxygen sites via N-O bonds. Their increased intensity with increasing temperature indicates the 

disappearance of ammonia or amine at high temperature is mainly attributed to an enhanced oxidation 

of NH3 on the surface. 

In Figure 23(b), the adsorption of NO+O2 at room temperature results in typical bands at 1534, 

1568, and 1598 cm-1, attributed to monodentate, bidentate and bridging nitrate vibrations, respectively. 

It can be seen that the bands decrease with increasing temperature due to decomposition of nitrate. On 

the other hand, the appearance and enhancement of features at 1357 cm-1 (NO-), 1818 and 1943 cm-1 

(v(N-O)),128, 155 and 2096 cm-1 (NO2) indicate that the NO adsorbed on Ce3+ sites is thermally stable, 

while the O2- site bound NO leads to the formation of oxidated products including nitrate (1534-1598 

cm-1), NO2 (2214 cm-1), and NO2
- (2556 cm-1), which decrease in intensity with increasing temperature. 

The spectrum at room temperature shows a feature at about 1750 cm-1 due to NO dimers.128 With 

increasing temperature, two peaks at 1818 and 1943 cm-1 are observed due to N-O stretching of 

mononitrosyl, as well as bands at 2096 cm-1 for NO2 and at 1357 cm-1 for NO- species. It is found that 

the N-bound species all show a positive correlation with temperature which may be explained based on 

the highly oxidized Ce4+ ions and the stronger coordinative N-Ce4+ bond. The empty orbital of Ce 4f and 

Ce 5d also decreased the π-back donation of N=O, which reduces v(N-O) but strengthens the coordinated 

bond. Thus, it is deduced that NO can be adsorbed both on oxygen sites as N-O-Mn+ and on metal cation 

as N-Mn+. It is also found that the O-bound products at low temperature contain nitrogen with high 

oxidation state (+III or +V), while that of N-bound NO- at higher temperature contain nitrogen (+I) with 

low oxidation state. It is further deduced that the reduction of NO to NO- is associated with a high 

reaction barrier and the reduction product NO- is more reactive than the oxidation products NO+, NO2
-, 

or NO3
-. 

The temperature behavior of adsorbed NH3 may be illustrated by ammonia being mainly adsorbed 

on L acid sites at low temperature, while increased temperature would promote the oxidation of NH3 via 

hydrogen abstraction, probably contributing to the different products. In case of NO+O2, it is found that 

both N-bound nitrito and O-bound nitro species are formed. At low temperature, NO prefers to adsorb 

onto oxygen sites to form nitrate species (+V) or NO+ (+III), while at increasing temperature, NO tends 

to interact with cerium cations by accepting electrons to form coordinated N-bound nitrosyl (+I). 
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Interaction between NH3 and NOx. In this experiment, catalyst samples were pretreated in 500 ppm 

NH3 (balance N2) at 200 oC for 60 min followed by exposure to a gas mixture of 500 ppm NO / 5% O2 

(balance N2), or pretreated in 500 ppm NO / 5% O2 (balance N2) at 200 oC for 60 min, followed by 

exposure to a gas mixture of 500 ppm NH3 (balance N2), as shown in Figure 24. The sample exposed to 

N2 at 200 oC was used to measure the background spectrum. 

  

  

Figure 24. In situ DRIFT spectra of CeO2/SBA-15 during (a-b) NH3 reaction with pre-adsorbed 

NOx, and (c-d) NOx reaction with pre-adsorbed NH3 at 200 oC. 

 

As presented in Figure 24(a), exposure to NO+O2 leads to reaction with adsorbed NH3 and the 

peaks for -NH2 (at 1513 cm-1) disappears within 3 min exposure, after which the spectra show a similar 

behavior as for NOx adsorption in Figure 22(c-d). This indicates that the adsorbed -NH2 should be the 

active species to react with NOx. It is worth noting that the relative intensity of the peak at 1358 cm-1 for 
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NO- species is higher than that in Figure 22(c). The reason is that the NH3 pre-treated surface owns more 

reduced Ce3+ sites, allowing for more NO adsorption and electron acceptance facilitating NO- formation.  

In Figure 24(b), the peaks at 3281 and 3372 cm-1 attributed to the L acid site coordinated NH3 

disappear after 10 mins exposure to NO+O2 gas. Thus, it can bes deduced that L acid sites rather than B 

acid sites should be the active adsorption sites for ammonia. In addition, the peaks of -ON2 species (at 

2260 cm-1) and N2
- species (at 2150 cm-1) disappears due to competitive adsorption of NO+ (at 2220 cm-

1) and NO- (at 1356 cm-1) by NO adsorption on oxygen sites and metal cation sites, respectively. The 

peak for NO2 (at 2848 cm-1) is blue-shifted to 2855 cm-1 after reaction indicating a structural change 

from bridged Olattice-N-Olattice to monodentate nitrite Olattice-N-O, in agreement with the formation of NO2
- 

(at 2560 cm-1) after 5 min, and upon further oxidation, of NO3
- (at 2411 and 2795 cm-1) after 20 min, 

indicating that the surface adsorbed NH3 is oxidized to NOx species.  

In Figure 24(c), NH3 reacting with adsorbed NOx species results in the fast disappearance of the 

peak at 1358 cm-1 (NO- or N2O2
2- species),128 while the peaks for nitrate species (1503-1593 cm-1, 1301 

cm-1) show little change after reaction with NH3. This implies that N2O2
2- or NO- should be the active 

NOx species which is able to react with NH3 via the L-H route. The discrete peaks for monodentate 

(1537 cm-1) and bidentate (1567 cm-1) nitrate transform into a broad band at about 1552 cm-1, indicating 

that the ammonia iss adsorbed on the surface and oxidized by lattice oxygen to HNOx species (1544 cm-

1) the signal of which overlaps with the original NOx signal. In the 2000-4000 cm-1 range (see Figure 

24(d)), the appearance of peaks at 3275 and 3365 cm-1 due to N-H stretching of coordinated NH3 in L 

acid sites indicates the competitive adsorption of NH3. A broad band at about 2220-2260 cm-1 is 

observed, including intact NO+ (at 2220 cm-1) and newly generated dihydrogen -ON2 species (at 2260 

cm-1), indicating that NO+ species is inert towards reaction with NH3, and that excessive NH3 is anchored 

to the oxygen sites. The absence of a band at about 2150 cm-1 implies that the route via hydrazine, 

interacting with metal cations and forming N2
-, is blocked in this case. The reason might be attributed to 

the activated surface by NOx occupying the metal cation sites, preventing the generation of hydrazine-

Mn+. The peaks at 2852 and 2932 cm-1 are assigned to NO2 resulting from NO bound to the M-O site as 

M-O-NO. It is found that with NH3 proceeding, these two peaks gradually disappear. Combining the 

changes at 1358 cm-1, 2220-2260 cm-1 and 2852-2932 cm-1, it is deduced that NO adsorbs on the oxides 

surface to form N-bound Ce-NO 1358 cm-1) and O-bound Ce- ONO+ (2220 cm-1). The former one (Ce-

NO species) can react with H-abstracted NH3 (Ce-O-NH2) to from N2+H2O, or react with over-oxidized 

NH3 (Ce-(O2)-N)) to form N2O species (2260 cm-1), while the latter one (Ce-ONO species) is further 

oxidized to NO2
- (2553 cm-1) and NO3

- (2411 and 2795 cm-1), which are inert towards NH3. 
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Thus, from the in situ IR spectroscopic analysis of the interaction of NH3 and NO+O2, NH2 and 

NO- are evidenced to be the active species for adsorbed NH3 and NOx. In detail, NH3 prefers to adsorb 

on L acid sites (Ce cation), is oxidized to NH2 and finally consumed by NO quickly. The other species 

(such as unoxidized NH3, dinitrogen species) seems to be oxidized by oxygen to yield NOx. The 

adsorption of NO forms a variety of NxOy species, of which NO- can react with ammonia via the L-H 

route, while the NO2
- and NO3

- are inactive. 

 

Temperature dependent NH3-SCR. Figure 25 shows in situ/operando DRIFTS results of CeO2/SBA-

15 exposed to NH3-SCR reaction conditions at various temperatures increasing from room temperature 

to 450 oC. The sample exposed to expgas at 25 oC was used to measure the background spectrum. 

At room temperature, the bands at 1604 cm-1 and 3281, and 3369 cm-1 are assigned to NH3 on L 

acid sites, while the bands at 1532 and 1572 cm-1 and a weak shoulder band at 1590 cm-1 aree assigned 

to O-bound nitrate species. The feature at 1358 cm-1 is attributed to N- bound NO- on the metal cation. 

With increasing temperature, the amount of adsorbed ammonia decreases, in agreement with the 

desorption peak of ammonia at the heating steps (Figure 25(b)), which further shows that the amount of 

adsorbed NH3 is sufficient at low temperatures (100-250 oC); at higher temperatures the disappearance 

of NH3 is due to its oxidation to form irreversibly NxOy species instead of desorption, accounting for the 

low level of NH3 concentration in the exhaust. The band at 1513 cm-1 (-NH2) is absent, as compared 

with NH3 adsorption, implying that the H-abstraction of NH3 to NH2 might be the rate determining step. 

The nitrate-related features (1500-1600 cm-1) increase at low temperature (100-200 oC), followed by 

decomposition at 200-500 oC. Especially, only monodentate NOx exists at high temperature and the other 

two structural nitrates have disappeared. The feature at 2222 cm-1 is assigned to the stretching mode of 

-NO+ species on M-O- sites. The unchanged band explains that NO+ is formed due to NO adsorption on 

oxygen sites, but does not react with NH3. Another band resulting from NO adsorption is observed at 

1358 cm-1 which originates from NO- on reduced Ce3+ sites. Although the NO- was active to react with 

NH3, the residual of NO- on the surface implies that the NH3 is not sufficient, which is consistent with 

the absence of NH2 species. 

Figure 25(b) shows that N2O is formed at lower temperatures such as 200 oC. It has been discussed 

in the literature that the production of N2O was due to the over-oxidation of NH3 at high temperature. 

Here, more details are provided which show that NH3 is coordinated to a Ce site first, and one H is 

abstracted by lattice O yielding a Ce-O-NH2 species which further reacts with gaseous NO or adsorbed 

NO- to form an NH2NO intermediate finally N2 and H2O. However, the Ce-O-NH2 can be over- oxidized 
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by near-neighbor lattice O to Ce-[O]2-N, which reacts with gaseous NO to form chelating coordinated 

[O]2-N-N-O, and then desorbed as N2O. 

  

Figure 25. (a) In situ/operando DRIFT spectra and (b) simultaneous gas phase FTIR analysis 

over CeO2/SBA-15 upon exposure to NH3-SCR reaction conditions: 500 ppm NH3, 500 ppm 

NO, 5% O2 and N2 balanced. The gas flow rate is 50 NmL/min with GHSV=60000 h-1.  

 

4.2.4. Kinetics  

As discussed above, for the SCR reaction an E-R route and a L-H route have been proposed. Here, a 

simple model for the reaction rate is established, 

rtot = rE-R + rL-H           (4-6) 

where the rtot, rE-R, and rL-H represent the rate of the total reaction, the reaction via the E-R route, and the 

reaction via the L-H route, respectively. Considering that the gas reactions involve adsorption and 

reaction steps, and a large amount of source gas is provided to ensure a sufficient number of reactant 

molecules adsorbed on the surface, then the reaction orders of the adsorbed reactants are 0 and that of 

gaseous reactants aree 1. Thus, one obtains, 

rtot = kE-R[NO] + rL-H          (4-7) 

Here, the kE-R is the rate constant for the E-R route and [NO] represents the gaseous NO 

concentration which is approximately equal to the inlet gas concentration. From the equation, the 

reaction rate is known to be proportional to the NO concentration. Therefore, a series of gas mixtures 

with varying NO concentration (500 ppm NH3 / 5% O2 with 100 to 600 ppm NO) was applied to 

CeO2/SBA-15 to examine the reaction rates, as shown in Figure 26(a). The reaction rate was found to 
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show an approximate linear relationship with NO concentration in the gas mixtures. The slope follows 

the order: 200 oC < 300 oC< 400 oC. From equation (4-7), it is known that the slope is associated with 

the rate constant of the reaction via the E-R route, and the intercept with the reaction rate via the L-H 

route although there is no physical meaning to set [NO] to zero. Thus, the data were only fitted at higher 

concentrations (400-600 ppm) to obtain the values of kE-R close to the applied NH3-SCR reaction 

conditions. Then, rE-R and rL-H can be calculated by kE-R[NO] and rtot - kE-R[NO] by substituting 

[NO]=500 ppm, respectively. (Figure 26(b). 

  

Figure 26. (a) NH3-SCR reaction rate for CeO2/SBA-15 upon exposure to gas mixtures with 

NO concentrations from 100 to 600 ppm. (b) Contribution of the L-H and the E-R route to the 

total reaction rate. 

 

Figure 26(b) shows the contribution of the L-H route to the total reaction at different temperatures. 

It is apparent that at low temperature (200 oC), the L-H mechanism contributes 10.4 % to the NO 

conversion, while at temperatures of 300 oC or even 400 oC, the contribution of the L-H route decreases 

to less than 6 % of the whole reaction rate, which explains why some previous works that NH3-SCR on 

bare ceria follows only the E-R route.28, 66, 125 

 

4.2.5. Reaction mechanisms 

Based on the discussion above, an outline of the NH3-SCR reaction on ceria can be provided. In broad 

terms, the reaction proceeds via two mechanisms, the E-R and L-H routes, simultaneously. The E-R 

mechanism plays the main role and involves the adsorption of NH3 which then reacts with gaseous NO, 

while the L-H mechanism involves two adsorbed molecules, NH3 and NO, which react on the surface 
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and contributes especially at low temperatures. The proposed reaction mechanism is shown in Scheme 

5. 

 

 

Scheme 5. Proposed NH3-SCR mechanism over CeO2/SBA-15 catalysts according to the (a) 

L-H route and (b) E-R route. 

 

For the L-H mechanism, NO and NH3 are adsorbed on the ceria surface at different sites. NH3 owns 

a lone electron pair as electron donor to coordinate with a cerium cation. NO can be adsorbed on different 

surface sites forming a variety of NxOy species, of which NO- which accepts one electron from a reduced 

(a) 

(b) 
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Ce3+ ion shows a high reactivity to ammonia. Thus, an adjacent cerium ion pair is necessary for providing 

nearby activated sites. NH3 is oxidized by adjacent oxygen to NH2 anchoring on the O sites which are 

in closer distance to the adsorbed NO- group. By reaction of adjacent NH2 and NO, a N-N bond is 

formed, leading to NH2NO as an intermediate which may desorb from the surface and further decompose 

to N2 and H2O. With temperature increasing, the NH2 is further H-abstracted as bidentate Ce-[O]2-N and 

thus the L-H route is inhibited due to the increased distance between the adsorbed Ce-[O]2-N and NO. 

On the other hand, during the H-abstraction of NH3, the surface O or surface -OH may further react to -

OH and H2O which is desorbed from the surface and forms an oxygen vacancy VO
··, which is re-oxidized 

by oxygen from the gas phase.  

For the E-R mechanism, NH3 is also adsorbed on the L acid sites (cerium cation) and is oxidized to 

NH2 (O site), which then further reacts with gaseous NO to form an NH2NO intermediate which desorbs 

from the surface leading to N2 and H2O. However, at high temperature, the adsorbed NH2 may be over-

oxidized to chelating Ce-[O]2-N by two adjacent oxygen ions, which by reaction with gas phase NO via 

E-R route can form N2O at high temperature. Similarly to the L-H mechanism, the oxidation of NH3 

results in the formation of oxygen vacancies which are re-oxidized by gas phase oxygen. 

 

4.2.6. Conclusion 

In situ DRIFT spectroscopy was applied to CeO2/SBA-15 catalysts exposed to different gas 

compositions and temperatures related to the NH3-SCR reaction. The results provide deep insight into 

the mechanism of the SCR reaction on ceria catalysts. Firstly, it is evidenced that both E-R and L-H 

mechanisms coexist on the surface, especially at low temperatures. In detail, NH3 is adsorbed on 

oxidative sites and transformed into active NH2, which can react with adsorbed NO via the L-H route 

and with gaseous NO via the E-R route. Furthermore, in the low-temperature range, the oxidation of 

NH3 by surface lattice oxygen might be rate-determining rather than the poor acidity or the adsorption 

of ammonia. The H-abstracted O-NH2 can quickly react with NO to form first NH2NO and then N2 and 

H2O products, while over-oxidized NH3 can produce chelating nitrito -[O]2-N which reacts with NO to 

form N2O at high temperature. 
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5. Synthesis of binary ceria-based catalysts and their application for NH3-SCR 

In the previous studies, the P123-assisted solid-state impregnation method was adopted to prepare 

CeO2/SBA-15 materials and used in situ spectroscopy to elucidate the role of P123 in the loading of 

CeO2 on SBA-15.41 However, due to the overall poor NH3-SCR reactivity of CeO2-only catalysts,112, 113 

bimetallic oxides were added to form MOx-CeO2 catalysts, such as WO3-CeO2, TiO2-CeO2, MnOx-

CeO2, and so on, which were reported to own improved NH3-SCR reactivity due to synergistic effects. 

Thus, the goal was to prepare bimetallic oxides on mesoporous SBA-15 and then apply them to the NH3-

SCR reaction.  

Herein, firstly, a preliminary screening was performed by preparing various CeO2-MOx mixtures 

supported on SBA-15 in order to identify possible SCR-active combinations. After that, copper oxide 

was added to form CuO-CeO2/SBA-15 binary oxide catalysts, which are expected to improve the NH3-

SCR performance due to the redox equilibrium Ce3++Cu2+ ↔ Ce4++Cu+.156 It is a challenge to disperse 

bimetallic oxides on mesoporous supports. Here, the SSI method is adopted for the preparation of CeO2-

CuO/SBA-15 catalysts and the role of P123 is explored in controlling the synthesis conditions, as well 

as the resulting product structures and NH3-SCR performances. To unravel the synthesis mechanism and 

to relate the preparation to the catalytic performance, in situ DRIFT, DR UV-Vis, and Raman 

spectroscopies are employed, besides online FTIR monitoring of the gas-phase composition. Similarly, 

MnOx-CeO2/SBA-15 catalysts are prepared accompanied by in situ characterization. Interestingly, a 

higher reactivity was observed compared with CuO-CeO2/SBA-15 catalysts. Finally, the mechanism of 

NH3-SCR over MnOx-CeO2/SCR was studied in detail by in situ DRIFT spectroscopy. 
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5.1. Exploring bimetallic oxides supported on SBA-15 for NH3-SCR applications 

As noted above, ceria itself can not satisfy current DeNOx requirements and thus bimetallic oxides are 

widely applied to the NH3-SCR. This involves the question of how to choose a suitable second metal 

element to improve the catalytic reactivity of ceria. To evaluate possible promotion of material 

properties,157, five metal oxides (CuO, MnOx, NiO, MgO, and La2O3) were tested in combination with 

ceria. Among them, Cu (3d104s1) has the redox pair Cu+/Cu2+, Mnn+ (3d54s2) shows various valence of 

the manganese element, Nin+ (3d84s2) also shows several valent species (Ni1+, Ni2+, Ni3+), Mg2+ (3s2) is 

an alkaline-earth metal, and La3+ (6s25d1) is a rare earth metal. The former three metal elements can 

adjust both the acidity and redox properties in different degrees, while the latter two show lower but 

permanent valence which only makes effect on the acidity.  

 

5.1.1. Sample preparation 

Silica SBA-15 was prepared as described previously.158 0.173 g Ce(NO3)3·6H2O (0.4 mmol) was used 

as ceria precursor. 0.100g Mn(NO3)2 4H2O, 0.096 g Cu(NO3)2 3H2O, 0.116 g Ni(NO3)2 6H2O, 0.103 

Mg(NO3)2 6H2O, and La(NO3)3 6H2O was adopted as the second metallic oxide precursor and the 

prepared samples are denoted as CeMO (M=Mn, Cu, Ni, Mg, La), respectively. The moral ratio of Ce: 

M is equal to 1:1. The solid-state impregnation (SSI) method was applied to load the bimetallic oxides 

on 0.108 g SBA-15. As a reference, 0.346 g Ce(NO3)3 6H2O (0.8 mmol) was also used to load the CeO2 

on 0.108 g SBA-15. All the precursor were nitrate salts in order to exclude the effect of different ligands. 

 

5.1.2. Catalytic test 

Figure 27 summarizes the catalytic performance of these five mixed samples (plus bare ceria) applied to 

NH3-SCR for temperatures ranging from 100 to 500 oC. The GHSV was set as 60000 h-1. It is found 

CeO2/SBA-15 shows a typical volcano curve for NOx conversion with the maximum peak at about 300 

oC. while CeNiO and CeMnO show better NOx conversions at all temperatures, with maxima at around 

200 °C. Their N2 selectivity shows a similar temperature-dependent behavior, going through a minimum 

at around 300 °C. At higher temperature (500 oC), the N2 selectivity increases while the NOx conversion 

decreases which is attributed to the generation of NO2 instead of N2O. CeCuO shows a volcano curve 

for the NOx conversion as bare ceria but with a lower optimal temperature window. The N2 selectivity 

decreases monotonically with increasing temperatures due to the generation of N2O. For the CeMgO 

and CeLaO samples, lower NOx conversions and N2 selectivity in NH3-SCR are observed. 



 

64 

 

 

Figure 27. (a) NOx conversion and (b) N2 selectivity for NH3-SCR reaction over different 

bimetallic oxide samples at temperatures within 100-500 oC (GHSV=60000 h-1). 

 

Figure 28 shows the in situ monitoring of the exhaust gas during exposure of the bimetallic oxide 

samples to NH3-SCR conditions for step-wise increase in temperature from 100 to 500 oC. The CeO2 

and CeCuO catalysts share a similar behavior: at low temperature, there are strong NH3 desorption peaks 

implying a reduced surface and sufficient NHx on the surface. For CeCuO. at 200 °C, NO strongly 

decreases while NO2 and N2O appear, indicating that the Cu doping increases the oxidation of CeO2. 

For CeMnO and CeNiO, high NO conversions as well as NH3 removal due to their high oxidation ability. 

To this end, the appearance of NO2 and N2O indicates over-oxidation, especially for CeMnO. At high 

temperatures, the NO signals appear again with NO2 replacing the N2O, which is tentatively attributed 

to the oxidation of NO with NH3 to N2O at medium temperature but the oxidation of NH3 to NO2 at high 

temperature. For CeMgO and CeLaO, the strong desorption peak of NH3 and the high NH3 level at 

constant temperature imply that the low reactivity at low temperature is due to the low oxidation ability 

instead of the acidity. At high temperature, the NO concentration is even higher than the inlet gas 

indicating that NH3 is catalytically oxidized to NO, NO2, and N2O. 
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Figure 28. in situ monitoring of the exhaust gas for NH3-SCR reaction over the (bi)metallic 

oxide samples (a) CeO2, (b) CeCuO, (c) CeMnO, (d) CeNiO, (e) CeMgO, (f) CeLaO, applying 

a step-wise increase in temperature from 100 to 500 oC. 

 

5.1.3 Characterizations 

Figure 29 shows ex situ Raman spectra of CeO2, CeCuO, CeMnO, and CeNiO supported on SBA-15. 

Only CeO2 exhibits a peak at 464 cm-1 due to the F2g mode of fluorite ceria. It illustrates that the 

secondary metal element is completely with ceria under the present preparation methods.  



 

66 

 

 

Figure 29. Raman (514 nm) spectra of prepared MOx-CeO2/SBA-15 before and after NH3-SCR 

reaction. 

 

5.1.4. Discussion 

In this part, six ceria-containing samples were prepared to explore the synergistic effect of a second 

metal oxide with CeO2. It is found that the low activity of CeO2, CeCuO, CeMgO, and CeLaO can be 

attributed to the weak oxidation but not the acidity. Conversely, the samples CeMnO and CeNiO show 

good NOx conversion (> 90%) with very clean NH3 emission indicating their strong oxidation towards 

NH3 to complete the H-abstraction step. In the following, CeCuO and CeMnO catalysts were chosen for 

further exploration. This is because CeCuO shows a similar behavior as CeO2 but a low-temperature 

shift of the volcano curve, which reflects the low temperature NH3-SCR potential of bimetallic oxide 

catalysts. CeMnO shows a high reactivity and a broad temperature window due to synergistic effects 

between active CeO2 and MnOx.  

In addition, the six samples tested here also prove the importance of redox properties of the 

catalysts. Comparison of CeCuO, CeMnO, and CeNiO with CeMgO and CeLaO shows that the catalytic 

performance could be divided into two categories. In case of various valent metal doping, an enhanced 

catalytic performance is observed, while permanent valent metal doping leads to low NH3-SCR 

reactivities. On the one hand, the various valent metal can be coupled with cerium ion to improve the 

redox properties, such as Cu++Ce4+ = Cu2+ + Ce3+. For doping with both various valent metal and 

permanent valent metal, there may be an increase in the acidity for the different valences with Ce4+. 

Thus, from the preliminary tests, it can be deduced that it is the redox properties but not the acidity that 

determine the NH3-SCR reactivity.  
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5.2. Rational design of mesoporous CuO-CeO2 catalysts for NH3-SCR applications guided by 
multiple in situ spectroscopies 

Due to the overall poor NH3-SCR reactivity of CeO2-only catalysts,112 copper oxide was added 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+.117 In the previous 

work,41 the P123-assisted solid-state impregnation method was adopted 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 the growth of nano-oxides and chemically catalyzing 

the decomposition of active precursors. 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, it is probable to design the template-

assisted SSI method for the preparation of more relevant CuO-CeO2 catalysts for NH3-SCR applications. 

Compared with the preparation of CeO2/SBA-15, for the common situation of a coloaded 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 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 the metal oxide. Both routes involve the thermal decomposition of metal 

compounds and form the final oxide products at high-temperature 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 

the support surface, the decomposition of the metal precursor, and the nucleation and growth of metal 

oxides. Due to the occurrence of a large number of processes, 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., thermogravimetric analysis (TGA) /differential thermal 

analysis (DTA)) for direct monitoring. To this end, the use of optical spectroscopy is of great interest, 

allowing continuous data collection from outside the furnace (reaction) chamber, not affecting the 

calcination process. Applying in situ X-ray spectroscopy to nanomaterial synthesis has previously been 

shown to allow a description of the direct structural phase transformation.159 For a detailed understanding 

of the processes underlying the synthesis, the use of other techniques would be highly desirable, such as 
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Raman spectroscopy, which probes the extended structure via phonons but also the short-range structure 

of solids, diffuse reflectance infrared Fourier transform (DRIFT) spectroscopy, providing information 

on surface and adsorbed species, and UV-Visible (UV-Vis) spectroscopy, which gives details on the 

metal coordination environment. 

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

their preparation to the catalytic NH3-SCR performance, in situ DRIFT, UV-Vis, and Raman 

spectroscopies, as well as online Fourier transform infrared (FTIR) monitoring of the gas-phase 

composition were used. To allow for a detailed understanding of the aspects controlling the synthesis 

and reactivity behavior, the focus will be 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. This work follows mainly the published paper 

“Rational design of mesoporous CuO-CeO2 catalysts for NH3-SCR applications guided by multiple in 

situ spectroscopies”.111 

 

5.2.1. Sample preparation 

Silica SBA-15 was prepared as described previously.158 Briefly, 4.0 g P123 was completely dispersed in 

a mixture of 120 ml 2 M HCl solution and 30 ml water in a PP bottle at 35 °C (250 r/min; 2 h). Then 10 

ml TEOS was added at 35 °C and stirred at 400 r/min for 20 h. After that, the bottle was placed in an 

oven at 85 °C to allow hydrothermal crystallization for 24 h. The as-made SBA-15 (asSBA-15) was 

collected using vacuum filtration, followed by calcination for 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 a stream of air at 500 °C for 5 h (heating rate: 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. 

 



 

69 

 

5.2.2. Characterization 

Figure 30 shows the N2 isotherm adsorption/desorption curves, providing insight into the mesoporous 

and microporous structure of the SBA-15 supported samples. The curve for bare SBA-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 Figure 30(b)). 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 oxides 

solid 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 Figure 30(b)). 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. S5-1). 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 7 summarizes the BET surface area and porosity results 

of bare SBA-15 and SBA-15 supported cerium and/or copper oxides samples. 

 

Figure 30. (a) N2 adsorption/desorption isotherms, and (b) NLDFT pore size distributions of 

template-free SBA-15- and SBA-15-based materials. 
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Table 7. 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 

dCeO2 

[nm]d 

dCuO 

[nm]d 

tfSBA-15 0 0 616 6.3 0.64 -- -- 

tfSBA-CeO2 39 0 414 6.3 0.43 7.8 -- 

asSBA-CeO2 39 0 359 6.3 0.39 6.4 -- 

tfSBA-CuOe 0 23 445 5.8 0.55 -- 29.5 

asSBA-CuOe 0 23 315 5.4 0.45 -- -- 

tfSBA-CeCuO 32 18 285 6.3 0.35 4.8 -- 

asSBA-CeCuOf 32 18 400 6.6 0.44 4.7 9.7 

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. 

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 31 depicts TEM results of the calcined tfSBA-CeCuO sample. The bright field image in 

Figure 31(a) verifies the channel structure of SBA-15, whereby the dark traces represent copper and 

cerium oxides. The dark field image in Figure 31(b) provides an enlarged view, with bright spots 

representing oxide phases. Element mapping of Cu and Ce (see Figure 31(c-d)) reveals that Cu and Ce 

are well mixed and distributed within SBA-15. 
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Figure 31. 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 32 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.85 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.
41 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.160 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),161 or form highly dispersed CuO clusters.162 In contrast, 

asSBA-CeCuO shows XRD peaks of both CeO2 and CuO, evidencing the coexistence of crystalline 
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CeO2 and CuO. Table 7 summarizes the corresponding crystallite sizes, as estimated from the Scherrer 

equation. 

 

Figure 32. 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 33(a) 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).
163 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 8). Detailed analysis of the Cu 2p photoemission reveals contributions from Cu+ 

and Cu2+, as shown in Figure 33(b). The peaks at 953.7 eV and 933.6 eV are assigned to Cu2+ 2p1/2 and 

Cu2+ 2p3/2 of CuO, respectively.164 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.165 The surface compositions of tfSBA-CeCuO 

and asSBA-CeCuO are summarized in Table 8. 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-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. 
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Figure 33. 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 8. 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 

 

5.2.3. Catalytic test 

Figure 34 and Fig. S5-2 show the catalytic performance of the synthesized samples for NH3-SCR within 

the temperature range 100-500 °C. From Figure 34 it can be clearly seen that e.g. the mono-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 Figure34(a)). 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 Figure 34(b)). Please note that at 
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500 °C, the NOx conversion of the tfSBA-15 samples takes negative values, leading to increased NOx 

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

 

Figure 34. 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. S5-2, 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 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 it is deduced 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. 

 

5.2.4. Mechanism of co-dispersion of cerium and copper 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 
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approach aiming at dedicated surface and catalytic properties is still lacking, hampering further catalyst 

development. To gain insight into the mechanism of catalyst preparation, a multiple in situ spectroscopy 

study was conducted, as described in the following. 

Figure 35 depicts results from the TG analysis of cerium and/or copper nitrate mixed with tf/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 are shown in Fig. S5-3a. 

To identify the critical temperatures, the first derivatives of the TG curves were taken (see Fig. S5-3b). 

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.100 The higher 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 tf/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.88, 100 On the other hand, the decomposed P123 

creates a reduced atmosphere for asSBA-CeO2 that can inhibit the nitrate salt decomposition.166 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 tf/asSBA-CuO, dehydration is accompanied by thermohydrolysis, leading 

to the appearance of Cu2(OH)3NO3.
167 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 tf/asSBA-CeCuO, the nitrate decomposition temperatures are influenced by the mixed 

metal cations and the chemical surroundings, including support surface, reduced atmosphere, and 

moisture.168 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 

Figure 35). 
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Figure 35. Thermogravimetric analysis (TGA) of the precursor samples using an airflow of 

100 ml/min and the same heating program as during the calcination treatment. 

 

Figure 36 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 

tfSBA-CeCuO precursor (see Figure 36(a)), low temperature bands (~80 °C) bands are detected at 

1316/1340 cm-1 and 1698/1716 cm-1, 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. S5-4), 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 IR signals at 1625 cm-1.167 Figure 36(a) 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), 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 asSBA-

CeCuO precursor (see Figure 36(b)), 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 

0 10000 20000 30000

0.2

0.4

0.6

0.8

1.0

W
e
ig

h
t 
lo

s
s
 [
M

/M
0
] 

Time [s]

 tfSBA-CeO2      tfSBA-CuO       tfSBA-CeCuO

 asSBA-CeO2      asSBA-CuO       asSBA-CeCuO

0

100

200

300

400

500

600

T
e
m

p
e
ra

tu
re

 [
o
C

]



 

77 

 

with the TGA results discussed above. Based on the TGA and gas phase IR results, it is proposed 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 

tfSBA-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. 

 

Figure 36. Online IR detection of exhaust gases during air calcination of the (a) tfSBA-CeCuO, 

(b) asSBA-CeCuO precursor 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, the DRIFT spectra of the precursors to 

samples tfSBA-CeCuO and asSBA-CeCuO were recorded, while the temperature was increased from 

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

observed at 3000-3600 cm-1 (see Figure 37(a)), which are assigned to H-bonded hydroxyl groups.106 The 

presence of water is indicated by the bending and stretching features at around 1640 cm-1 and 3442.106 

The sharp but asymmetric peak at 3740 cm-1 is characteristic of isolated Si-OH on the surface of silica 

(SBA-15),41, 169 whereas the bands at 1036 and 1216 cm-1 are attributed to stretching vibrations of the 

mesoporous framework (Si-O-Si).170 The DRIFT spectra of the tfSBA-CeCuO precursor 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, N-O stretching of nitrate, N=O stretching, nitrate species, and nitrite species, respectively.128 The 
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negative peaks at 2357/2287 cm-1 originate from pre-adsorbed CO2, which gradually desorbs with 

increasing temperature.41 The bands at 1759 and 2057 cm-1 are attributed to adsorbed nitric oxide and 

carbon monoxide, respectively,128 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.128 In addition, 

weak features appear in the NIR region (4000-5000 cm-1), originating from the ν+δ overtone of M-OH 

and M-O-M (M = Si, Ce, and Cu) vibrations.171 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 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,171 disappear at temperatures above 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.
172 

To this end, the IR results of this study provide new insight into the mechanism of metal nitrate 

decomposition (see Scheme 6), including chelating and bridging rearrangements and final condensation. 

 

Scheme 6. Schematic process of thermal decomposition of copper and cerium nitrates for 

tfSBA-CeCuO. 

 

For asSBA-CeCuO (see Figure 37(b)), 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.41 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.173 The blue-shift of the Ce-OH stretching 
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band from 3373 to 3460 cm-1 is assigned to the gradual replacement of nitrate by hydroxyl during the 

ion-exchange reaction.106 The spectral region 1500-1600 cm-1, typically assigned to different nitrate 

structure, 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.171, 174 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,100 as shown in Scheme 7. 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.88 

Finally, the metal hydroxides condense to form their oxides. 

 

Scheme 7. Schematic process of the hydrothermal-like mechanism for decomposition of 

copper and cerium nitrate for asSBA-CeCuO. 

 

 

Figure 37. In situ DRIFT spectra of the (a) tfSBA-CeCuO and (b) asSBA-CeCuO precursor 

samples during air calcination from 25 to 500 °C at a heating rate of 1.5 °C /min. 
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Figure 38 depicts in situ UV-Vis DR spectra of the tfSBA-CeCuO and asSBA-CeCuO precursor 

samples, providing information about changes in 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.107 The broad, weak feature at 600-800 nm is attributed to d-d transitions of 

Cu2+ ions.175 The ligand metal charge transfer (LMCT) of O2- 2p to Cu2+ 3d shows an absorption band 

at about 300 nm,176 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. 5-1:177 

αhv = A(hv − Eg)
n          (5-1) 

where α is the absorption coefficient, which is determined by the absorbance. A is a constant. In this 

study, n was taken to be 1/2 for evaluation of the direct bandgap of the CeO2-CuO samples.177 Using 

Tauc’s method, the evolution of the Eg value during calcination can be derived (see Fig. S5-5). In the 

low-temperature range, the gradual redshift of the energy gaps is due to the removal/dissociation of the 

water of crystallization and chelated NO3
−. The smaller (final) band gap of tfSBA-CeCuO (2.55 eV) 

compared to asSBA-CeCuO (2.80 eV) implies that the ceria-copper 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. 
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Figure 38. In situ UV-Vis DR spectra of the (a) tfSBA-CeCuO, (b) asSBA-CeCuO precursor 

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

 

Figure 39 shows in situ Raman spectra of the tfSBA-CeCuO and asSBA-CeCuO precursor samples, 

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; ν3, antisymmetric N-O stretch at ~1370 cm−1 

and ν4, in-plane deformation at ~719 cm−1. The v2 mode is Raman inactive and the ν3 and ν4 vibrations 

are doubly degenerate, i.e., they might split upon symmetry lowering.178 For bulk metal nitrates, NO3
- 

ions can be coordinated in different ways, e.g. as monodentate, bidentate chelating, bidentate bridging 

or tridentate nitrate. For mono- and bidentate nitrates the symmetry is lowered to C2v. As a result, six 

vibrational modes are expected.178 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
-.179 The broad feature at 1337 cm-1 is attributed to NO3

- asymmetric stretching,180 while 

that at about 1501 cm-1 is assigned to the asymmetric N-O stretching of monodentate nitrate.178 The 

weak Raman bands 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.178 For the asSBA-CeCuO precursor, 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. Since the doublet has been found to be insensitive to the nature of the 

cation, it seems unlikely that the doublet structure is due to ion-pair formation. As the origin of the band 

splitting, it is rather proposed the presence of specific NO3
-···H2O hydrogen-bond interactions.181 

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, 
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respectively.182 The band at 294 cm-1 is attributed to Cu-ONO2 or Ce-ONO2 vibrations.183 With 

increasing temperature, the Raman bands of the tfSBA-CeCuO precursor 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.179 Jackson et al. 

reported on the shift of the nitrate symmetric stretch due to partial replacement of nitrate by hydroxyl 

ligands.180 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.
41, 88 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. After calcination of the asSBA-CeCuO 

precursor 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. 

 

Figure 39. In situ Raman spectra of the (a) tfSBA-CeCuO and (b) asSBA-CeCuO precursor 

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. 

 

5.2.5. Discussion of the synthesis mechanism and its relevance for the catalytic properties 

In the following, it is first combining the results of the multiple in situ analyses during synthesis of CuO-

CeO2 catalysts to develop a comprehensive mechanistic picture, and then discussing 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 
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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 tfSBA-CeCuO precursor decomposes 

by stepwise NO2 release, whereas the residual NO3
- ligands transform from 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 8. 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. 

 

Scheme 8 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 
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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. 

In previous studies on CuO-CeO2 catalysts in the context of CO-PROX, WGS, VOCs, and SCR,184-

186 the superior reactivity of CuO-CeO2 has been attributed to synergistic effects, originating from strong 

copper-ceria interactions.187 To this end, Electronic Metal Support Interactions (EMSI) were proposed 

to explain the outstanding catalytic performance rather than Strong Metal Support Interactions 

(SMSI).188 In the EMSI concept, the alteration of the chemical properties of metal sites are related to 

perturbations in their electronic properties via bonding interactions with the ceria support. In this regard, 

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.187 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,22 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.189 Thus, consistent with the literature, the sample tfSBA-CeCuO, which is characterized by a 

CeCuOx solid solution, shows considerable 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. 

 

5.2.6. 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. 
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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, in 

situ spectroscopy evidenced two decomposition routes of the metal nitrates to their oxides: the tfSBA-

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

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

mechanism, forming hydroxides M(OH)x on the route towards separated CeO2 and CuO. 

As a general remark, 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. In any case, an in situ understanding of the preparation process is a conditio sine 

qua non for the rational synthesis of highly active and selective catalysts. 
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5.3. In situ characterization of CeO2-MnOx/SBA-15 catalysts during synthesis and NH3-SCR 

Besides the CuO-CeO2 system, another bimetallic oxide combination, MnOx-CeO2, was tested. 

Attributed to the multivalent states of manganese, the MnOx-based oxides have been widely used for the 

NH3-SCR reaction in the previous works and exhibit outstanding catalytic performance, especially 

regarding the low-temperature activity.190 The intimate contact between the components can effectively 

accelerate the charge transfer to enhance the electron-hole separation efficiency. Thus, it can be expected 

that the fabrication process could affect the structure, especially the relative position of Ce and Mn, 

which may further result in the different catalytic reactivity for NH3-SCR. It was proved in the last 

section that changing preparation conditions (with/without P123) could controllably prepare two types 

of CeCuO catalysts. Here, the same route was adopted that the SSI method with/without P123, to 

synthesize MnOx-CeO2 on mesoporous SBA-15, and then applied the prepared catalysts to the NH3-

SCR reaction. Importantly, in situ characterizations were applied to monitor the whole process including 

both the preparation stage and the SCR catalytic reaction stage. 

 

5.3.1. Sample preparation 

Silica SBA-15 was prepared as described previously.158 The as-made SBA-15 (asSBA-15) was collected 

using vacuum filtration, followed by calcination for 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 MnOx 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, 0.100g of Mn(NO3)2·4H2O, 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:Mn = 1:1). The completely mixed 

powder was calcined in a stream of air at 500 °C for 5 h (heating rate: 1.5 °C/min). The final powder 

materials will be referred to as tfSBA-CeMnO and asSBA-CeMnO in the following. 

 

5.3.2. Catalytic test 

Figure 40(a) depicts the catalytic performance of tfSBA-CeMnO and asSBA-CeMnO catalysts for NH3-

SCR at temperature ranging from room temperature to 500 oC (GHSV = 60000 h-1). The two samples 

show volcano curves for the NOx conversion but the optimal temperature window for tfSBA-CeMnO is 

lower than that for asSBA-CeMnO. Figure 40(b-c) shows the in situ monitoring of the exhaust gas during 

exposure to the NH3-SCR reaction mixture over the two catalysts for a step-wise increase in temperature 

from 25 oC to 500 oC. 
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Figure 40. (a) Temperature-dependent catalytic performance of SBA-CeMnO catalysts in NH3-

SCR (GHSV = 60000 h-1). (b-c) In situ monitoring of the exhaust gas during exposure to the 

NH3-SCR reaction mixture over tfSBA-CeMnO (left) and asSBA-CeMnO (right) at a step-wise 

increase in temperature from 25 oC to 500 oC. 

 

5.3.3. In situ characterization of the synthesis process 

Figure 41(a) shows the TGA curves for the calcination of raw tfSBA-CeMnO and asSBA-CeMnO (red 

lines). For detailed analysis, the exhausted gas during calcination was detected by gas phase FTIR 

spectroscopy as shown in Figure 41(b-c). The calcination of raw tfSBA-CeO and asSBA-CeO was 

analyzed in the last section, which revealed the catalytic oxidation of carbon-containing material with 

cerium ions as catalyst. Here, the tfSBA-CeMnO sample shows a sharp weight loss at low temperature 
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(100 oC) due to water emission (at two typical IR ranges from 1000-2000 cm-1 and 3500-4000 cm-1) 

especially for the condensed or physically adsorbed water in the channels. The TGA curve then shows 

two main weight loss stages at about 160-180 oC and 180-280 oC, which correspond to the two stages of 

NO2 emission (at about 1629 cm-1). For calcination of raw asSBA-15, the lower free water emission at 

low temperature is due to the occupation of hydrophobic fragments of P123 in the channels. The 

continuous weight loss at 130-290 oC is attributed to the release of carbon-containing fragments from 

P123 decomposition. It is found that at temperatures of about 150 oC-170 oC the decomposed product 

signals mainly consist of C-O-C (1320 cm-1) and C=O (1700 cm-1), reflecting the preliminary 

decomposition of macromolecular P123. At higher temperature of about 175 oC, the observed NO2 

emission implies that cerium or manganese nitrate is decomposed. Meanwhile, the decomposition of 

P123 speeds up to release large amounts of carbon-containing gas and CO2 which are tentatively 

attributed to the catalytic effect of metal ions in the oxidation of P123. 

 

Figure 41. (a) TGA of raw samples calcined in air with a heating rate of 1.5 oC/min. In situ 

monitoring of the exhaust gas during the calcination of (b) tfSBA-CeMnO and (c) asSBA-

CeMnO. 
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Figure 42 depicts the UV-Vis DR spectra of the raw tfSBA-CeMnO and asSBA-CeMnO during the 

calcination process. As previously reported,191 peaks at 250 and 300 nm can be attributed to the Ce(NO3)3, 

and peaks at 245 and 320 nm to Mn(NO3)2, which related to the broad bands at about 257 and 320 nm 

for the initial raw samples in Figure 42(a-b) at room temperature.  

 

Figure 42. In situ DR UV-Vis spectra of (a) tfSBA-CeMnO and (b) asSBA-CeMnO during 

calcination in N2+20% O2 from 25 to 500 oC at a heating rate of 1.5 oC/min. (c) Spectra of the 

calcined samples after cooling down to room temperature in N2+20% O2. 

 

Generally, the UV-Vis spectra of bare CeO2 exhibit three band centers at around 255, 285 and 340 

nm, originating from O2−→Ce3+, O2−→Ce4+ and interband (IBT) transitions, respectively.192 In addition, 

crystalline Mn3O4 has a band gap of 2.18 eV and a corresponding absorption wavelength of about 570 
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nm. The bands at about 500 nm and 270 nm were assigned to the 6A1g→
4T2g crystal field transitions of 

Mn2+ and the charge transfer transition of O2−→Mn3+.193  

With increasing temperature, for tfSBA-CeMnO, the adsorption curve increases sharply until 200 

oC, with the highest level being characterized by features at 218, 259, 320 and 435 nm, due to f→d 

transitions of Ce3+, O2-→Ce3+ CT, O2-→Mn4+ CT, and d→d transitions of Mn4+, respectively. In contrast, 

for asSBA-CeMnO the change in adsorption varied only slowly with increasing temperature. 

Importantly, the adsorption reversely decreases at higher temperature for tfSBA-CeMnO which 

corresponds to the decreased adsorption edge and indicates that the CeO2 and MnOx were coupled, 

leading to a narrow band gap during the high temperature sintering process. For the asSBA-CeMnO 

sample, on the other hand, the adsorption increased evenly in the whole wavelength range, implying the 

formation of separate CeO2 and MnOx without close interaction. 

Figure 42(c) shows the spectra of prepared tfSBA-CeMnO and asSBA-CeMnO after cooling down 

to room temperature (25 oC) in 20 % O2/N2. The high and broad adsorption in the low wavelength range 

(<500 nm) for calcined tfSBA-CeMnO is attributed to the narrow band gap from the doping effect of 

mixed CeO2 and MnOx. For calcined asSBA-CeMnO on the other hand, the spectrum shows a higher 

adsorption at wavelengths > 500 nm, which is assigned to the presence of nano δ-MnO2.
194 As reported 

previously, the absorption edge of the CeO2 interband transition is sensitive to the crystal size and blue 

shifts with decreasing size, especially when the size is smaller than 10 nm.193 Thus, the asSBA-CeMnO 

owns smaller size of CeO2 than the tfSBA-CeMnO for its left position of the spectrum ranging 219-526 

cm-1.  

The DR UV-Vis spectra prove that the calcination of tfSBA-CeMnO is accompanied by complex 

interactions of Ce3+/Ce4+ and Mn2+/Mn3+/Mn4+, while asSBA-CeMnO exhibits a gradual decomposition 

of cerium nitrate and manganese nitrate to obtain ceria and separated MnOx nanoparticles. Moreover, 

the smaller size of ceria for asSBA-15 is due to the confined space effect of the template P123 limiting 

the oxide growth. 

Figure 43 depicts in situ DRIFT spectra during the calcination process of tfSBA-CeMnO and 

asSBA-CeMnO, which provides information on the surface reactions during the decomposition of nitrate 

salts and generation of ceria and manganese oxide. A standard KBr sample exposed to air at room 

temperature was used to measure the background spectrum. 
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Figure 43. In situ DRIFT spectra recorded during the preparation of (a) tfSBA-CeMnO and (b) 

asSBA-CeMnO by calcination in N2+20% O2 from 25 to 500 oC at a heating rate of 1.5 oC/min, 

while (c) and (d) are enlarged views of (a), and (e) and (f) enlarged view of (b).  

 

Generally, the calcination of cerium nitrate involves the decomposition of nitrate salt to form oxides. 

In Figure 43(a) and Figure 43(b), the in situ DRIFT spectra for both tfSBA-CeMnO and asSBA-CeMnO 

are characterized by features of various nitrate species (at 1500-1600 cm-1), of N-O vibrations (at 1700-

2000 cm-1), of nitrate and nitrite species gathered together (2400-2800 cm-1), of O-H vibrations of 

hydrogen bonded water (at 3200-3700 cm-1) and of isolated silanol (at 3734 cm-1), and of the 

combination mode of O-H with the anchoring bond (at 4000-5000 cm-1).128, 171 In addition, the bands at 

2880-2974 cm-1 in Figure 43(b) for asSBA-CeMnO are typically assigned to C-H stretching, which is 

attributed to the P123 template.  
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In detail, for tfSBA-CeMnO preparation (see Figure 43(c)), the band at 1364 cm-1 is assigned to the 

asymmetric vibration of NO3
- which gradually disappears above 300 oC.195 The peaks at 1529, 1556, 

and 1594 cm-1 are attributed to monodentate, bidentate, and bridging nitrate, respectively. At 25 oC, the 

nitrate species mainly shows the monodentate structure coordinated with a central cerium ion. With 

increasing temperature, the bidentate and bridging nitrates all appear, indicating a bridging effect to form 

the M-O-(N=O)-O-M structure. t should be noted that the calcined sample (at 500 oC) still shows features 

originating from monodentate and bidentate nitrates. The peak at 1640 cm-1 is attributed to adsorbed 

H2O which desorbs after 100 oC. The peaks within 1700-2000 cm-1 are typically assigned to N-O 

vibrations, and the variation results from the vibrational mode and the chemical environment of the -NO 

species. Following the reported assignment, the peaks at 1700-1800 cm-1 are assigned to the asymmetric 

vibration, and the bands at 1800-1900 cm-1 are assigned to the symmetric vibration.128 Another important 

factor affecting the surface NO species is the metal ion adsorbent. Being rich in d-electrons, the π-back 

donation is possible for low valent Mn2+ ions and the N-O stretching mode can decrease compared with 

cerium (d0). On the other hand, the oxidation of the metal ion to its high valence does not form nitrosyls 

upon NO adsorption. Here, the bands at 1756 and 1876 cm-1 are assigned to Mn2+-NO, while the bands 

at 1780 and 1965 cm-1 are assigned to Ce3+-NO. The peak at 1831 cm-1 appearing at 200 oC is assigned 

to Mn3+-NO.128 At low temperature (25-200 oC), these features exist for nitrosyls on low valent ions 

(Mn2+-NO and Ce3+-NO). With increasing temperature (above 300 oC), the features disappear due to the 

oxidation of Mn2+ to Mn3+ and further high valent Mnn+ in MnOx and of Ce3+ to Ce4+ in CeO2.The 

features at 1851 cm-1 are tentatively assigned to nitrosyls on mixed Ce-O-Mn sites which provide low 

valent Ce3+ ions due to doping with high valent Mnn+ ions. 

In Figure 43(d), the peaks at 2493 and 2809 cm-1 are assigned to nitrate salt and the peak at 2533 

cm -1 which gradually increases with increasing temperature to 200 oC is assigned to nitrite. Initially, the 

sample shows features at 2493 and 2809 cm-1 due to nitrate; increasing temperature results in a 

broadening of these peaks, as well as the appearance of a shoulder peak at 2533 cm-1 which is attributed 

to nitrite species. This behavior implies that the O transfers from the nitrate group to the metal ion. The 

broad band within 3000-3700 cm-1 is assigned to O-H stretching of adsorbed water, while the peaks at 

3265, 3596, and 3374 cm-1 are attributed to O-H stretching of Mn-OH, Ce-OH, and Si-OH, 

respectively.171 

For asSBA-CeMnO (see Figure 43(e)), the weak feature at 1350 cm-1 is assigned to the asymmetric 

stretch vibration of NO3
-. The peaks ranging from 1489 to 1598 cm-1 are assigned to various differently 

structured nitrate species. It is noted that at room temperature the nitrate peak appears at 1489 cm-1 and 

is tentatively assigned to monodentate nitrate. The low wavenumber of this feature, compared with the 
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common value at 1525 cm-1, is due to the interaction between the nitrate ligand with template P123.196 

At 200 oC, a peak at 1598 cm-1 appears which is assigned to bridging nitrate while at 300 oC, a peak at 

1564 cm-1 appears which is assigned to bidentate nitrate accompanied by the disappearance of the 

features at 1489 and 1598 cm-1, indicating that the nitrate precursor was partially replaced by O-H 

ligands during the grinding stage even at room temperature. The feature due to bridging nitrate at 1598 

cm-1 observed at 200 oC may result from the condensation of adjacent metals and the presence of 

bidentate nitrate at 300 oC can be explained by its thermal stability. The peaks at 1735 and 1865 cm-1 

are attributed to Mn2+-NO, while those at 1772 and 1956 cm-1 are attributed to Ce3+-NO species. It should 

be noted that the N-O vibration at 1735 cm-1 persists until 400 oC, originating from nitrosyl on reduced 

Mnn+ in reductive atmosphere, while the features related to the cerium site disappear at high temperature 

(above 300 oC). This indicates that the decomposition of cerium nitrate and manganese nitrate occurs 

via separated processes. 

In Figure 43(f), the peak at 2511 cm-1 is attributed to nitrite species, reflecting the reduction effect 

of template P123 on the nitrate precursor. As discussed above, the bands at 3230, 3597, and 3734 cm-1 

are attributed to hydroxyl groups on Mn, Ce, and Si sites, respectively.  

Comparing the spectra of the two samples, the feature at 1489 cm-1 for monodentate nitrate 

observed for asSBA-CeMnO sample is red shifted to that at 1529 cm-1 due to the tfSBA-CeMnO sample. 

This is attributed to the different ligands, which means that the nitrate ligands are partially replaced even 

at room temperature, changing the metal-ligand distance and electron donor power of the ligand. In 

addition, in the range 2400-3000 cm-1 assigned to nitrate or nitrite species, tfSBA-CeMnO shows 

features of both nitrate and nitrite (2493/2533/2809 cm-1), An initial strong peak at 2493 cm-1 is assigned 

to free nitrate ions at room temperature. This peak gradually broadens due to contributions at 2471 

(nitrate) and 2521 cm-1(nitrite) at 25-175 oC, originating from the mixture of nitrate and nitrite due to 

the multivalence of Ce and Mn, especially reduced Mn2+. When the temperature increases to 175-225 

oC, the band at 2471 cm-1 (nitrate) becomes stronger and then all these peaks disappear due to the 

complete decomposition of the nitrate salts at higher temperatures. This behavior indicates that the 

M(NO3)x precursors decompose by a redox reaction producing a NO2
- intermediate, followed by re-

oxidation to NO3
-. On the contrary, the asSBA-CeMnO sample shows only a feature of nitrite species 

(2511 cm-1) due to the interaction with P123 at the grinding stage. At higher wavenumbers (see Figure 

43(a)), the peaks at 4049, 4339, and 4428 cm-1 are assigned to the combination mode of M-OH species, 

implying the formation of both Ce(OH)4 and Mn(OH)4, which further condense as metal oxides. Thus, 

template P123 can react with the nitrate precursor at room temperature and coordinate the metal ions 

and fixed them onto the SBA-15 surface.  
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Secondly, with increasing temperature, tfSBA-CeMnO shows an evolution of surface nitrate 

species from monodentate to bridging nitrate. The N-O vibrations for nitrosyl attached to Ce3+ and Mn2+ 

ions disappear at high temperature due to the oxidation of the metal ions, while a mixed substrate (Ce-

O-Mn) is formed, giving rise to a nitrosyl feature at 1851 cm-1. For asSBA-CeMnO, the metal ion is 

coordinated onto the substrate by P123 and the nitrate ligand of manganese and cerium shows separated 

behaviors, especially, the Mn-NO feature remains present until 400 oC due to the presence of reduced 

Mn2+, while Ce-NO almost disappears at temperatures above 300 oC. Thus, tfSBA-CeMnO tends to form 

a mixture of cerium dioxide and manganese oxide, while asSBA-CeMnO shows separated oxides.  

The third difference is the surface -OH group, especially the isolated Si-OH group. For tfSBA-

CeMnO sample, this feature exists at all times. However, for asSBA-CeMnO, the feature at 3734 cm-1 

appears only above 300 oC which can be explained by the coverage of P123 on the SBA-15 surface at 

low temperature, while the removal of P123 leads to the appearance of the Si-OH feature.  

In summary, the in situ results reveal details of the calcination process for the tfSBA-CeMnO and 

asSBA-CeMnO samples. With the assistance of template P123 (asSBA-CeMnO), the cerium nitrate and 

manganese nitrate interact with the P123 of asSBA-15 during the grinding stage. leading to a separated 

growth of the oxides. Without P123 (tfSBA-CeMnO), the mixture of nitrate precursors is thermally 

decomposed, showing a highly mixed oxide. In addition, the P123 inside the pore can also provide 

confined space for the growth of oxides, facilitating the formation of well dispersed oxides on the SBA-

15 support. 

 

5.3.4. Using in situ DRIFTS to elucidate the SCR reaction mechanism 

In situ DRIFT spectroscopy was also employed to unveil the mechanism of prepared asSBA-CeMnO by 

monitoring the changes of the surface species. The sample exposed to N2 at the experimental temperature 

(200 oC) was used to measure the background spectrum. 

Prior to the adsorption of the reactant gases, the catalyst was pretreated at 500 °C in N2 (50 mL/min) 

for 1 h. After the catalyst was cooled to 200 °C, the N2 gas was replaced by a gas mixture of 500 ppm 

NH3/N2 (50 mL/min), and in situ DRIFT spectra of the asSBA-CeMnO catalyst were taken; the results 

are shown in Figure 44( a). Similarly, the N2 gas was replaced by a gas mixture of 500 ppm NO/5 vol. % 

O2/N2 (50 mL/min), and the corresponding in situ DRIFT spectra are shown in Figure 44(b). 
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Figure 44. In situ DRIFT spectra of asSBA-CeMnO during exposure to (a) NH3, (b) NO/O2 at 

200 oC. 

 

As shown in Figure 44(a), upon gas exposure to NH3/N2 eight bands at 1301, 1448, 1553, 1605, 

3172, 3276/3369, 3656, and 3735 cm-1 appear. The bands at 1448 cm-1 and 1605 cm-1 are assigned to 

NH4
+ bound to Bronsted acid sites (B acid site) and NH3 bound to Lewis acid sites (L acid site), 

respectively.76 The band at 1553 cm-1 is assigned to NH2 species.76 The bands at wavenumbers > 3000 

cm-1 are assigned to stretching vibrations of N-H or O-H, of which the 3172 cm-1 feature is assigned to 

N-H of NH4
+ on B acid site, the 3276/3369 cm-1 features to N-H of NH3 on L acid site, the 3656 cm-1 

feature to O-H bond of Ce-OH, and the 3735 cm-1 feature to O-H of isolated silanol group (Si-OH) at 

the surface.85 The peak at 1301 cm-1 is tentatively assigned to bidentate nitrate species although it NH3 

is adsorbed, suggesting that adsorbed NH3 is oxidized by surface lattice oxygen.197 Note that all bands 

appear and increase in intensity with increasing adsorption time. These results indicate that NH3 species 

may be adsorbed on both the L and B acids sites surface of the CeMnO oxides at 200 oC, and NH3 may 

be oxidized to NH2.  

Figure 44 (b) shows the spectra upon exposure to NO/O2/N2 which are characterized by nitrate 

bands at 1359, 1487-1506, 1540-1593, 2560, and 2795 cm-1, of which the 1359 cm-1 peak is assigned to 

NO-,128 the broad peak at 1487-1506 cm-1is assigned to bidentate nitrate.198 and the peaks at 1540, 1567, 

and 1593 cm-1 are typically assigned to monodentate, bidentate, and bridging nitrates, respectively. The 

bands at 2560 and 2790 cm-1 are attributed to nitrite and nitrate. With increasing exposure, the 

nitrate/nitrite species increased in intensity except for the reverse decrease of monodentate (1540 cm-1) 

and bidentate (1500 and 1567 cm-1) nitrate after reaching the maximum value at about 20-30 mins. This 
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indicates that NO is first adsorbed onto the surface and oxidized to form surface adsorbed nitrate species 

(1487-1593 cm-1). The decrease of these features after a long-time exposure might be due to the 

formation of the low valent species NO- (1359 cm-1) and N2O (2211 cm-1). In detail, NO is catalytically 

oxidized to NO2 by surface lattice oxygen and the desorption of NO2 leaves an oxygen vacancy and two 

reduced Ce3+ sites, which serves as adsorption site for NO to form NO- as discussed above. The 

formation and increase of low valent NO- (I) and N2O (I) implies that the activation of O2 on the surface 

might be the rate determining step.  

Figure 45 depicts the in situ DRIFT spectra of asSBA-CeMnO during exposure to (a) NO+O2 after 

pre-adsorption of NH3, and to (b) NH3 after pre-adsorption of NO+O2 at 200 oC. The pretreatment 

operations are the same as described in Figure 44. As shown in Figure 45(a), the intensity of the bands 

at 1550 and 1605 cm-1 assigned to NH2 and NH3 bound to L acid sites decreases with an increase in the 

exposure time to 500 ppm NO/O2, whereas the intensities of the bands at 1440 cm-1 assigned to NH4
+ 

bound to B acid sites decreases initially and then increases again, indicating that L acid sites are the 

active sites for the SCR reaction via E-R route. On the other hand, the strong N-H stretching features 

(3280, 3359 cm-1) gradually disappear while the features for nitrate/nitrate species increase in intensity. 

 

Figure 45. in situ DRIFT spectra of asSBA-CeMnO during exposure to (a) NO+O2 after pre-

adsorption of NH3, (b) NH3 after pre-adsorption of NO+O2 at 200 oC. 

 

As shown in Figure 45(b), the intensity of the band at 1593 cm-1 assigned to bidentate nitrate 

decreases with an increase in the exposure time to 500 ppm NH3, whereas the intensities of the bands at 

1540 and 1593 cm-1 assigned to bridged nitrate and monodentate nitrate, respectively, hardly change, 

especially when comparing their relative intensity, indicating that bidentate nitrates are the most reactive 
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among the different adsorbed nitrate species to react with NH3. It should be noted that the feature at 

1358 cm-1 assigned to NO- quickly disappears due to its high reactivity towards NH3, while the features 

at 2552 cm-1 and 2794 cm-1, assigned to nitrite and nitrate species, are stable even after 1 h exposure to 

NH3. Thus, the adsorbed NOx species is partially reactive towards NH3 via the L-H route, especially the 

NO- species, although the bidentate nitrate shows also activity.  

In order to clarify the interaction between NH3 and NOx on the catalyst surface, different pre-treated 

surfaces were characterized by DRIFT spectroscopy as shown in Figure 46. 

 

Figure 46. In situ DRIFT spectra of asSBA-CeMnO after different surface treatments at 200 oC. 

N2: original surface, NH3: treated in NH3 for 1 h, NO/O2/NH3: reacted in NO/O2 for 1 h and then 

treated in NH3 for 1 h, NO/O2: treated in NO/O2 for 1 h, NH3/NO/O2: treated in NH3 for 1 h and 

then treated in NO/O2 for 1 h.  

 

Comparing the NH3 treated (red curve) and the (NO/O2) / NH3 treated (pink curve) sample, the pink 

curve shows higher intensity of features (see Table 9 and Table 6) at about 1440 cm-1 (B site bounded 

NH4
+), 1503 cm-1 (bidentate nitrate), 1550 cm-1 (monodentate nitrate) and 3280/3364 cm-1 (N-H 

stretching), indicating the NO+O2 treated surface owns nitrate species which is inert to NH3 and prefers 

to adsorb NH3 on its surface.  

Comparing the NO/O2 treated (blue curve) and NH3 / (NO/O2) treated (cyan curve) sample, almost 

the same features over the whole wavenumber range are observed, indicating that the surface pre-

adsorbed NH3 completely reacted. It should be noted that the cyan curve shows a higher intensity in the 

lower wavenumber range (<1520 cm-1), such as 1360 cm-1 (NO-), but a lower intensity in the higher 

wavenumber range (>1520 cm-1). Considering the presence of a reduced surface due to NH3 pre-
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treatment, it is concluded that NO is oxidized to high valent nitrate/nitrite species on the original catalyst 

surface but partially reduced to low valent NO- species on reduced surface. 

Comparing the NH3 treated (red curve) and NH3 / (NO/O2) treated (cyan curve) sample, the peak at 

1550 cm-1, assigned to amine species, disappears after NO/O2 treatment (cyan curve), implying that NH2 

is the active intermediate. The peak at 1360 cm-1 (NO-) appears for the cyan curve, indicating that this 

feature was from the NOx instead of the ammonia related species. 

Comparing the NO/O2 treated (blue curve) and (NO/O2) / NH3 treated (pink curve) samples, the 

peak at 1360 cm-1 (NO-) disappears from the blue to pink curve, implying the reactivity of NO- species 

towards NH3. The peaks at 1503 and 1568 cm-1, assigned to bidentate nitrate species, decrease in 

intensity, implying the reactivity of part of the bidentate nitrate towards NH3. 

From the DRIFT spectra above, it can be concluded that the L-H and E-R routes are co-existent for 

the NH3-SCR reaction. In detail, for the E-R route, adsorbed NH3 can completely react with gaseous 

NOx and NH2 is proposed to be the active species. For the L-H route, NO is adsorbed on the surface as 

NOx species and partially reacts with NH3 and NO- is proposed to be the reactive species. Oxidized NO 

as nitrate or nitrite is almost inert to react with NH3 except for part of the bidentate nitrates.  

 

5.3.5. Conclusion 

In this section, bimetallic oxide catalysts based on Mn and Ce, MnOx-CeO2, were loaded onto SBA-15. 

The synthesis of tfSBA-CeMnO and asSBA-CeMnO shows different formation routes of the CeO2 and 

MnOx from their nitrate salts. For tfSBA-CeMnO, the cerium nitrate and manganese nitrate are 

decomposed as nitrite first and then as their oxides at higher temperature, while for asSBA-CeMnO the 

decomposition went through the ion exchange between nitrate ligands and hydroxyl groups, forming 

cerium hydroxide and manganese hydroxide first with release of carbon-containing fragments of P123. 

These two different routes result in different structures and properties of the prepared tfSBA-CeMnO 

and asSBA-CeMnO catalysts, and further lead to different catalytic performances in the NH3-SCR 

reaction. Moreover, when in situ DRIFT spectroscopy was applied to get insight into the mechanism of 

NH3-SCR reaction on asSBA-CeMnO, it was found that the reaction mainly follows the E-R route, 

although part of the adsorbed NOx (NO- and bidentate nitrate) is active towards NH3 via the L-H route.  
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6. Surface modification by Atomic Layer Deposition (ALD) methods 

In the last two chapters, the solid-state impregnation (SSI) method was introduced and employed to 

prepare ceria-based oxide catalysts supported on mesoporous SBA-15. However, with the addition of 

more complicated components, conventional impregnation methods would lead to serious pore blockage 

and a sharp decrease of the surface area which goes against the original intention to design the 

mesoporous structure. To this end ALD methods have been widely applied to the preparation of catalysts 

due to the flexibility and control of structure and composition.199 Although the economy of using ALD 

for the catalysis industry may be questioned, the controlled surface modification makes it an ideal 

approach to design model catalysts at the laboratory level and explore the active sites, which further 

helps to gain insight into the catalytic mechanism. On the other hand, in the studies described above, the 

reaction during the catalyst preparation is proved to be important to determine the final state of the 

prepared catalyst. Compared with calcination-involved methods (e.g. SSI), ALD relies more on the 

reaction between the active precursor and the substrate surface, and is therefore a good tool to explore 

the controllability of the synthesis by adjusting the deposition reaction.  

In this chapter, using ALD VOx and TiO2 supported on SBA-15 were prepared as a model catalyst 

to obtain a high surface area vanadia-based catalyst for the NH3-SCR reaction. Then, several atomic 

layers of SiO2 were coated on prepared CeO2@SBA-15 to form a SiO2/CeO2/SiO2 sandwich structure, 

and the effect of Ce-O-Si species on the NH3-SCR reactivity is discussed. At last, active VOx is site-

selectively deposited on prepared CeO2@SBA-15 by pretreating the CeO2@SBA-15 with different 

surface reactions followed by ALD of VOx.  
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6.1.  VOx-TiO2/SBA-15 catalysts for NH3-SCR applications by ALD 

Selective catalytic reduction (SCR) of NOx with NH3 is proved to be the most effective technology for 

the removal of NOx from stationary and mobile sources. Commercial vanadia-based ammonia SCR 

catalysts are typically based on vanadia and tungsten oxide (or molybdenum oxide) on TiO2 anatase, but 

vanadia supported on TiO2 has been extensively studied as a model catalyst system 200. 

It is known from the literature, that SCR activities depend on the vanadia structure and the support 

material 201, 202. Mesoporous materials such as silica SBA-15 provide higher surface area than 

conventional powder or planar supports 203, 204, and the controlled synthesis of vanadia supported on 

SBA-15 was reported 205. However, SiO2 supported VOx-based catalysts were reported to show only 

poor SCR performance compared to titania-based systems 201, 206. On the other hand, Segura et al. studied 

vanadia/titania supported on SBA-15 and attributed the good catalytic NH3-SCR reactivity to isolated 

VOx or TiO2 species 207. Reiche et al. prepared high surface area TiO2, SiO2, and TiO2-SiO2 supported 

vanadia systems using sol-gel methods and selective vanadia grafting, and found TiO2-based catalysts 

to show the highest SCR activity. In mixed TiO2-SiO2 aerogels, vanadia was reported to be preferentially 

grafted to Ti sites 201. Compared to these conventional synthesis techniques, atomic layer deposition 

(ALD) enables accurate control at the atomic scale without damaging the structure of the original matrix 

204, 208. Although ALD has been widely applied to metal-oxide deposition, such as SiO2 
209, TiO2 

210, and 

VOx 
204, 211, 212, there are only very few studies on the deposition of vanadia and titania on mesoporous 

SBA-15 213, and its application to NH3-SCR.212  

In the previous work, a hierarchical NH3-SCR model catalyst was developed using low surface area 

silica particles as a platform 206. Here, it reports on a new model catalyst system based on high surface 

area mesoporous silica SBA-15. In particular, ALD technique is employed for controlled synthesis of 

titania and vanadia layers within the pores of the silica matrix and demonstrate its catalytic activity in 

NH3-SCR. Using UV-Vis and Raman spectroscopy and, in particular, in situ DRIFTS, the nature of the 

surface sites upon exposure to different gas atmospheres and temperatures were explored, including 

NH3-SCR reaction conditions, were explored. This work mainly follows the published paper “High 

Surface Area VOx/TiO2/SBA-15 Model Catalysts for Ammonia SCR Prepared by Atomic Layer 

Deposition”.85
 

 

6.1.1. Sample preparation 

The preparation of SBA-15 was the same as introduced above. VOx/TiO2/SBA-15 samples were 

prepared by ALD using a deposition system d escribed in detail elsewhere 206. Briefly, three ALD cycles 
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of titania were deposited onto silica SBA-15. Finally, VOx was deposited with 1, 3, and 5 cycles leading 

to different V loadings. For the ALD of TiO2, the TiCl4 precursor was evaporated in a feeding bottle at 

40 oC and reacted in the reaction chamber at 120 °C for 60 s. Similarly, for VOx ALD, the VOCl3 

precursor was evaporated at 40 °C and reacted at 60 °C for 60 s. In both processes, water at room 

temperature acted as oxidant. Between reaction steps the system was purged (N2, 60 s).  

The sample with 3 cycles of TiO2 on SBA-15 is labeled as ‘TiO2/SBA-15’, and samples with 

different cycles of VOx on TiO2/SBA-15 as ‘TiO2/SBA-15 + n×VOx’ (n=1, 3, 5). Hydrated samples 

correspond to samples exposed to ambient conditions for at least one week after synthesis. Samples 

labeled as ‘dehydrated’ were heated at 500-600 °C for 1 h under a controlled atmosphere (20% O2/80% 

N2) and then cooled to room temperature.  

 

6.1.2. Characterization results 

Table 9 gives a summary of the prepared samples and their surface area and porosity characteristics. The 

ALD deposition of TiO2 and VOx on mesoporous silica SBA-15 leads to a significant decrease in specific 

surface area, accompanied by a reduction in pore diameter. The observed decrease in specific surface 

area is attributed to a coating of the (rough) mesoporous channels but also to a closure of SBA-15 

micropores, as discussed previously 214. Increasing VOx deposition leads to a further (but much smaller) 

overall decrease of the specific surface area and pore volume (see Table 9). As shown in Figure S6-1, 

after TiO2 and VOx deposition, the nitrogen adsorption-desorption isotherms show variations of the 

hysteresis loop compared to bare SBA-15. In particular, the desorption branches exhibit a bulge towards 

lower p/p° values, indicating the presence of narrowed mesopores 98. Thus, despite the use of ALD the 

pores of the silica matrix are not evenly coated, resulting in pore narrowing and possibly pore blocking, 

consistent with the observed overall decrease in surface area. 

 

Table 9. Surface, porosity, and V loading characteristics of the prepared samples. 

Samples 
Stotal 

[m2/g] 
Dp 

[nm] 
Vtotal 

[cm3/g] 
LV 

[V/nm2] 
V:Ti 

(wt. %)a 

SBA-15 952 6.96 0.82 -- -- 

TiO2/SBA-15+1x VOx 410 6.33 0.49 0.4 1.4 : 5.8 

TiO2/SBA-15+3x VOx 366 6.33 0.43 1.6 5.1 : 5.9 

TiO2/SBA-15+5x VOx 355 6.33 0.43 2.0 6.0 : 5.6  

 a From ICP-OES. 
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Figure 47(a) depicts wide-angle XRD patterns of TiO2/SBA-15+n×VOx (n = 1, 3, and 5) and 

TiO2/SBA-15. None of the diffractograms shows any peaks, thus indicating the absence of crystalline 

titania and vanadia phases and confirming the amorphous nature of the SBA-15 silica matrix. The broad 

feature at around 23° has been attributed to the walls of mesoporous silica 215. To check for 

microcrystalline domains the sample TiO2/SBA-15 +3×VOx was examined in more detail using UV 

Raman spectroscopy (see Fig. S6-2), which was shown to be a sensitive indicator for small 

(micro)crystalline titania contributions in the previous work 206. According to Fig. S6-2, there is no 

indication for the presence of titania microcrystals due to the absence of characteristic anatase (394, 514, 

and 634 cm-1) and rutile (443 and 610 cm-1) bands 216, or V2O5 microcrystals. In the context of Raman 

detection of V2O5, it should be mentioned, however, that visible Raman spectroscopy is typically more 

sensitive to V2O5 microcrystals than UV Raman spectroscopy (see discussion below). 

 

Figure 47. (a) XRD patterns and (b) Raman spectra of the samples TiO2/SBA-15+nxVOx (n = 

1, 3 and 5) compared to TiO2/SBA-15 under ambient conditions. (i) TiO2/SBA-15, (ii) TiO2/SBA-

15+1xVOx, (iii) TiO2/SBA-15+3xVOx, (iv) TiO2/SBA-15+5xVOx. 

 

Figure 47(b) shows the corresponding Raman spectra at 532 nm excitation. The spectrum of 

TiO2/SBA-15 is characterized by broad features typical for amorphous silica dominating the weaker 

(surface) titania contributions217. Major features include the band at around 450-550 cm-1 associated with 

four-membered rings (D1), and the broadband at around 600-900 cm-1 assigned to symmetrical Si-O-Si 

stretching and three-membered rings (D2) 
218, respectively. The band located at 353 cm-1 is assigned to 

bending in Si-O-Si bridges 219, whereas the band at 286 cm-1 has been attributed to the A1 mode of TiO6 
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octahedra 220. The small feature at 1064 cm-1 is characteristic of silica TO phonons 221, whereas the weak 

Raman peak observed at 1122 cm-1 for TiO2/SBA-15 is attributed to framework Ti-O-Si species 222. 

Importantly, the addition of increasing amounts of vanadia leads to the appearance of new Raman signals 

at around 267, 516, 699, and 1020 cm-1. At first sight, the signals at around 267, 516, and 699 cm-1 show 

some similarity with those observed for crystalline V2O5, however, closer inspection reveals significant 

differences. The observed signals rather indicate the presence of hydrated vanadia forming xerogels 

V2O5·nH2O, resembling those discussed previously in the context of silica-supported vanadia, and the 

peak at 1020 cm-1 is attributed to the V=O stretching vibration mode of tetrahedral VOx species 223. 

Based on the above results from XRD and Raman spectroscopic characterization, it is concluded that 

the ALD-prepared samples contain amorphous titania and vanadia on silica SBA-15 and that titania at 

the loading studied here (2 Ti/nm-2) does not form a conformal layer on the silica surface allowing 

vanadia to interact with titania and silica. According to a previous ALD study 212, deposition of 3 Ti nm-

2 and 7 Ti nm-2 onto SiO2 leads to the formation of sub-monolayer titania, in agreement with the results 

obtained here. 

   

Figure 48. (a) O 1s, V 2p, and Ti 2p photoemission of TiO2/SBA-15+3xVOx. Detailed view of 

(b) the V 2p3/2 region (c) the Ti 2p3/2 region. The colored lines represent the result of a least-

square fit analysis. 

 

In the following, it is focused on the structural and catalytic properties of sample TiO2/SBA-

15+3×VOx with a vanadium loading density of 1.6 V/nm2. Table S6-1 and Figure 48 summarize the 

results of the XPS analysis. As shown in Table S6-1, Si, O, Ti, and V are detected at the catalyst surface, 

besides C. The Ti/Si and V/Si ratios correspond to 0.10 and 0.12, respectively, suggesting the presence 

of similar amounts of Ti and V on the surface. The results are consistent with the above picture of a 
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mixed layer and rule out the exclusive formation of large titania or vanadia (3D) aggregates, which 

would strongly reduce the visibility of Ti and V in XPS. The left of Figure 48 depicts the O 1s, V 2p1/2, 

and V 2p3/2 photoemission located at 532.9 eV, 524.9 eV, and 517.4 eV, respectively. As expected, the 

former is dominated by the O 1s contribution from SiO2, by comparison with the literature 223. Detailed 

analysis of the V 2p3/2 region based on literature data for binary vanadia compounds (V2O5, V2O4, V2O3) 

reveals the presence of V5+ at 517.6 eV (60%) and V4+ at 516.3 eV (40%), while a small contribution 

from V3+ at 515.7 eV cannot be ruled out 224. The Ti 2p3/2 peak is composed of (at least) two contributions 

located at 458.7 and 459.9 eV, which can be attributed to TiO2 domains and to Ti-O-Si bonds, 

respectively 201, 225. 

Figure 49(a) depicts DR UV-Vis spectra of TiO2/SBA-15+3×VOx in comparison to TiO2/SBA-15. 

To clarify the influence of water from ambient on the catalyst structure, spectra were recorded under 

ambient (hydrated) and dehydrated conditions. Please note that bare silica SBA-15 does not show any 

significant UV-Vis absorption. The UV-Vis spectrum of Ti/SBA-15 is characterized by strong 

absorption at around 280 nm, which has been attributed to charge transfer between an oxygen ligand and 

the central Ti4+ ion 226, whereas the position of the absorption band is consistent with higher coordinated 

or oligomeric titania species 227. The presence of oligomeric species would be in agreement with the 

literature on SiO2-supported titania, reporting two-dimensional oligomers of TiO5 domain at a loading 

density of about 4 Ti nm-2, which is higher than the density used in this work (2 Ti nm-2) 228. 

  

Figure 49. (a) DR UV-is and (b) Raman spectra of TiO2/SBA-15+3xVOx under ambient 

(hydrated) and dehydrated conditions in comparison to dehydrated TiO2/SBA-15.  

 

Regarding the vanadia structure, the observed UV-Vis absorption was analyzed based on the ligand-

to-metal charge transfer (LMCT) transitions observed for bulk vanadia reference compounds 229. To this 
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end, bands at around 240 and 290 nm were reported to originate from isolated tetrahedrally coordinated 

mono-vanadate ions 230, while the bands at about 270, 340, and 412 nm were assigned to poly-vanadate 

ions 231. In the literature, the bands at 308, 371, and 406 nm were assigned to LMCT transitions of 

monomeric tetrahedral VO4
3-, oligomeric tetrahedral VO3

-, and polymeric distorted tetrahedral VO3
- 

ions, respectively 232. It was also reported that the bands at around 440-510 nm and 545-650 nm were 

due to LMCT transitions and d-d transitions of V5+ and V4+ species with square pyramidal structure, 

respectively. For crystalline V2O5, a broad absorption band with maxima ranging from 440 to 490 nm 

was observed 229. The presence of V3+ and/or V4+ species was shown to lead to d-d transitions ranging 

from 600 to 800 nm 233. A comparison of the hydrated and dehydrated state of the sample reveals the 

presence of a broad band at around 380-450 nm, which has been attributed to the coordination of water 

to V sites leading to major structural changes 226.  

After dehydration, the UV-Vis absorption behavior is characterized by contributions at around 280 

nm, 320 nm, and 400 nm, which, based on the above literature results, are attributed to 

monomeric/dimeric, oligomeric, and polymeric VOx species, respectively, while the intensity increase 

at around 260 nm was attributed to Ti-O-Ti from Ti-OH or possibly V-O-Ti from V-OH. Because of the 

overlap of charge transfer bands of titania and vanadia 232, 234, removal of the titania contribution 

facilitates the analysis of the surface vanadia structure (see Fig. S6-3) 235. As a result, Fig. S6-3 shows 

the presence of an asymmetric broad absorption band located between 250-550 nm for the hydrated and 

between 250-450 nm for the dehydrated sample, together with the result of a fit analysis based on the 

above reference data 235. Besides, the ratio of monomeric/dimeric/oligomeric VOx with tetrahedral 

coordination to polymeric VOx with (pseudo-)octahedral coordination was estimated to increase from 

0.31 to 12.5 upon dehydration, underlining the structural changes associated with the removal of 

coordinated water. 

Based on the UV-Vis spectra the bandgap energy Eg was determined using the general power-law 

expression suggested by Davis and Mott based on the absorbance α 236: 

( )n

gv v E  −            (6-1) 

The value of the parameter n in eq. 6-1 was set to 2 following the literature 234, showing a linear 

relationship when plotting (αhv)1/2 vs hv (Tauc’s method) 237. Extrapolation of the linear region to 

(αhv)1/2 = 0 yields Eg values of 2.99 and 3.30 eV for the hydrated and dehydrated state of the catalyst, 

respectively. As the Eg value is negatively correlated to the number of covalent V-O-V bonds (CVB) via 

the relation CVB = 14.03-3.95 Eg 
234, an increase in Eg implies a decrease in the degree of VOx 

polymerization upon dehydration. 
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Figure 49(b) depicts Raman spectra of TiO2/SBA-15+3×VOx under hydrated and dehydrated 

conditions in comparison to the spectrum of TiO2/SBA-15. As discussed above VOx-related features are 

observed at 268, 513, 682, and 1025 cm-1. Upon dehydration, the vanadyl (V=O) stretching mode shows 

an intensity increase and blueshift from ~1025 to 1038 cm-1, consistent with previous work on VOx/SiO2 

and VOx/(TiO2+SiO2) 
212, 223. The position of the V=O band at 1038 cm-1 in the visible Raman spectrum 

is characteristic for tetrahedrally coordinated vanadium ions, and has been associated with monomeric 

and/or small oligomeric VOx species, consistent with the results from UV-Vis spectroscopy (see above). 

The presence of (micro)crystalline V2O5 in the dehydrated state of the catalyst can be excluded due to 

the absence of the characteristic vanadyl feature of V2O5 at 994 cm-1 223. The shoulder observed at around 

1062 cm-1 has been attributed to V-O-Si bridging bonds 238. The Raman bands observed at 268, 513, and 

682 cm-1 for the hydrated state are consistent with the presence of hydrated vanadia forming xerogels 

V2O5·nH2O, as discussed above. Upon dehydration, these bands disappear due to the structural 

transformation of surface vanadia, leading to an increased visibility of the support-related bands at 258, 

481, and 660 cm-1 discussed below. 

To gain insight into the NH3-SCR mechanism, DRIFT spectroscopy is applied in the presence of 

different gas environments and at different temperatures including reaction conditions (operando). 

Figure 50 shows DRIFT spectra of TiO2/SBA-15+3xVOx exposed to a gas mixture of 500 ppm NH3, 

500 ppm NO, and 5 % O2 (balanced with N2) at different temperatures from 100 °C to 450 °C at a flow 

rate of 50 Nml/min. In Figure 50(a), the black curve (labeled ‘N2, 300°C’) corresponds to the catalyst in 

a nitrogen flow at 300 °C before exposure to the reaction gas mixture. Features located at around 919 

and 1036 cm-1 and at around 1849 and 2002 cm-1 have previously been assigned to V-O-V and V=O 

stretching modes of surface VOx species and their first overtones, respectively 56, 200. The feature at 1203 

cm-1 has been ascribed to L acid sites on TiO2 
239. The shoulder at around 1640 cm-1 and the broad band 

within the range 3500-3800 cm-1 can be attributed to OH bending and stretching of water, respectively 

200. In the OH stretching region, the sharp peak at 3745 cm-1 is characteristic of isolated Si-OH groups, 

while the small feature at 3656 cm-1 can be associated with V-OH 226. The Si-OH feature shows an 

asymmetric broad tail at around 3650 cm-1, which has been assigned to Ti-OH 240. Upon exposure to the 

reaction gas mixture, two new features appeared at 1418 and 1455 cm-1, which can be attributed to the 

asymmetric N-H bending vibration of NH4
+ linked to B acid sites, while the shoulder and small feature 

at 1176 and 1606 cm-1 have been associated with the symmetric and symmetric N-H bending vibrations 

of NH3 linked to L acid sites, respectively 241. According to Figure 50(a), the observed N-H modes show 

a different temperature-dependent behavior. Whereas the feature at 1606 cm-1 decreased with 

temperature and disappeared at about 250 °C, the band at about 1418 cm-1 kept intact. 
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Figure 50. DRIFT spectra of TiO2/SBA-15+3xVOx exposed to a gas mixture of 500 ppm NH3, 

500 ppm NO, and 5% O2 (balanced with N2) at temperatures from 100 °C to 450 °C within (a) 

850-3800 cm-1, (b) 2600-3600 cm-1. The total flow rate was 50 Nml/min (GHSV = 40000 h-1).  

 

In Figure 50(b), upon exposure to the reaction gas mixture, new IR bands are observed at 2803 and 

3050 cm-1, which can be attributed to N-H stretching of NH4
+ linked to B acid sites, while the bands 

located at 3159, 3278, and 3370 cm-1 are assigned to N-H stretching modes of NH3 coordinated to L acid 

sites 47, 49, 241. As the temperature increases, the bands at 3278 and 3370 cm-1 show an intensity decrease 

and completely disappear at temperatures above 300 °C, while the feature at 3159 cm-1 is detectable 

until 450 °C. Similarly, the bands at 2803 and 3050 cm-1 related to NH4
+ on B acid sites can be observed 

within the whole temperature range.  
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Figure 51. DRIFT spectra of TiO2/SBA-15+3xVOx exposed to different gas environments at 300 
oC and at a total gas flow rate of 50 Nml/min (GHSV = 40000 h-1) within (a) 2600-3500 cm-1, 

(b) 3500-4000 cm-1. 

 

Figure 51 depicts DRIFT spectra of TiO2/SBA-15+3×VOx exposed to different gas environments 

at 300 °C at a total flow rate of 50 Nml/min within (a) 2600-3500 cm-1 and (b) 3500-4000 cm-1. 

Following the assignments discussed in the context of Figure 50, the features at 2808 and 3046 cm-1 are 

assigned to NH4
+ coordinated to B acid sites, and those at 3150, 3275, and 3356 cm-1 to NH3 bound to 

L acid sites (see Figure 51(a)). Similar to the effect of temperature, the bands linked to B acid sites (2808 

and 3046 cm-1) and the band linked to L acid sites at 3150 cm-1 are observed independent of the 

composition of the gas atmosphere, while those at 3275 and 3356 cm-1 can only be detected upon 

exposure to gas mixtures containing NH3. That is to say, that NH4
+ on V-OH sites is stable towards 

reaction no matter which redox conditions, while NH3 adsorbed on specific L acid sites was proved to 

be reactive. In the corresponding high-wavenumber region (see Figure 51(b)) IR bands are observed at 

3655 and 3737 cm-1 in all gas mixtures and are attributed to V-OH and Si-OH stretching vibrations, 

respectively, as discussed above, while the broad absorption band extending to ~3600 cm-1 originates 

from Ti-OH (see above) and the background from the fine structure of adsorbed water.  

Upon closer inspection, the IR spectra in Figure 51 show gas phase-dependent variations. Upon the 

first exposure to 20 vol.% O2, no acid site-related bands are observed. However, water-related 

background peaks are detected indicating the rearrangement of surface hydroxyl groups into water under 

oxidizing conditions 59. Switching to the reductive atmosphere, i.e., NH3/NO, results in the appearance 

of the five N-H stretching modes related to L and B acid sites (see above), while during the following 

O2 treatment the L site related features at 3275 and 3356 cm-1 disappear. On the other hand, the 3150 
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cm-1 band assigned to NH3 coordinated to V=O sites, is still detected under oxidizing conditions. In the 

high-wavenumber region, the Si-OH, Ti-OH, and V-OH signals first show a decrease and then a partial 

recovery in oxygen. Next, the catalyst was exposed separately to NH3 and NO, and then to a NO/O2 

mixture oxidation. In the presence of NH3 reduction, the L site related features completely re-appear and 

the water-related peaks show a weak positive increase indicating that NH3 itself could be reduced to NHn 

thereby transferring hydrogen atoms to adjacent hydroxyl groups to form water. Upon oxidation by NO 

or NO+O2 the features at 3275 and 3356 cm-1 disappeared, while the water-related peaks significantly 

increased, suggesting the promotional effect of NO regarding NH3 oxidation, leading to intermediate 

formation (e.g. NH2-NO or NH-NO), consistent with results from DFT 242, and mass spectroscopy 243.  

Finally, the catalyst was exposed to reaction conditions, i.e., an NH3/NO/O2 mixture, leading to the 

re-appearance of all five acid site-related features, while the peaks for Si-OH, Ti-OH, and V-OH 

decreased in intensity. It is worth mentioning that there is a distinct difference in the IR spectra for 

exposure to the NH3/NO mixture and the subsequent exposure to NH3 and NO. In the former case, the 

presence of NH3 was sufficient to competitively adsorb on the surface resulting in H2O desorption, while 

in the latter case, NH3 initially adsorbed on the surface was oxidized by NO resulting in NH2-NO/N-NO 

and water formation with reduced competitive adsorption 243. These above results are consistent with the 

strength of adsorption following the order NH3 > H2O > NH2-NO intermediate, in agreement with the 

literature 244. Interestingly, the addition of oxygen (NH3/NO/O2) leads to a different, distinct state of the 

catalyst regarding the presence of surface species, which falls between the behavior observed for NH3 

exposure and subsequent exposure to NH3 and NO, and is also different to that obtained by subsequent 

exposure to NH3/NO and oxygen. 

In summary, the DRIFTS results shown in Figure 50 and Figure 51 reveal important differences in 

the adsorption/reactivity behavior of NH3 species attached to acid sites. The N-H stretching linked to B 

acid sites at 2803 and 3050 cm-1, which have been assigned to coordinate and suspended N-H bonds 49, 

respectively, did not respond to the different atmospheres and different temperatures, suggesting that the 

B acid sites were active for adsorption but not for reaction. On the other hand, the L acid site related N-

H stretching features at 3275 and 3356 cm-1, assigned to -NH2 and -NH species, showed a more distinct 

response to the nature of the gas environment and the temperature, while the 3150 cm-1 feature, assigned 

to adsorbed NH3 species, remained passive towards reaction. Regarding the reaction mechanism, it is 

drawn the following conclusions: (a) NO reacts with NH3 connected to the inert site (3150 cm-1). (b) 

NH3 adsorbs to active L acid site forming NH2 by H-abstraction (3275 and 3356 cm-1), followed by its 

interaction with NO leading to NH2NO intermediate formation and further reaction to N2 and H2O. (c) 

In case of N2O formation, NH2NO may be expected to lead to NHNO intermediates and finally N-NO. 
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Figure 52. In situ detection of the exhaust gas during NH
3
-SCR reaction of TiO2/SBA-15+3x 

VO
x
 at 100-450 °C. The feed consisted of 500 ppm NH

3
, 500 ppm NO, and 5% O

2
 (balanced 

with N
2
) at a total flow rate of 50 Nml/min (GHSV = 40000 h

-1
). 

 

Figure 52 depicts the results of the in situ detection of the exhaust gas during different temperature 

SCR experiments from 100 to 450 °C. Each temperature was kept for 20 minutes to reach an equilibrium 

state. When increasing the temperature, desorption peaks were observed indicating changes in the 

surface concentration as a function of temperature. At lower temperatures, the presence of NH3 peaks 

but absence of NO desorption peaks (not shown) suggests a surface reaction following the E-R rather 

than the L-H route, in agreement with the literature 245. In addition, insight into the reaction mechanism 

can be obtained. To this end, three steps have been distinguished, i.e., adsorption of reactants (mainly 

NH3), reaction, and desorption of products (such as H2O, NO2, and N2O). According to Figure 52, there 

are low temperature desorption peaks of NH3 at 25/100 °C and 100/150 °C, which are attributed to NH3 

desorption from the B acid site, while high temperature NH3 peaks above 150 °C are assigned to 

desorption from L acid site 201, 246. These peaks disappeared at about 300/350 °C, consistent with the 

disappearance of L acid sites in DRIFTS (see Figure 51). The strong water desorption peak at 25/100 °C 

originates from condensation of OH groups, e.g. after desorption of NH3 bound to B acid sites 201. The 

first desorption peak of NO2 at 150/200 °C can be attributed to the distortion and release of NO2 from 

nitrite/nitrate species by NO molecules connected to surface oxygen sites 247. The second peak at 200/250 

°C shows that NO oxidation is faster than NO2 desorption at 200 °C. Similarly, the first desorption peak 
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for N2O detected at 200/250 °C is indicative of its formation on active sites and subsequent 

chemisorption at temperatures <250 °C 248. 

 

6.1.3. Catalytic test 

The NH3-SCR activity was examined within 100-450 °C using a mixture of 500 ppm NH3, 500 ppm NO, 

5% O2, and N2 (balance). The temperature was increased from 100 °C to 450 °C in 50 °C steps keeping 

each temperature for 20 min for equilibration. Analysis of the gas phase at the reactor outlet was 

performed by quantitative FT-IR spectroscopy. Figure 53 depicts the catalytic performance for NOx 

conversion over TiO2/SBA-15+3×VOx as a function of temperature. The NOx conversion follows a 

volcano shape with an increase from 100 to 250 °C, a maximum conversion level at 250-350 °C, and a 

decrease above 350 °C. 

Despite the similar shape of the conversion, the TiO2/SBA-15+3×VOx sample shows significantly 

higher catalytic activity (shown in Table 10) as VOx/(SiO2+TiO2) samples prepared by sol-gel methods 

201. In this context, it was reported that doping TiO2 with Si may result in an increase in NOx conversion 

and a decrease of the lower temperature limit from 360 °C for pure TiO2 to 300 °C or lower for Si-doped 

samples 225. Interestingly, the catalyst exhibits an excellent N2 selectivity with values higher than 90% 

even at 450 °C. This behavior may be attributed to the microporous structure of the SBA-15 support, 

which was proved to effectively inhibit the formation of N2O 203. In contrast to the results shown in 

Figure 53, VOx/SiO2 samples (prepared by ALD) showed only low NO conversions. In fact, the presence 

of titania was reported to enable V-O-Ti bond formation, which was related to the number and strength 

of surface acid-base sites 212. Thus, it is concluded conclude that besides the influence of 

(micro)structural effects, the improved catalytic performance may be attributed to the controlled 

preparation of dispersed active sites and a submonolayer of TiO2 on SiO2. 
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Figure 53. Catalytic performance of TiO2/SBA-15+3×VOx in NH3-SCR. The temperature was 

increased from 100 °C to 450 °C. The feed gas consisted of 500 ppm NH3, 500 ppm NO, and 

5% O2 balanced with N2. The total flow rate was 50 Nml min-1 (GHSV = 40000 h-1). 

  

Table 10. Catalytic performance of TiO2/SBA-15+3×VOx in NH3-SCR as a function of 

temperature. The feed gas consisted of 500 ppm NH3, 500 ppm NO, and 5% O2 balanced with 

N2. The flow rate was 50 Nml min-1 (GHSV = 40000 h-1). 

Temperature, °C 100 150 200 250 300 350 400 450 

NOx conversion, % 33.4 33.1 51.3 61.1 59.9 60.5 53.2 41.9 

N2 selectivity, % 100 99.4 99.3 98.1 97.0 95.1 92.8 90.0 

 

6.1.4. Discussion about surface vanadia structure  

Previously, highly dispersed vanadia and titania on SBA-15 have been studied in detail under hydrated 

and dehydrated conditions 226. Despite the lower loading ranges discussed (V: 0.00001-0.7 V/nm2; Ti: 

0.001-0.7 Ti/nm2) valuable structural information for the present sample (1.6 V/nm2; 2 Ti/nm2) was 

obtained regarding the nature of the surface species, in particular, as all samples are well below 

monolayer coverage 211, 249. This is supported by the absence of Raman features due to crystalline V2O5 

and TiO2, implying the presence of amorphous domains, consisting of dispersed titania and vanadia 

species on the silica surface. On the other hand, the detailed surface composition after successive 

deposition of titania and vanadia needs closer examination, especially as it was reported that vanadium 

is preferentially deposited on titanium sites 211, 250.  

100 150 200 250 300 350 400 450

10

20

30

40

50

60

70

80

90

N
2  S

e
le

c
tiv

ity
 [%

]

 

 

N
O

x
 c

o
n
v
e
rs

io
n
 [

%
]

Temperature [
o
C]

60

70

80

90

100



 

113 

 

For TiO2 deposited on SBA-15, the Ti loading was quantified as 2 Ti/nm2, which is significantly 

below monolayer coverage (6-8 Ti/nm2) 249. DR UV-Vis spectra show an absorbance band at about 260 

nm, attributed to titanium in 5-fold coordination (see Figure 49) 228. The UV-Vis edge energies were 

determined to be 3.2 and 3.0 for the hydrated and dehydrated state, respectively. Comparison with edge 

energies of titania structures ranging from isolated tetrahedrally coordinated TiO4 (4.3 eV) to oligomeric 

TiO5 species (3.4 eV), suggests the presence of oligomeric TiO5 species in the VOx/TiO2-SiO2 sample. 

Regarding the effect of water on the titania structure, no difference was found between the dehydrated 

and hydrated state at extremely low Ti loading (<0.05 Ti/nm2), in contrast to higher loadings (>0.1 

Ti/nm2) 226. In fact, adsorbed water was reported to interact with adjacent titanium atoms (Ti-O-Ti) in 

oligomeric titania, leading to an edge energy 0.2 eV higher than in the dehydrated state, consistent with 

the behavior observed here 226. High temperature calcination is expected to lead to an increase in Ti-O-

Ti linkages as part of domain TiO2 
211 without formation of crystalline TiO2, as discussed above (see 

above). While anatase and rutile related Raman bands are absent, the feature at 286 cm-1 is attributed to 

TiO6 octahedra as part of amorphous TiO2 domains on the silica surface. 

After vanadia deposition, adsorption-desorption isotherms are characterized by a steep hysteresis, 

attributed to cavitation-controlled evaporation in a narrow range of the pore neck, while some pore 

blockage or seepage may not be excluded. The surface area shows only a small decrease with increasing 

VOx deposition, while no significant differences in the NLDFT pore-size distribution were observed. 

This behavior implies that the ALD deposited VOx did not block the pore openings, but was rather 

selectively deposited inside the matrix on TiO2 domain sites, forming ink-bottle pore 251. 

Although the ALD method permitted the vanadium precursor to react with all surface adsorption 

sites, including Ti-OH and Si-OH hydroxyls, preferential deposition seems to be inevitable 212. 

According to Table 6-1, the sample with 1×VOx deposition shows a lower V:Ti ratio of 0.24, at which 

vanadium is expected to be mainly loaded on TiO2 domains 211. For the 3×VOx and 5×VOx samples 

close to unit V:Ti ratios of 0.85 and 1.08 are observed, which can be interpreted as sub- and over-

saturated coverages of VOx on TiO2, respectively. It should be mentioned that the VOx deposition rate 

showed differences among the three samples. In fact, based on the growth rate for 1xVOx, leading to a 

V/Ti ratio of 0.24, the extrapolated V/Ti ratio for 3×VOx should be 0.72, which is slightly smaller than 

the actual value of 0.85, while the extrapolated V/Ti ratio for 5×VOx should be 1.20, a value slightly 

larger than the observed value of 1.08. The increase in VOx growth rate is attributed to a change in 

deposition site from titania to silica when approaching TiO2 saturation coverage. On the other, the 

mobility of surface VOx species was reported to reach its lowest surface free energy (SFE) at elevated 

temperature under reaction conditions, resulting in a two-dimensional spreading of VOx species on silica 
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and titania 252. To this end, it is worth mentioning that the IR spectra recorded at elevated temperature 

under reaction conditions reveal a hydroxyl signal at 3740 cm-1 due to surface Si-OH groups (see Figure 

50), indicating that the deposition of TiO2 and VOx did not lead to complete coverage of the silica 

surface. 

The DR UV-Vis and Raman spectra provide structural information on the VOx surface species (see 

Figure 49 and Fig. S6-3). It is well known that the structure of surface VOx depends sensitively on the 

gas environment 253. UV-Vis spectra of the hydrated state are characterized by a 250-550 nm band, 

consistent with polymeric VOx with pseudo-octahedral coordination, and by a band at 250-450 nm for 

the dehydrated catalyst, reflecting the presence of tetrahedrally coordinated oligomeric VOx species. 

overlapping with the signal of the TiO2/SiO2 substrate in the dehydrated state. The presence of H2O can 

hydrate the surface VOx species leading to the formation of V2O5·nH2O-like gels, as evidenced by 

Raman features at 267, 516, 699, and ~1020 cm-1 under ambient conditions (see Figure 47 and Figure 

49). Regarding the position of the V=O stretching bands (~1020 and 1038 cm-1) also the effect of 

moisture needs to be taken into account 223. Upon dehydration, a 13 cm-1 blueshift of the V=O feature is 

observed (see Figure 53), consistent with the literature 223, leading to the formation of tetrahedrally 

coordinated vanadium ions. In the dehydrated state, the position of the V=O band at 1038 cm-1 is located 

between the values 1031 cm-1 and 1042 cm-1 reported for bare TiO2 and SiO2, respectively 12, 212, 

suggesting the simultaneous existence of vanadia species on both oxides attached via V-O-Ti and V-O-

Si bands.  

Summarizing, regarding the structure of the VOx surface species proposed, based on the findings 

that (i) titania is dispersed on the silica surface in domains containing low oligomerized TiO5, (ii) VOx 

is preferentially deposited on titania sites at low VOx loadings (1xVOx), inducing the formation of 

dispersed oligomeric species, (iii) increasing VOx loading results in the deposition of V on both Ti and 

Si sites (3×VOx, 5×VOx). 

 

6.1.5. Discussion about rate-determining step 

In agreement with the literature, the observed temperature-dependent efficiency for NO removal follows 

a volcano shape, with a maximum NO conversion at 250-350 °C. N2 selectivities are near 100% within 

100-300 °C and decrease to 90% as temperatures rise to 450 °C (see Figure 53). 

The reason for the reactivity changing with temperature was related to the different processes 

determining the rate. Generally, the SCR reaction process on the VOx catalyst could be divided into three 

steps, i.e., adsorption of reactants, redox reaction, and desorption of products. On the one hand, it was 
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stated that the redox reaction was rate-determining at low temperature, while adsorption of NH3 on 

surface acid sites was the rate-determining step (RDS) at high temperature 201. On the other hand, 

desorption of generated H2O was considered the low-temperature RDS, and the reductive reaction of 

NH3 the high-temperature RDS 254. To explore possible structural factors related to catalytic reactivity, 

operando DRIFT was applied.    

Based on the DRIFT spectra in Figure 50 and Figure 49 part of the L acid sites is proposed as active 

sites, due to their gas phase and temperature dependent behavior. These sites can be associated with the 

N-H stretching of coordinated amide, while the stable L acid sites can be related to the N-H vibration of 

coordinated NH3. Thus, the detailed H-abstraction ability is important even for the same type of 

adsorption sites. According to the literature, dispersed oligomeric VOx species are believed to be the 

main active species, providing oxygen (V=O or V-O-V) 60, 202, 255, for H-abstraction of adsorbed NH3 to 

form an amide intermediate 243. To this end, the samples TiO2/SBA-15-3×VOx and TiO2/SBA-15-5×VOx 

with a larger fraction of oligomeric VOx show a better NOx conversion than TiO2/SBA-15-1×VOx (not 

shown). Also, the changes of the acid site-related signals with increasing temperature demonstrate that 

at temperatures <300 °C the H-abstraction step is slower than the adsorption of NH3 (see Figure 50). 

The presence of adsorbed NH3 at low temperatures was evidenced by NH3 desorption peaks. On the 

other hand, desorption of water was observed at very low temperatures, indicating that its desorption 

was slower than its formation by reaction. Thus, it is proposed that the RDS at low temperatures to be 

related to the desorption of products, especially water. 

Except for the redox properties surrounding the acid site, the acid strength is another important 

factor concerning the SCR reaction, relevant for both the adsorption of reactants (mainly NH3 in E-R 

route) and the desorption of products (such as H2O, NO2, and N2). The acidity of binary oxides and 

ternary oxides VOx/TiO2/SiO2 has been the subject of previous studies, both on solid solutions and 

supported systems 201, 212, 213, 250. For binary systems, the surface acidity was found to increase as 

VOx/SiO2 < TiO2/SiO2 < VOx/TiO2 
213. Regarding VOx/TiO2/SiO2 systems prepared by ALD 212, samples 

with lower VOx loading (1 V/nm2, 3 Ti/nm2) and higher VOx loading (2 V/nm2, 3 Ti/nm2 ) were 

compared towards their acidity behavior, showing a decrease (increase) in weak/medium (strong) 

strength acid sites with loading. Furthermore, strong acid sites were assigned to VOx species on titania 

and weak acid sites to VOx species on silica 212. In the study, NH3 desorption peaks for TiO2/SBA-

15+1×VOx were detected at higher temperature as compared to 3×VOx and 5×VOx (see Fig. S6-4), 

consistent with the formation of stronger acid sites at lower V loading on titania. The N2O desorption 

signal also follows the trend of the VOx acid sites as 1×VOx > 3×VOx > 5×VOx. For the 1×VOx sample, 

even at 300/350 °C, a weak N2O desorption peak was detected. The 3×VOx and 5xVOx samples showed 
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a very similar desorption behavior of reactants and products. At temperatures >300 °C, no more 

desorption of NH3 but an increase in the N2O concentration was detected, reflecting an increase in the 

H-abstraction ability. Thus the RDS at high temperatures may be related to the adsorption of NH3. 

 

6.1.6. Discussion about Structure-Activity relationship 

In the sections above, it was discussed the structure of VOx loaded on TiO2/SBA-15 and several aspects 

affecting the NH3-SCR activity. Compared to previous VOx-based model systems with similar V loading 

on SiO2, TiO2, or SiO2+TiO2 prepared by other techniques, the VOx/TiO2/SBA-15 catalyst here shows 

an improved NOx conversion and operation window 201, 256. For NH3-SCR over supported VOx catalysts, 

high reactivity has been related to crystalline (anatase) TiO2 
201. Mixing SiO2 with TiO2, to be used as 

support for vanadia, introduces extra acid sites, and is accompanied by the transformation of crystalline 

into amorphous titania, resulting in a decrease in the catalytic performance compared to bare titania 201, 

257. However, by adjusting the Si/Ti ratio, a volcano-shape of the SCR reactivity with Si content was 

obtained 257, indicating synergetic effects regarding the reactivity, possibly related to the presence of Ti-

O-Si surface sites. Kobayashi et al. studied the acidity of TiO2-SiO2 mixed systems, also showing a 

volcano-shaped relationship as a function of composition, with a maximum at a Si/Ti ratio of 1 257. On 

the other hand, according to other studies, using the same sol-gel method, the best SCR activity was 

observed for lower Si/Ti ratios such as 2/8 225, 257. The mismatch between the acidity and reactivity may 

be explained by the RDS discussion above, as within the low and medium temperature range, the 

desorption step was rate determining for the strong acid sites. In present work, ALD deposition of TiO2 

onto SiO2 results in the formation of oligomeric TiO2 domains, with a limited boundary between TiO2 

and SiO2, in contrast to the more uniform mixture of Ti and Si obtained by the sol-gel method. The 

improved catalytic performance of the TiO2/SBA-15+3×VOx compared to other SiO2/TiO2-based VOx 

catalysts can therefore be explained by the comparable amounts of V and Ti, allowing V to be deposited 

on TiO2 and boundary sites (Ti-O-Si). This leads to the formation of VOx species supported by hybrid 

sites (V-O-Ti, V-O-Si), thus increasing the total number of acid sites. Consistent with this scenario, for 

lower V loading (1xVOx), significantly lower NOx conversion is observed (not shown), due to the 

preferential deposition of V on (amorphous) TiO2, while for higher V loading (5×VOx), a similar 

behavior as for the 3×VOx catalyst was obtained, due accessibility of both TiO2 and Ti-O-Si boundary 

sites. 

Meanwhile, it is well-known that the SCR reactivity of VOx/TiO2 catalysts shows a narrow 

temperature window within the high temperature range, strongly decreasing below 300 °C,258 VOx/SiO2 

catalysts are characterized by low SCR reactivity but a wider temperature adaptability even at low 
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temperatures 259. Besides, according to the literature, produced H2O was adsorbed on surface active sites 

because the activation barriers of the NH2NO decomposition on the catalyst surface were much lower 

than those calculated for the gas-phase reaction 260. Thus, in the low temperature range, the desorption 

of water and other product molecules was considered rate-determining. Keranen et al. reported that VOx 

supported on pure TiO2 led to a larger number of strong acid sites but less weak/medium ones than on a 

mixture of TiO2 and SiO2,
212 implying strong adsorption of NH3 and H2O. In fact, Figure 52 reveals the 

appearance of desorption peaks of water during heating steps. Thus, a limited mixture of TiO2 and SiO2 

decreases the surface acid strength, facilitates desorption of H2O and other products and is therefore 

expected to improve the SCR activity at low temperatures. 

Another aspect that is proposed to influence the low-temperature SCR performance is the preparation of 

the TiO2 domains on the SiO2 support211. In contrast to other methods used for the preparation of mixed 

SiO2+TiO2 supports, such as sol-gel based synthesis201 and co-precipitation257, the ALD approach 

enables controlled deposition of sub-monolayer titania and vanadia, resulting in micro-domain areas of 

TiO2 and well dispersed VOx species. The deposition of VOx on small domains of an oxide less reducible 

than vanadia but more reducible than the support is expected to improve the dispersion of surface VOx 

species 261. Furthermore, the high surface area of the mesoporous matrix can be largely preserved by the 

low-temperature ALD approach and allows to further increase the VOx loading for higher SCR catalytic 

performance. 

 

6.1.7. Conclusion 

An NH3-SCR model catalyst was prepared by controlled deposition of titania and vanadia onto a 

mesoporous high surface area silica support by use of ALD. The final VOx/TiO2/SBA-15 catalyst 

retained a large surface area, characterized by domains of amorphous titania on silica and the formation 

of dispersed oligomeric VOx surface species. While low V loadings resulted in the preferential 

deposition of VOx on Ti sites with moderate catalytic performance, a significant improvement in 

performance was observed for catalysts containing a similar amount of deposited Ti and V, allowing 

vanadium to be anchored to both TiO2 and Ti-O-Si boundary sites, thus increasing the total number of 

acid sites. 

In situ and operando DRIFTS provided insight into the adsorbate dynamics as a function of 

temperature. At temperatures <300 °C, adsorbed NHx species are evidenced by the detection of L and B 

acid site-related signals besides water, formed by SCR reaction and/or present as stable species. On the 

other hand, at higher temperatures (>300 °C), part of the NHx species related to L acid sites could no 
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longer be detected in DRIFTS, indicating their involvement in the H-abstraction reaction and subsequent 

removal from acid sites. As a result, NH3 adsorption is proposed to become rate-determining, which is 

consistent with the absence of NH3 desorption peaks in the exhaust gas at higher temperatures. 

Compared to other catalysts with similar composition, the SBA-15-based catalyst used in the 

present study shows a better NH3-SCR performance and wider temperature window for operation. The 

superior catalytic behavior is attributed to several factors, including the controlled ALD synthesis 

leading to a high dispersion of VOx oligomeric species due to the high surface area of the mesoporous 

structure. Considering the analysis of the RDS at low temperature, desorption of products is of great 

importance due to their strong interaction with acid sites. The structure of VOx species with amorphous 

TiO2 domains on the SiO2 substrate, forming hybrid supports of V-O-Ti and V-O-Si, provided more acid 

sites, especially weak acid sites, thus leading to a better catalytic SCR performance than VOx/TiO2 and 

VOx on atomically mixed SiO2+TiO2 prepared by sol-gel methods.  

Our findings demonstrate the potential of using high surface area VOx/TiO2/SBA-15 model 

catalysts for gaining new insight into the factors determining the mode of operation of supported vanadia 

catalysts used for NH3-SCR. 
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6.2. ALD SiO2 coating on CeO2/SBA-15 for SO2 resistant NH3-SCR 

Ceria-based oxides have attracted much attention as SCR catalysts due to their excellent redox capacity 

of CeO2 via the Ce4+/Ce3+ couple.120, 262 Bare CeO2 applied to NH3-SCR reaction was reported to follow 

an E-R (Eley-Rideal) mechanism, and the rate-determining step was the NH3 adsorption due to its poor 

acidity.64 On the other hand, the sulfur resistance of NH3-SCR catalysts is of importance for industrial 

applications. It was reported that sulfated CeO2 shows improved activity due to the enhanced surface 

acidity facilitating the adsorption of NH3 in the E-R reaction process.69 But, as observed for most metal 

oxides catalysts, the SO2 poisoning process gives rise to the deposition of sulfate species and blocks the 

reaction sites, especially at temperatures below 300 oC.66 Modifications of the catalyst by synthesizing 

complex oxides composites seem to be always effective to improve the catalytic activity as well as the 

SO2 resistance and were fully reported in previous works.1, 263 However, the mixing of multiple active 

metals complicates the analysis of the active species and the contribution of ceria, hindering the 

development of structure-activity relations and thus further catalyst improvement. 

Along with promoting the NH3-SCR catalytic performance, another challenge for bare CeO2 is its 

poor thermal stability, which results in a significant decrease of the high oxygen mobility and catalytic 

activity of ceria at elevated temperatures.264, 265 To this end, chemical inert silica (SiO2) is widely used 

to stabilize the CeO2 but without effect on the reactivity behavior.41, 266 There are two strategies to 

synthesize binary CeO2-SiO2 catalysts, that is, co-crystallization of cerium and silicon ions by a one-pot 

method, and to deposit CeO2 on the surface of SiO2 by different kinds of methods, such as impregnation, 

precipitation, sol-gel, deposition, etc..267-269 Although Si is considered to be a catalytically inert 

component, the addition of Si to ceria-based catalysts shows a positive effect on the SCR reactivity and 

SO2 resistance, attributed to promoted Brønsted acid sites and active nitrates,270 enhanced specific 

surface area and hydrothermal stability,271 weakened alkalinity due to sulfate accumulation,272 and 

synergetic effects between acid and redox catalysis.273 For instance, Tan et al.66 prepared Ce-Si oxides 

by coprecipitation (mixed CeSi2) and wet impregnation (supported Ce/2Si) methods and found that 

mixed oxides (CeSi2) show an excellent catalytic performance and SO2 resistance for the NH3-SCR 

reaction. Compared with bare CeO2, the mixing with silicon leads to the formation of a Ce-O-Si structure 

and abundant Si-OH groups, enhancing the competitive adsorption of NH3 versus inert NOx species, 

especially for the sulfated sample. Chen et al. proposed an interesting structure by coating Fe-ZSM with 

a layer of SiO2 first before cerium species were introduced into the mesoporous SiO2 shell, enhancing 

the oxidation of NO as well as the fast-SCR reaction, which was attributed to the confined growth of 

CeO2.
274 Based on this knowledge, new strategies for the “molecular design” of improved catalysts for 

NOx removal and SO2 resistance can be developed. 
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Herein, a novel Ce-Si oxide structure was proposed, in which CeO2 is loaded onto mesoporous 

SBA-15 (for high surface area and stability), and then several atomic layers (0, 1, 3, 5, 10) of SiO2 are 

deposited onto the surface by the ALD technique. With a suitable number of SiO2 layers (5×cycles), the 

supported CeO2@SiO2 showed excellent NH3-SCR reactivity and SO2 resistance, compared with bare 

CeO2 (0× cycle) and over-coated CeO2@SiO2 (10×cycles). The high reactivity is attributed to the 

presence of abundant acid sites (Ce-O-Si) and the strong redox behavior of nano CeO2, while the 

excellent SO2 resistance, especially at low temperatures, is attributed to the protection by the atomic 

layer(s) of SiO2. The developed CeO2@SiO2 catalyst system provides a new strategy for the design of 

NH3-SCR catalysts by surface atomic layer modification. 

 

6.2.1. Sample preparation 

The catalyst carrier, SBA-15, was prepared by in the same method as described previously.158 CeO2 was 

loaded onto asSBA-15 by one-pot solid-state impregnation (SSI) , yielding yellow samples denoted as 

CeO2@SBA-15, the same way as introduced above (see section 4.2). 

ALD of SiO2 was performed on the home-made device introduced in the experimental section. 

SiCl4 and H2O were used as precursor for SiO2 and oxidant, respectively. In order to achieve a low 

temperature deposition, pyridine was used as promoter to catalyze the oxidation reaction between silicon 

precursor and water. Due to the ready evaporation of SiCl4 and pyridine, the feeding bottle could be 

employed at room temperature without assisted heating. The reactor temperature was set as 55 oC; one 

cycle program includes (1) a pulse of pyridine for 5 s, (2) a pulse of SiCl4 for 60 s, (3) purging with 200 

mL/min N2 for 60 s, (4) another pulse of pyridine for 5 s, (5) a pulse of H2O for 60 s, (6) purging with 

200 mL/min N2 for 60 s to finish one cycle and recover surface hydroxyl groups. In order to explore the 

effect of the thickness of the deposited SiO2, a series of samples was prepared containing n cycles of 

ALD deposition, which were denoted as CeO2@SBA-15 + n×SiO2 (n=0, 1, 2, 3, 5, 10). 

 

6.2.2. Catalytic test 

The catalytic activities of the CeO2@SBA-15+n×SiO2 (n=0, 1, 3, 5, and 10) catalysts for the NH3-SCR 

reaction are shown in Figure 54. The results show that the bare CeO2@SBA-15 sample exhibits a rather 

low catalytic activity (< 45%) at all temperatures with a maximum NO conversion of only 31.5% and a 

N2 selectivity below 60 % at high temperatures (500 oC). After coating several atomic layers of SiO2 (1-

5 ALD cycles), the NOx conversion and N2 selectivity all increased especially within the medium 

temperature range (about 200-400 oC), while further increasing the surface SiO2 coated layer to 10 ALD 
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cycles led to an activity decrease. As can see in Figure 54(c), in situ monitoring of the exhaust gas shows 

a NH3 desorption peak at the low temperature step for all five samples, implying that the adsorption 

ability of CeO2@SBA-15 is not the rate-determining step at low temperature. On the other hand, at 

higher temperatures the amount of adsorbed NH3 decreased and even disappeared at 500 oC, implying 

the oxidation of NH3. Especially the increasing NO (reaching 500 ppm) and NO2 indicate that NH3 is 

over-oxidized to NO2 instead of its reaction with NO to form N2. N2O appears above 200 oC and 

increases with temperature. In detail, the bare CeO2@SBA-15 and 10×SiO2 coated sample show the 

highest NH3, indicating low oxidation of the surface. The 1×SiO2 coated sample is interesting as it shows 

the highest N2O signal at 300 oC and the highest NO2 signal at 400-500 oC although its NO emission is 

not the lowest. This indicates that the coated SiO2 forms Ce-O-Si bonds, truly increasing the oxidation 

ability. The 10×SiO2 sample shows the highest N2O level, implying that thick SiO2 was facilitating the 

formation of N2O. The emission of H2O is another proof for the oxidation of NH3 by either the SCR 

reaction or simple oxidation of NH3. The 5×SiO2 coated sample shows the lowest NO and highest H2O 

level at 300-400 oC, indicating that the NH3-SCR reaction is preferred on the optimized SiO2 coated 

layers. In addition, Figure 54(d) shows the NOx conversion for bare CeO2@SBA-15 and the 5×SiO2 

coated sample for different gas space velocities. When the GHSV is decreased from 166667 ml∙g-1∙h-1 

to 50000 ml∙g-1∙h-1, the NOx conversation increased for both samples. Importantly, the NOx conversion 

reached nearly 100 % for the 5×SiO2 sample with a GHSV=50000 ml∙g-1∙h-1, which is better than the 

reported CeO2-SiO2 catalyst for NH3-SCR under the same conditions.66  
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Figure 54. Temperature-dependent catalytic performance of CeO2@SBA-15+nxSiO2 samples 

for the NH3-SCR reaction. (a) NOx conversion, (b) N2 selectivity, (c) in situ monitoring of the 

exhaust gas (GHSV=166667 ml∙g-1h-1). (d) NOx conversion of NH3-SCR reaction on bare 

CeO2@SBA-15 and 5×SiO2 coated samples at different GHSV (ml∙g-1h-1).  

 

6.2.3. Characterization results 

Considering the catalytic performances above, three samples (bare CeO2@SBA-15, CeO2@SBA-

15+5×SiO2, CeO2@SBA-15+10×SiO2) were chosen for further characterizations, i.e., to gain insight 

into the reaction mechanism and the role of coated SiO2. 

Figure 55 shows in situ DRIFT spectra of NH3 pretreated samples reacting with NO/O2 at 300 oC. 

In Figure 55(a), the peaks observed at about 1534, 1559, and 1593 cm-1 are typically assigned to 

monodentate, bidentate, and bridging nitrate species, respectively,275 while the relative weak bands at 

1514 and 1547 cm-1, assigned to NH2 and bidentate NO3
-, disappear. The spectra in Figure 55(b) during 
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reaction with NO/O2 show two features at 2220 and 2554 cm-1, assigned to adsorbed N2O species and 

nitrite species. These results for bare CeO2@SBA-15 indicate that the reaction follows the E-R route 

and NO is oxidized to various nitrate and nitrate species on the surface. In Figure 55(c), the spectra of 

CeO2@SBA-15 + 5×SiO2 during reaction with NO/O2 show interesting features including a strong peak 

at 1544 cm-1 due to monodentate nitrate but relative weak peaks at 1564 cm-1 and 1693 cm-1 due to 

bidentate and bridging nitrates, respectively. In addition, the peak at 1357 cm-1 is attributed to reduced 

NO- species, and the peak at 1486 cm-1 is tentatively assigned to adsorbed NO2.
198 This implies that the 

5 layers of SiO2 coated on the surface of CeO2@SBA-15 decrease the interaction between CeO2 and NO, 

and especially the oxidized NOx species. At higher wavenumbers (see Figure 55(d)), the observed peaks 

above 3000 cm-1 can be attributed to the stretching vibrations of N-H or O-H bonds. In this range, the 

disappearance of N-H related vibrations at about 3273 and 3358 cm-1 but the appearance of NOx-related 

features is observed. Thus, the high reactivity of the 5×SiO2 sample might be attributed to the reaction 

between adsorbed NH3 and NO/O2. As shown in Figure 55(e), with increasing coating thickness of SiO2, 

a strong signal due to monodentate nitrate is observed at 1541 cm-1 but little other features, indicating 

the weak interaction between NOx with the catalyst surface. Figure 55(f) shows that the N-H peaks at 

3272 and 3342 cm-1 are weak and that after reaction with NO/O2 much smaller spectral changes are 

observed than for the 5×SiO2 sample (see Figure 55(d)), especially there is no appearance of a broad 

peak at about 3450-3550 cm-1. In addition, the features at 2210 and 2558 cm-1 are absent in both NH3 

and NO/O2 atmosphere, indicating that the thick coating (10×SiO2) decreases the exposure of active 

CeO2 species, and thus of active oxygen species. 
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Figure 55. In situ DRIFT spectra of NH3 adsorbed samples reacting with NO/O2 at 300 oC. (a-

b) CeO2@SBA-15, (c-d) CeO2@SBA-15 + 5×SiO2, and (e-f) CeO2@SBA-15 + 10×SiO2. For 

each series, the sample was first calcined in 500 oC for 1 h and then cooled down to 300 oC, 

and the corresponding spectrum was used as reference.  

 

Afterwards, the reactants were passed into the reactor in the reverse order, that is, the samples were 

pretreated in NO/O2 until saturation and then reacted with NH3. As can be seen from Figure 56(a), the 

NO/O2 pretreated samples show features at 1536, 1560, 1592 cm-1 which are typical for nitrate and a 
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nitrite-related feature at 2550 cm-1. There is no 2210 cm-1 band, indicating that adsorbed N2O results 

from the reaction between adsorbed NH3 and NO (see Figure 55(b)). After the reaction with NH3, new 

peaks appear at 1532 and 1549 cm-1 for amine (-NH2) and bidentate nitrate, respectively. The peaks at 

3039 and 3163 cm-1 are attributed to N-H stretching vibrations of B acid sites bound NH4
+, while those 

at 3279 and 3368 cm-1 are due to L acid sites bound NH3. From the temporal evolution of the spectra 

there is no indication for changes of the surface NOx species due to reaction with NH3, suggesting that 

the surface nitrate or nitrite species are inert to react with NH3 via the L-H route. For the 5×SiO2 sample 

(see Figure 56(b)), the peak at 1544 cm-1 disappears quickly while a peak at about 1537 cm-1 appears, 

indicating the high reactivity for this nitrate species. It is found that the feature for nitrate (1544 cm-1) is 

blue-shifted but the features for N-H (3036, 3157, 3270, and 3365 cm-1) are all red-shifted compared 

with the same species on bare CeO2@SBA-15 (see Figure 56(a)), reflecting the effect of different 

catalyst surfaces. Figure 56(c) also shows a gradual disappearance of the feature at 1537 cm-1. It is 

concluded that the monodentate nitrate at higher wavenumbers (about 1544 cm-1) is an active site for the 

L-H route while at lower wavenumber (about 1537 cm-1) it was inactive towards NH3. The N-H 

stretching features show the same wavenumbers for L sites bound NH3 as observed for the 5×SiO2 

samples, but in case of the B sites bound NH4
+, the features resemble the bare sample This behavior 

implies that NH3 adsorbed on the same L acid sites (mainly Ce4+), but that a major difference of the 

samples regarding catalyst surface properties is the presence of isolated silanol at about 3740 cm-1, 

resulting from Ce-O(H)-Si species,275 which shows a strong peak for the bare and the 10×SiO2 sample, 

but is only very weak for the 5×SiO2 sample.  
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Figure 56. In situ DRIFT spectra of NO/O2 adsorbed samples reacting with NH3 at 300 oC. (a) 

CeO2@SBA-15, (b) CeO2@SBA-15+5xSiO2, and (c) CeO2@SBA-15+10xSiO2. For each 

series, the sample was first calcined in 500 oC for 1 h and then cooled down to 300 oC, and the 

corresponding spectrum was used as reference. 
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6.2.4. Resistance towards sulfur poisoning 

Figure 57 shows the catalytic performance of CeO2@SBA-15 and the SiO2-coated samples in NH3-SCR 

including exposure to 200 ppm SO2 to evaluate the effect sulfur poisoning. It is found that after SO2 

exposure all three samples at first exhibit an enhanced catalytic performance (for both the NOx 

conversion and the N2 selectivity), before the NOx conversion then begins to gradually decrease. In case 

of with the SiO2-coated samples, as lower decline is observed, especially for the thick SiO2 (see Figure 

57(c)). Moreover, when the SO2 exposure is stopped, and the common NH3-SCR gas atmosphere is 

applied, the 10×SiO2 sample shows a better SO2 resistance than the other two samples because the SO2 

poisoned 10×SiO2 sample shows even higher NOx conversion than the fresh one. It is concluded that the 

surface SiO2 is effective for the SO2 resistance.  

To further explore the SO2 resistance of bare CeO2@SBA-15 and SiO2-coated CeO2@SBA-15 

samples, in situ DRIFT spectra were recorded at low (200 oC) and high (300 oC) temperature (see Figure 

58).  

In Figure 58(a), the peaks at 1434 and 1672 cm-1 are assigned to ammonium ions bound to B acid 

sites, while the peak at 1593 cm-1 is assigned to NH3 bound to L acid sites.69, 145 Correspondingly, the 

peaks at 2822-3155 cm-1 and 3280-3372 cm-1 are attributed to N-H stretching vibrations of B-NH4
+ and 

L-NH3, respectively. Meanwhile, a negative peak appears at 1370 which may be assigned to sulfate on 

sulfated CeO2, which is covered by NH3.
69 This suggests that NH3 is mainly adsorbed on SO4

2− on 

sulfated CeO2. In detail, after the NH3 exposure at 200 oC, the B-NH4
+ and L-NH3 features appear with 

the L-NH3 feature being stronger relatively dominant. After exposure to the experimental gas 

(NH3+NO+O2), it was found that the features show the same behavior as after NH3 exposure but with 

increased intensity, implying that NH3 further adsorbs on the surface and no NOx is formed due to the 

low oxidation temperature for NO. The strong intensity of the B-NH4
+ peak at 1434 cm-1 after adding 

SO2 to the experimental gas indicates an increase of the surface Brønsted acidity. The peaks at 1593, 

3280, and 3372 cm-1also increase in intensity, indicating that the L-NH3 also increased due to SO2 

addition, but the B-NH4
+ features dominate the surface adsorption. The appearance of the peak at 2113 

cm-1 assigned to N≡N of N2O indicates that SO2 activates the surface ammonia to react with NO at low 

temperature (200 oC). The following N2 purge results in a decrease of the features at 1434, 1672, 2822-

3722 cm-1 due to desorption of surface NH3 species, while the increase of the peak at 1314 cm-1 suggests 

the exposure of bidentate sulfate. Here, the peak at 1314 cm-1 is tentatively assigned to sulfate species 

instead of NH4
+ in previous work.276. The intensity increase of the peak at 3664 cm-1 indicates a change 
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Figure 57. Evaluation of the effect of sulfur poisoning on the NH3-SCR reactivity behavior, 

including the NOx conversion (black) and N2 selectivity (red), at 300 oC. Feed gas: 500 ppm 

NH3, 500 ppm NO, 5% O2, 200 ppm SO2 (if applied), and N2; GHSV: 60000 h-1. (a) 0xSiO2, 

(b)5xSiO2, (c) 10xSiO2. 
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Figure 58. In situ DRIFT spectra recorded in different gas atmospheres including NH3-SCR 

reaction conditions and the presence of SO2. (a) 0xSiO2 at 200 oC, (b) 0xSiO2 at 300 oC, (c) 

5xSiO2 at 200 oC, (d) 5xSiO2 at 300 oC, (e) 10xSiO2 at 200 oC, (f) 10xSiO2 at 300 oC. Feed gas: 

500 ppm NH3, 500 ppm NO, 5% O2, 200 ppm SO2 (if applied), and N2; GHSV: 60000 h-1. For 

each series, the sample was first calcined in 500 oC for 1 h and then cooled down to 200 oC 

for (a)(c)(e) and 300 oC for (b)(d)(f), and the corresponding spectrum was used as reference. 
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from Ce-O-H-NH3 to Ce-OH with the B-bound NH4
+ desorbing as NH3. The following gas treatments 

repeats the exposure to NH3 and experimental gas, and show increased B-NH4
+ (1434 cm-1) and 

decreased -OH (3664 cm-1) signals, while the sulfate peak at 1314 cm-1 keeps constant, implying that 

the SO2 adsorbed on the catalyst surface provides extra B acid sites and is stable at 200 oC. 

As shown in Figure 58(b), increasing the temperature to 300 oC leads to a shift of the sulfate peak 

from 1314 to 1348 cm-1. Correspondingly, the shoulder peak at about 1380 cm-1 assigned to the 

asymmetric vibration mode of O=S=O species, indicates the oxidation of SO2 at higher temperature (300 

oC). The peaks at 1432 and 1605 cm-1 are attributed to B-NH4
+ and L-NH3, respectively. These two 

species can also be identified by their N-H vibration vibrations at 2822-3155 cm-1 and 3275-3367 cm-1. 

The peaks at 2113 and 2220 cm-1 are typical for the N≡N vibration of N2O or N2-related species. The 

peak at 3650 cm-1 is attributed to the O-H stretching of Ce-OH species, while the band at 3508 cm-1 is 

tentatively assigned to OH-stretching of S-OH and that at 3740 cm-1 to OH stretching of Si-OH. After 

NH3 adsorption and exposure to the experimental gas, mainly the L-NH3 features appear. After SO2 

addition to the experimental gas, a sulfate peak at 1348 cm-1 appeared, while the peaks at 1605 and 2822-

3665 cm-1 increased, indicating formation of NH4
+ on the sulfate sites. After the N2 purge, it is found 

that the peak at 1432 cm-1 decreased while the peak at 1348 cm-1 increased, indicating that sulfate-bound 

NH4
+ desorbed from the sulfate sites exposing the sulfate species. The following exposure to NH3 shows 

an increase of both L-NH3 and B-NH4
+ species. With further exposure to the experimental gas, the 

ammonia-related features decrease, implying that the reaction follows the E-R route after SO2 adsorption. 

As can be seen in Figure 58(c), with NH3 adsorption, features due to L-NH3 (1590 cm-1) and B-

NH4
+ (1430 cm-1) appear and further increase in intensity in the experimental gas. This indicates that the 

5×SiO2 coating increases the surface acidity by forming Ce-O-Si species, which is supported by 

preliminary NH3-TPD results. After adding SO2 to the feed, a strong peak appeared at 1325 cm-1 which 

is assigned to sulfate, and the peaks at 1430, 1671 and 2834-3391 cm-1 are enhanced due to the increase 

of Brønsted acidity. The disappearance of the peak at 1590, 3283 and 3379 cm-1 points to a decrease in 

Lewis acidity, indicating SO2 poisoning of the L acid sites. The following N2 purge decreases the NH4
+ 

feature at 1430 cm-1 and leads to an increased exposure of SOx species at 1325 cm-1. Finally, the exposure 

to NH3 recovers the surface ammonia species at 200 oC. 

As shown in Figure 58(d), higher temperature (300 oC) results in the presence of weak bands at 

1590 cm-1 for L-NH3 1435 cm-1 for B-NH4
+ species after NH3 adsorption and exposure to the 

experimental gas. With the addition of SO2, an enhancement of the peak at 1425 cm-1 is observed, 

indicating Brønsted-type acidity. After the N2 purge, the NH3 desorbed, resulting in an increase of the 

sulfate-related feature at 1350 cm-1, and the -OH features within 3500-3800 cm-1 increased. Finally, the 



 

131 

 

exposure to experimental gas results in an increase of surface ammonia species, L-NH3 and B-NH4
+, and 

a decrease of -OH groups due to the reaction of ammonia with NO+O2 via the E-R route. Figure 58(e) 

shows that the thick SiO2 coating (10×SiO2) yields similar spectra as the 5×SiO2 sample (see Figure 

57(c)). With the addition of SO2, the peaks at 1430 and 1670 cm-1 increase due to enhanced Brønsted 

acidity. Correspondingly, also the peaks within 2818-3159 cm-1 increase, while the bands at 3280/3368 

cm-1, assigned to L-NH3 species, show peak features during the whole reaction, compared with the 

shoulder peaks in Figure 57(c). This indicates that the L-NH3 is more active for the 5×SiO2 than for the 

10×SiO2 sample. After the N2 purge, the 1326 cm-1 peak increases while the peak at 1430 cm-1 decreases, 

indicating the desorption of NH4
+ as NH3. On the contrary, the shoulder bands at about 1593 cm-1, 

assigned to L-NH3, do not change in intensity implying that NH3 adsorbed on L acid sites is stable. 

Finally, upon NH3 exposure the L-NH3- and B-NH4
+-related features are all recovered at 200 oC.  

For the NH3-treated sample (see Figure 58(f)), there are features of L-NH3 (1437 and 1698 cm-1) 

and B-NH4
+ (1593 cm-1), corresponding to the range of N-H vibrations of 2838-3159 cm -1 and 3270-

3360 cm-1, respectively. It is found that the relative content of B-NH4
+ is higher for the 10×SiO2 sample 

than for the bare and 5×SiO2, based on the intensities of the three peaks at 2838/3039/3159 cm-1. The 

presence of the peaks at 1541, 1924, and 2104 cm-1 indicates that there are various NxOy species formed 

on the surface. It might be deducted that NxOy is inactive on the thick SiO2 surface before SO2 feeding. 

Even upon SO2 exposure, these features exist due to the competitive adsorption between NxOy and SO2. 

Interestingly, the N2 purge could decrease the intensity of the NxOy species by facilitating their 

desorption at 300 oC, while a re-feeding of NH3 could not recover these species as before for the reduced 

catalyst surface.  

To sum up, the similarities and differences of the three materials in different gas atmospheres 

including SO2 were analyzed at low and high temperature. Firstly, at low temperature (200 oC, see Figure 

57(a, c, e)), the adsorption of NH3 is similar for all samples, that is, L-NH3 and B-NH4
+ form on the 

surface. Similarly, in the experimental gas, the behavior of the samples resembles each other. Note that 

the small feature at 1552 cm-1 (see Figure 57(a)) is assigned to nitrate species, which is attributed to the 

oxidation effect of bare CeO2 surface. With SO2 poisoning, all three samples show strong B-NH4
+-

related peaks. It is concluded that SO2 mainly increases the surface Brønsted acidity. The N2 purge 

facilitates the desorption of NH4
+ desorbed and exposes the sulfate species (1320 cm-1). It is found that 

the relative intensity of the 1320 cm-1 peak for bare CeO2@SBA-15 is higher than that for the SiO2-

coated samples, indicating that the SiO2 coating on CeO2 could prevent the adsorption and oxidation of 

SO2. With increasing temperature, the sulfate features changes from 1320 cm-1 (200 oC) to 1350 cm-1 

(300 oC). The blue-shift is attributed to the stronger S=O bond resulting from the high temperature 
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oxidation of SO2.
145 For the same reason, the relative intensity of sulfate (1350 cm-1) to B-NH4

+ (1430 

cm-1) features is higher at 300 oC than that at 200 oC. It is furthermore found that after N2 purge the 

10×SiO2 coated sample shows a low sulfate intensity at 1356 cm-1 but a strong Si-OH peak at 3740 cm-

1, reflecting that the SiO2-covered part prevents adsorption of SO2. Please note that the 10×SiO2 sample 

shows N-H features due to B-NH4
+ and L-NH3 species with equal intensity, while for bare CeO2@SBA-

15 the L-NH3 signal is almost covered by that of B-NH4
+.  

Thus, the SiO2 coating on the surface improves the SO2 resistance by weakening the adsorption and 

oxidation of SO2. For thick coatings, such as 10×SiO2 leading to a complete coverage the redox 

properties of ceria are shielded which, consequently, decreases the NH3-SCR catalytic performance. 

 

6.2.5. Conclusion 

In this section, CeO2@SBA-15 catalysts were systematically coated with atomic layers of SiO2 using by 

the ALD technique. The results show that moderate SiO2 coatings (1-5 ALD cycles) enhance the SCR 

catalytic performance. This is attributed to the presence of Ce-O-Si interaction which improves its 

acidity and redox properties. On the other hand, a thick SiO2 coating (10 ALD cycles) on CeO2@SBA-

15 shows a decreased performance due to the shield effect of SiO2 regarding active CeO2. The SiO2 

coating is also beneficial towards SO2 resistance of the catalysts due to inactivity of SiO2 to oxidize the 

SO2 gas and form sulfates poisoning the surface. Importantly, this work proves that a minor atomic layer 

coating can modify the surface properties significantly, even if the coated material is inert. Moreover, 

the ALD method allows to quantitatively control the concentration of surface Ce-O-Si species by the 

number of ALD cycles, which was applied to explore the role of Ce-O-Si on the NH3-SCR and SO2 

resistance. 
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6.3. VOx coating on CeO2 /SBA-15 for NH3-SCR by site selective ALD (SSALD) 

In the past few years, ALD has been rapidly developed for the synthesis of heterogeneous catalysts, 

including the preparation of highly dispersed metal nanoparticles (even to the extent of single-atom 

dispersion), such as Ni, Pt, Pd, etc., and the preparation of structurally controlled nanoparticles of metal 

oxide catalysts, such as TiO2, VOx, CeO2, etc. ALD applications of metal oxides mainly involve substrate 

coatings to form strong metal-oxide interactions, surface protective layers as physical barriers, and direct 

deposition of catalytically active metal oxides.208 So far, ALD techniques for synthesizing metal oxides 

have generated significant interest in catalyst preparation by controllable design. 

To achieve a structurally controlled preparation, area selective ALD (AS-ALD) has been developed 

to fabricate complex nanostructured materials.277 For this technique, patterned regions of the substrate 

are activated or passivated with the assistance of electron/ion beams, self-assembled monolayers (SAMs), 

or polymer resists. Then during the deposition process, the material is deposited only where it is needed, 

resulting in an area selective deposition. The catalytic structures prepared by regioselective ALD 

technology include core-shell structures, discontinuous coating structures, and embedded structures.277 

However, ALD technology, especially in case of the AS-ALD, was developed mainly to fabricate 

defect-free 3D patterns and nanostructures for electronic applications in the semi-conductor field. It 

means that the AS-ALD technique was considered more in the context of structural (e.g. core-shell 

structure and embedded structure) than chemical catalytic properties. In catalysis, selective ALD is 

motivated to enable directed and precise tailoring of structural parameters, interfaces, and active sites, 

which has important implications for advanced catalysis. In the last section, a novel approach of 

controllably modifying the substrate surface followed by ALD of active metal oxides is proposed to 

achieve selective deposition. In detail, the bare substrate is pretreated in the NH3-SCR reaction 

atmosphere to form NHx and NxOy species on the surface first, before it is coated with active oxides 

(MO) by the ALD technique. Due to the different activities among these surface species and the original 

-OH group, it is proposed that the oxide MO is selectively deposited on the active sites and forms the 

optimized structure for the NH3-SCR reaction compared with the directly deposited sample. Importantly, 

the selective deposition is expected to be relevant to the active sites on the surface which is correlated 

with the pretreatment in the target catalytic reaction (here: NH3-SCR). Considering that the deposition 

is selective by the chemical active site but not the area, the new method is denoted as site selective ALD 

(SSALD). 
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6.3.1. Sample preparation 

CeO2/SBA-15 is prepared by SSI method introduced before. In brief, asSBA-15 and Ce(NO3)3∙6H2O is 

ground together and calcined in a furnace to obtain the SBA-15 supported CeO2 catalyst. VOx is loaded 

on the prepared CeO2/SBA-15 by the ALD method. Vanadium (III) oxychloride (VOCl3) is used as 

precursor for vanadia and H2O is sued as oxidant. The temperatures for the feeding system (VOCl3) and 

the reactor were set as 40 oC and 60 oC, respectively. The ALD cycle followed the following order: (1) 

N2 purge for 60 s, (2) VOCl3 pulse and reaction in closed reactor for 60 s, (3) N2 purge for 60 s, (4) H2O 

pulse and reaction in closed reactor for 60 s.  

For the deposition of VOx, the sample directly coated with one layer of VOx will be denoted as 

CeO2@SBA-15+ald_VOx. If, on the other hand, the substrate CeO2/SBA-15 was pretreated in NH3-SCR 

reaction atmosphere at 300 oC for 1 h, and then coated with one layer of VOx under the same conditions, 

the sample will be denoted as CeO2@SBA-15+aasld_VOx. 

 

6.3.2. Catalytic test 

Figure 59(a) shows the NH3-SCR catalytic performance of the prepared samples at temperature ranging 

from 25 to 500 oC. All three samples show the typical volcano curves for the NOx conversion as a 

function of temperature with an optimal operation window at about 300-400 oC. The VOx coated samples 

show an improved NOx conversion compared to the bare CeO2@SBA-15 sample within the whole 

temperature range. Comparing the different ALD techniques, the site selective ALD sample (ssald_VOx) 

shows a better NOx conversion than the sample prepared by conventional ALD (ald_VOx). The N2 

selectivity follows the order: 0×VOx < ald_VOx < ssald_VOx at the majority of temperatures except for 

high temperatures (> 400 oC) where the ssald_VOx sample shows a great decrease in N2 selectivity.  

Figure 59(b) depicts the corresponding in situ monitoring of the exhaust gases. Interestingly, the 

results show a very similar behavior of the listed five components as function of temperature. In detail, 

for the NH3 curves, the desorption peak appears for all samples at low temperature but the peak intensity 

followed the order: 0×VOx < ald_VOx < ssald_VOx, and at temperatures above 250 oC, the NH3 

desorption peak disappears. This indicates that the three samples possess a similar acid strength but that 

the ssald_VOx owns more acid sites to adsorb NH3. The highest NO2 emission for the 0×VOx sample at 

high temperature indicates the oxidation by CeO2, while the highest N2O emission for ssald_VOx sample 

at high temperature is tentatively attributed to Ce-O-V interaction and the surface VOx structure. 
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Figure 59. (a) Catalytic performance of NH3-SCR reaction on prepared samples at different 

temperatures (GHSV=60000 h-1). (b) In situ monitoring of the exhaust gas during a step-wise 

increase of the temperature from 25 to 500 oC. 

 

6.3.3. Characterizations 

In order to gain insight into the surface group changes during the NH3-SCR experimental gas (expgas) 

pre-treatment, in situ DRIFT spectroscopy was performed.  

As shown in Figure 60(a), starting from the spectrum of the original surface of the prepared 

CeO2/SBA-15, the sample was heated to 300 oC for 1h to remove surface physiosorbed molecules and 

cooled down to 25 oC in N2/20 %O2. It is found that the dehydration operation increases the number of 

surface -OH groups (> 3500 cm-1)., which might be attributed to the degradation of surface free water. 

Afterwards, the sample is exposed to the expgas for 1 h at 300 oC and then cooled down to 25 oC. The 

features appearing at 1000-2000 and 3500-4000 cm-1 are attributed to surface water, which indicates that 

the NH3-SCR reaction generates water. The increased intensity of the features at 3270 and 3385 cm-1 is 

attributed to L-NH3 species; the intensity increases within 2000-3000 cm-1 can be attributed to NxOy 

species at room temperature, including NO+ at about 2133 cm-1, N2O at about 2200 cm-1, NO3
- at about 

2400 and 2700 cm-1, NO2
- at about 2500 cm-1, and NO2 at about 2900 cm-1.128 Thus, the results prove 

the presence of a variety of groups on the pretreated CeO2/SBA-15. Figure 60(b), depicts spectra of the 

pre-treated substrate after purging with N2 gas (200 ml/min; …min), simulating the purge step during 

the ALD process. The hydroxyl features at 1000-2000 cm-1 and 3500-4000 cm-1 decrease but still exist. 

Importantly, the band at 2000-3000 cm-1 decreases directly by changing the gas from O2 to N2 and further 

decreases after the desorption at 120 oC and cooling down to 25 oC, implying the removal of surface 
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NxOy species. The peak at 3744 cm-1, as well as the band at 4000-5000 cm-1, increase after the N2 purge, 

indicating an increase in surface -OH groups. The peaks at 3278 and 3369 cm-1 assigned to L-NH3 

species increase first at N2/25 oC and then decrease after high temperature (120 oC) desorption. The final 

purged sample shows a low level of NxOy features but a high -OH density, suggesting that the desorbed 

NxOy activates the free water to form -OH group on the surface. 

 

Figure 60. In situ DRIFT spectra of original CeO2/SBA-15 (a) dehydrated at 500 oC for 1h and 

cooled down to 300 oC and 25 oC in N2+20% O2, and then pretreated in NH3-SCR experimental 

gas (expgas) at 300 oC for 1h and cooled down to 25 oC, (b) purged by N2 at increasing 

temperature to 120 oC and then cooled down to 25 oC after the expgas treatment. KBr was 

used to record the background spectrum. 

 

Figure 61 shows IR spectra of bare CeO2/SBA-15 (0×VOx) and after coating of one layer of VOx 

(ald_VOx and ssald_VOx) exposed to ambient atmosphere. Assuming the same number of surface -OH 

groups for all three samples, the curves were normalized to the peak at 3740 cm-1. Comparing the spectra 

for the ald_VOx and ssald_VOx samples, it is found that the ssald_VOx sample shows less free water on 

the surface than the ald_VOx sample. Although it is difficult to quantify the changes of specific peaks, 

the spectal profile including the cross point at about 2854 cm-1 indicates different surface properties of 

the two coated samples. The features within 2000-2854 cm-1 are attributed to NxOy species as discussed 

above. The lower intensity level of the ssald_VOx sample compared to that of the ald_VOx sample might 

be explained by a transformation of surface NxOy species to -OH groups over the pre-treated substrate. 

The band at 2854-3500 cm-1 is assigned to stretching vibrations of O-H or N-H bonds; the higher 

intensity level in this range for the ssald_VOx sample suggests that there is adsorbed NH3 on the pre-

treated sample, which is inert towards reaction with the vanadium precursor (VOCl3).  
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Figure 61. DRIFT spectra of VOx coated and uncoated samples at room temperature under 

ambient conditions. Standard KBr was used to record a background spectrum in ambient. 

 

From the characterization results above, a preliminary picture for the mechanism of site selective 

atomic layer deposition (SSALD) is proposed (see Scheme 9). Firstly, it was evidenced that the pre-

treated substrate shows different surface terminal groups compared with the non-treated substrate. 

Secondly, CeO2/SBA-15 treated with NH3-SCR experimental gas at 300 oC shows both NH3 and NxOy 

adsorbates on the surface. The following N2 purge at 120 oC partially desorbs NxOy species and 

transforms free water to hydroxyl groups, while the amount of adsorbed NH3 stays constant. It is shown 

that after reaction with the vanadium precursor VOCl3 the adsorbed NH3 is inert to the oxidation of 

VOCl3, while the increased density of hydroxyl groups anchored VOx on the surface even with only one 

cycle of deposition Previously (see Section 4.2) it was proved that adsorbed NH3 is the active species 

while NOx is partially active or passive for the NH3-SCR reaction.  
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Scheme 9. Schematic diagram illustrating the processes of ALD and SSALD for the deposition 

of one cycle of VOx on an CeO2/SBA-15 catalyst. 

 

6.3.4. Conclusion 

In this section, a novel synthesis method, referred to as site selective atomic layer deposition (SSALD), 

is proposed and demonstrated in the context of the NH3-SCR reaction by coating one layer of VOx on 

CeO2/SBA-15 by common ALD and by SSALD. The SSALD technique involves the pre-treatment in 

the target reaction mixture (here: NH3-SCR) and common ALD steps. The results show that the sample 

prepared by SSALD exhibits the best catalytic performance. Characterizations by DRIFT spectroscopy 

reveal that during the pre-treatment NHx and NxOy species are formed. The NHx species is inert to react 

with the VOCl3 precursor and keep its acid sites. And the NxOy species is desorbed during N2 purge, 

leading to the formation of active oxygen sites to degrade the free water as -OH groups, which is 

beneficial for anchoring more active vanadia on the surface. The higher density of active vanadia sites 

and the reserved NHx activated sites are proposed to contribute to the improvement in NH3-SCR 

performance.  
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7. Correlation between catalytic synthesis and catalytic reaction  

7.1. Hypothesis of the catalytically induced growth (CIG) 

In the sections above, two types of synthesis routes for ceria-based oxides supported on SBA-15 were 

discussed and in situ characterizations were applied to monitor the catalysts during preparation and NH3-

SCR reaction. 

For the solid-state impregnation (SSI) method, one important conclusion was that the synthesis 

process involves a catalytic reaction, in which cerium species act as a catalyst. It was shown that different 

synthesis reaction routes can be designed to result in a distinct structure of the final prepared catalysts, 

which further led to difference in the NH3-SCR performance (target reaction). On the other hand, when 

using the ALD method, the pre-treatment of the substrate led to the formation different surface groups 

which reacted with active precursors. Controlling the pre-treatment allows to obtain various groups to 

react or not react with the precursor molecule and to achieve site selective deposition of active species, 

which also influences the performance of the target reaction. 

Thus, it can be concluded that the synthesis reaction has a great effect on the target reaction (NH3-

SCR). Considering that both the synthesis reaction and the target reaction include catalytic reactions 

with the same catalytic species (e.g. Ce3+/Ce4+), especially regarding the redox reaction, it is reasonable 

to explore the correlation between these two reactions.  

Furthermore, considering a coupling effect between these two reactions, one may design the 

synthesis reaction by including the target reaction. For example, by the SSI method, cerium nitrate is 

calcined by heating from 25 to 500 oC in air. the cerium nitrate gradually disappears and ceria forms 

with Ce3+ being oxidized to Ce4+. This process involves the nucleation and growth of CeO2 accompanied 

by the oxidation reaction to obtain CeO2-x with a relatively low x value. It was reported that using reduced 

gas (NH3) as calcination atmosphere, the prepared CeO2-x owns more oxygen vacancies with a relatively 

high x value, showing a higher NH3-SCR reaction performance.62 It gives rise to the question of how 

much oxygen vacancies are optimal and how to obtain such an optimized (defect) structure to achieve 

the highest DeNOx ability. Herein, the hypothesis is proposed that when using the same atmosphere for 

calcination as that of the target catalytic reaction (NH3/NO/O2) the ceria growth will be controlled by 

the redox properties that apply to the NH3-SCR reaction. Therefore, the final prepared ceria could be 

expected to exhibit the same surface state (e.g. regarding oxygen vacancies) as the NH3-SCR reacted 

ceria, as shown in Scheme 10. 
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Scheme 10. Schematic diagram illustrating the use of the target reaction gas feed (500 ppm 

NH3, 500 ppm NO, 5 vol.% O2 balanced with N2) as the calcination atmosphere during the 

synthesis of the ceria catalyst by the SSI method. 

 

According to the outlined hypothesis, improvements in reactivity and stability for the prepared 

samples may be expected. Firstly, the CeO2-x forms with low x values as a result of the composition of 

cerium nitrate and the oxidation from Ce3+ to Ce4+. Conversely, the formed CeO2-x acts as a catalyst for 

the NH3/NO/O2 gas mixture and x changes based on the redox cycle of the NH3-SCR-like reaction. 

When the reaction reaches its equilibrium state, the prepared ceria (CeO2-x) may adopt a stable structure 

with an x value equal to the optimized number of surface oxygen vacancies for best NH3-SCR 

performance. Furthermore, due to the same reaction gases between the preparation process and target 

catalytic reaction process, there is no structural change from the preparation to the catalytic application, 

especially when the temperature of the preparation is higher than that of the target reaction, implying the 

potential of increased stability.  

7.2. Experimental results 

Figure 62 shows the catalytic performance for the NH3-SCR reaction using differently prepared 

CeO2/SBA-15 catalysts. In detail, cerium nitrate and SBA-15 were mixed in solid state and then calcined 

in a furnace in different gas atmospheres. The calcination conditions were set as 500 oC for 5 h with a 

heating rate of 1.5 oC/min. The results in Figure 62(a) show that the sample calcined in NH3-SCR 

experimental gas (500 ppm NH3+500 ppm NO+5% O2, expgas) exhibits a significant improvement in 

both NO conversion and N2 selectivity compared with the sample calcined in simulated air (N2+20% 
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O2). It has been reported that CeO2 calcined in NH3, CO, and H2 shows an enhanced catalytic 

performance for NH3-SCR.28, 29, 125 To this end, Figure 62(b) compares results for samples calcined in 

NH3-SCR experimental gas with those obtained for oxidizing and reducing gas atmospheres. The sample 

calcined in expgas still shows a better NO conversion than in case of the reducing NH3 and oxidizing 

NO+O2 gas atmospheres, but the N2 selectivity of the sample calcined in expgas in is slightly lower.  

 

Figure 62. Catalytic performance in NH3-SCR using CeO2/SBA-15 samples prepared in 

different calcination atmospheres (500 oC for 5 h; heating rate: 1.5 oC/min). (a) N2+O2 and NH3-

SCR experimental gas, (b) NH3-SCR experimental gas (expgas), 500 ppm NO + 5% O2, and 

500 ppm NH3 gas. 

 

Figure 63 depicts the exhaust gases monitored during calcination of the raw sample of tfSBA-CeO2 

in N2 + 20% O2 (air) and the NH3-SCR experimental gas (expgas). The spectra show the decomposition 

of nitrate salt. Compared with the calcination in air, the decomposition in expgas is characterized by 

broad NO2 emission windows at 175-275 oC, attributed to the interaction between the nitrate salt and 

expgas. Especially NO gas (at 1909 cm-1) is detected and then disappeared starting at 175 oC indicates 

that the original NO in the expgas is transformed accompanying the decomposition process. 

Interestingly, in air the release of NO2 shows the common behavior (see Figure 63(a)) as the NO2 

emission reaches its highest value and then gradually declines at higher temperatures up to about 400 °C 

, while for the calcination in expgas (see Figure 63(b)), the NO2 feature disappears after 305 oC but re-

appears again at about 400 oC, which might be attributed to the oxidation of the expgas (NO or NH3).  
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Figure 63. In situ FTIR monitoring of the exhaust gases during the calcination of tfSBA-CeO2 

at 500 oC for 5h (heating rate: 1.5 oC/min) in (a) N2 + 20% O2 and (b) expgas  

 

Figure 64 depicts in situ DR UV-Vis spectra recorded during calcination of raw tfSBA-CeO2 in 

different gas atmospheres. As discussed above (see section 4.1), the features at 220, 260 and 310 nm of 

the original samples are attributed 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. With increasing temperature, calcination 

in air (Figure 64(a)) and NO+O2 (Figure 64(b)) leads to the appearance of a broad band at 320 nm, which 

is assigned to the charge transfer between O 2p to Ce 4f of ceria, indicating the formation of ceria. It is 

found that the formation rate of ceria for calcination in NO+O2 is quicker than that in N2+O2, suggesting 

a catalytic reaction between the gas and cerium nitrate even at low temperature. The intensity decreases 

of the band ranging from 300-500 nm with the temperature increase to 500 oC (red curve) results in an 

energy band decrease, originating from the growth of ceria crystals in the oxidative atmosphere. For 

calcination in NH3+N2 (Figure 64(c)), at low temperatures (<175 oC), the absorbance curves show only 

small changes, indicating a possible transformation from cerium nitrate to ceric ammonium nitrate. After 

reaching a temperature of 175 oC, the absorbance strongly increases, whereby the absorbance at 500-

800 nm is assigned to d-f transitions of the Ce4+/Ce3+ ion pair. The sample calcined in expgas (see Figure 

64(d)) shows a similar behavior, but the absorbance changes more gradually at low temperature and the 

final absorbance level is lower than that for the NH3-calcined sample. This is attributed to the 

combination of oxidation by NO+O2 and reduction by NH3.  
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Figure 64. In situ DR UV-Vis spectra recorded during the calcination of tfSBA-CeO2 from 25 to 

500 oC (heating rate: 1.5 oC/min) in (a) N2+20 % O2, (b) 500 ppm NO + 5% O2 + N2 bal. (c) 500 

ppm NH3 + N2 bal. (d) expgas. 

 

Figure 65 shows in situ Raman spectra recorded during the calcination of raw tfSBA-CeO2 in air 

and expgas. For the calcination in air (see Figure 65(a)), with increasing temperature, the intensity of the 

nitrate-related peaks (1038 and 739 cm-1) decreases and above 200 oC a peak at 450 cm-1 appears. In 

contrast, for the sample calcined in expgas (see Figure 65(b)), the characteristic peak for CeO2 (452 cm-

1) appears at relatively low temperature of about 100 oC and disappears after reaching a temperature of 

250 oC. This behavior indicates that the expgas can interact with the cerium nitrate to catalytically assist 

the growth of ceria crystals.  
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Figure 65. In situ Raman spectra (514.5 nm) recorded during calcination of raw tfSBA-CeO2 

from 25 to 500 oC (heating rate: 1.5 oC/min).(a) N2 + 20% O2, and (b) expgas. 

 

7.3. Summary 

In this part it is demonstrated that the calcination atmosphere influences the catalytic performance. The 

is illustrated for CeO2/SBA-15 for which an optimized catalytic reactivity for NH3-SCR reaction was 

found by calcination in the experimental reaction gas mixture (expgas). The preliminary exploration of 

the calcination process by in situ spectroscopy reveals that the cerium decomposition is correlated to the 

calcination atmosphere and that cerium (III) nitrate acts as a redox catalyst which reversely affects the 

growth of the ceria particles. Especially, in the NH3-SCR experimental gas, the ceria is assembled 

accompany with catalyzing the NH3+NO+O2 to produce N2+H2O.  

While previous works reported that pretreatment of ceria in NH3, H2, and CO can lead to improved 

NH3-SCR performance by improving the ceria acidity and redox ability, the interesting finding here is 

not to achieve improved NH3-SCR performance by gas pretreatment, but to confirm that the treatment 

with expgas enables an optimal improvement among the various gas atmospheres. Considering the 

discussion of effect of oxygen vacancy of ceria on the NH3-SCR reaction, and the experimental fact that 

reductive NH3 and oxidative NO+O2 can improve the NH3-SCR reaction reactivity, it is suggested that 

the catalytic performance of ceria changes with the number of oxygen vacancies following a “volcano” 

curve, and that the expgas calcined ceria contains a moderate number of oxygen vacancies needed for 

optimal reactivity. To confirm this hypothesis, further investigations will be needed. 
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8. Summary and Outlook 

In this work, ceria-based oxides supported on SBA-15 were prepared by solid-state impregnation 

(SSI) and atomic layer deposition (ALD) methods and applied to the NH3-SCR reaction of NO. Ex/in 

situ characterizations were performed to explore the mechanisms of both the synthesis and the target 

catalytic reactions. 

In chapters 1-3, the practical and scientific background for this thesis is introduced, including the 

NH3-SCR reaction and its mechanism, CeO2 based catalysts, and mesoporous materials. Besides, the 

experimental approaches and setups are described, including preparation methods, characterization 

techniques, and catalytic tests. 

 In chapter 4, SBA-15 supported ceria (CeO2/SBA-15) catalysts are addressed. First of all, in order 

to overcome the low active site exposure of crystalline ceria, mesoporous silica SBA-15 was employed 

as support material providing a high surface area and stable surface to disperse the nano CeO2. For 

catalyst synthesis, the solid-state impregnation (SSI) method was applied due to its environmental 

friendliness and convenient operation as a solvent-free system. The use of as-made SBA-15 (without 

removing the template P123 by calcination) to prepare CeO2/SBA-15 results in a good ceria dispersion 

and catalytic performance.  

To clarify the role of the template (P123) the synthesis mechanism of CeO2/SBA-15 based on 

template-free and as-made SBA-15 was studied using TGA and in situ Raman, DRIFT, and DR UV-Vis 

spectroscopies accompanied by gas-phase FTIR analysis, as well as ex situ XRD, XPS, and BET 

measurements. The combined findings from the characterization allow to elucidate the synthesis 

mechanism and reveal that the good dispersion of as-made SBA-15 supported ceria originates from 

template P123 playing a physical role by confining the growth of ceria and a chemical role by 

catalytically reducing ceria. 

The prepared CeO2/SBA-15 catalyst was applied to the NH3-SCR reaction and further studied to 

explore the NH3-SCR reaction mechanism using in situ DRIFT spectroscopy. Based on the IR spectra 

NH2 and NO- are identified as active species for NH3 and NO adsorption, respectively., providing 

evidence for the comproportionation between NH3 (-3) and NO (+2) to NH2 (-2) and NO- (+1), and 

finally to the product N2 (0). In addition, distinguishing the vibrational features within 2000-3000 cm-1 

allowed to understand the nitrogen triple bond related signature at about 2100-2200 cm-1, which was 

attributed to the over-oxidation of NH3 and further the generation of N2O. 
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In chapter 5, ceria-based bimetallic oxides catalysts supported on SBA-15 were addressed, due to 

the poor NH3-SCR reactivity of bare cerium oxide. The secondary metal element was added to form a 

MOx-CeO2 couple, which was expected to improve the catalytic performance. Firstly, several oxides 

(Cu, Mn, Ni, Mg, and La) were explored towards synergistic effects with ceria. The catalytic test results 

showed that various valent metals (Cu, Mn, and Ni) coupled with CeO2enhanced the catalytic 

performance in NH3-SCR compared with a CeO2 reference sample, while permanent valent metals (Mg 

and La) coupled with CeO2 showed a reduced catalytic reactivity. On the one hand, based on this 

screening, CuO-CeO2 and MnOx-CeO2 catalysts supported on SBA-15 were chosen for further 

exploration because of their high reactivity. On the other hand, the bimetallic oxides with various valent 

or permanent valent secondary metal element coupled with ceria showed a distinct reactivity behavior, 

indicating that redox properties rather than the acidity should contribute to the whole NH3-SCR reaction 

process. 

Secondly, the CuO-CeO2 catalyst was explored due to its wide application in various catalytic 

systems. Although the same SSI method was used to load the ceria and copper oxide onto SBA-15, the 

synthesis process and the final structure of the prepared samples differed from that of CeO2/SBA-15 

because it involved not only the dispersion of each oxide but also the relative distribution of them. 

Therefore, the synthesis process of CuO-CeO2/SBA-15 was monitored again with in situ 

characterizations including Raman, DRIFT, and DR UV-Vis spectroscopy. The template-free SBA-15 

and as-made SBA-15 were employed as support precursors leading to two different synthesis routes, the 

solid thermal decomposition for the template-free SBA-15 prepared sample and a hydrothermal process 

for the as-made SBA-15 prepared sample. The former route yielded a mixed CuO-CeO2 phase with 

strong redox ability, leading to a low optimal temperature window but limited N2 selectivity, while the 

latter route led to the formation of separated CuO and CeO2 phases with moderate redox properties, 

resulting in a broad and high temperature working window. The above approach showed that catalyst 

synthesis, catalyst structure, catalyst properties, and catalytic performance are related to each other. To 

further confirm the generality of the findings, MnOx-CeO2 supported on SBA-15 was prepared and in 

situ characterization was employed for mechanistic insight, covering the whole process from the 

synthesis process to the application in the NH3-SCR reaction.  

In chapter 6, atomic layer deposition (ALD) was adopted to prepare ceria-based mesoporous 

catalysts. Firstly, by using SBA-15 as a support material to provide a high surface area, VOx/TiO2/SBA-

15 catalysts were prepared by ALD to explore the feasibility of using mesoporous powder materials as 

a deposition substrate. The results show that the prepared samples possess a high surface area as expected 

and the surface-loaded VOx could be quantitatively controlled by the ALD cycles. The results reveal the 
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presence of dispersed surface VOx species on amorphous TiO2 domains on SBA-15, forming hybrid Si-

O-V and Ti-O-V linkages. The high NOx conversion is attributed to the presence of highly dispersed 

VOx species and the moderate acidity of VOx supported on TiO2/SBA-15.  

Secondly, SiO2/CeO2/SBA-15 catalysts were prepared using ALD, by systematically varying the 

number of SiO2 layers deposited on CeO2/SBA-15 to explore the activity of Ce-O-Si species, considering 

that SiO2 is an inert support. Due to the sandwich structure of SiO2/CeO2/SiO2 and the controllable 

amount of Ce-O-Si by ALD, the Ce-O-Si species can be identified as the active site for NH3-SCR 

reaction, and the NOx conversion was found to be proportional to the amount of deposited SiO2 until full 

coverage. In addition, experiments exploring the effect of sulfur on the catalytic properties revealed that 

the presence of SiO2 coatings provided a better SO2 resistance than bare CeO2.  

VOx/CeO2/SBA-15 was prepared by atomic layer depositing VOx on CeO2/SBA-15, which includes 

the anchoring of VOx onto CeO2/SBA-15 by reaction of the VOCl3 precursor with surface hydroxyl 

groups. Aiming at new strategies towards an improvement of the catalytic properties, the substrate 

CeO2/SBA-15 was treated in the NH3-SCR atmosphere to produce the “target reaction” related surface 

and then deposited with VOx. This new deposition route was introduced as “site selective atomic layer 

deposition (SSALD)”. The catalytic results reveal that the sample prepared by the SSALD method shows 

a better NH3-SCR performance. Based on DRIFTS results, changes in the surface properties are observed 

during calcination in NH3-SCR atmosphere. The pretreated substrate contains adsorbed NHx species 

which are inert towards VOCl3 and remain the active acid sites. On the other hand, more -OH groups 

form on the surface to anchor more active VOx species. Thus, the SSALD prepared VOx/CeO2/SBA-15 

represents an optimized surface structure for the target NH3-SCR reaction.  

In chapter 7, the use of the target catalytic reaction to prepare improved ceria-based catalysts is put 

forward as a hypothesis, based on the correlation between the synthesis reaction and the target catalytic 

reaction (NH3-SCR). During the research on the synthesis process by in situ characterizations, the 

synthesis reaction (e.g. the schemes 6 and 7 in section 5.2) is shown to be an important factor, 

determining the structure of the prepared catalyst, which further results in a distinct catalytic 

performance. To test this hypothesis, CeO2/SBA-15 samples were prepared by the SSI method in 

different gas atmospheres, from reductive NH3 to oxidative O2. Most importantly, the expgas for NH3-

SCR reaction (NH3+NO+O2 balanced with N2) was also included. The result proves that the expgas 

calcined sample owns the best catalytic performance in the NH3-SCR reaction.  

The above studies cover the complete chemistry catalytic triangle (CCT), including the catalyst 

synthesis (SSI/ALD, with or without P123), catalyst structures (dispersion, distribution, surface species), 

catalyst properties (redox, acidity), and catalytic performance (NOx conversion and N2 selectivity), as 
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elucidated mainly by in situ Raman, DRIFT, and DR UV-Vis spectroscopy as core characterization 

techniques. Despite the major progress made in this thesis there is still more work necessary to further 

improve the catalytic reactivity of the present system, and more importantly, to increase the 

understanding of the catalysts` mode of operation and the correlation between the synthesis and the 

target catalytic reaction. To this end, the following aspects may be addressed: 

(i) For the synthesis of ceria-based oxides on mesoporous SBA-15, in situ spectroscopy was applied 

to understand the reaction during the calcination step of the SSI method. The use of in situ DR UV-Vis 

and Raman spectroscopy provided information about the solid surface and/or sub-surface, in situ DRIFT 

spectroscopy provided information about the adsorbed species, and in situ FTIR of the exhaust gas 

provided information about the gas-phase composition. By combining these spectroscopies, a 

comprehensive understanding of the chemical reaction was obtained, especially regarding the catalytic 

effect of the key metal elements during the calcination. However, there is still a gap in understanding 

the relation between the reaction processes and the finally prepared structures. To this end, for example, 

in situ XRD may be useful to obtain crystal type information and in situ TEM may enable monitoring 

the crystal's growth on a nanometer scale.  

(ii) The solid-state impregnation (SSI) method was extensively explored in this thesis, also because 

of its feasibility for in situ characterization. As a main step it involves the decomposition reaction of 

metal precursors to form active metal oxides. Although the majority of synthesis methods involved a 

calcination step to obtain stable catalysts, the final structure of the prepared samples is not completely 

determined in this step. The hydrothermal method has previously been applied to the preparation of 

metal oxide catalysts for the NH3-SCR reaction. In particular, it was reported that different conditions 

in the hydrothermal process of ceria synthesis results in different crystal structures with different 

catalytic performance.278 To this end, it would be interesting to apply in situ characterization to 

hydrothermal processes to reveal the effect of condensation reaction on the crystallization. 

(iii) ALD was proved to be a promising technique for designing novel catalysts. Several techniques 

have been developed to achieve an in situ monitoring of the ALD process, including mass spectroscopy, 

spectroscopic ellipsometry, IR spectroscopy, and quartz crystal microbalance. These techniques all 

require special modifications of the ALD reactor to be applied. Here, a simple adaption was done to 

achieve the combination of the ALD technique with different kinds of characterizations, as shown in 

Figure 66. The spectrometer is connected to the ALD system directly. Due to the working principle of 

ALD, the reactor and the ALD chamber can be exposed to the same atmosphere under the assistance of 

a vacuum. Considering the small volume of the reactor as part of the spectrometer unit, a larger volume 



 

149 

 

(empty) bottle is connected to the reactor and during the N2 purge or precursor pulse steps, there would 

be enough gas flowing over the sample into the reactor.  

 

Figure 66. Schematic diagram of the in situ spectroscopy linked ALD system. 

 

In this work, site-selective ALD (SSALD) was proposed, by which the substrate was modified by 

the target NH3-SCR reaction and then covered by active VOx species, achieving an enhanced catalytic 

performance. In Figure 67, the general ideas for the design of a novel catalyst by SSALD are introduced. 

For the original substrate, there exist three kinds of sites in terms of the target catalytic reaction: active 

sites such as Lewis site and Bronsted site, inert sites, i.e. sites that do not take part in the reaction, and 

passive sites, i.e. sites that do not participate directly in the direction. An example may be sites that are 

blocked by adsorbed species during the reaction. After the pre-treatment by the expgas, the surface 

species would be changed from original -OH to various species, such as NHx and NxOy species with 

different structures, which may influence the reactivity. The ALD deposition process would allow 

depositing different oxides on the surface, such as active oxides like VOx and TiO2, or protective oxides 

like SiO2 and Al2O3. And It is also necessary to consider that some -OH sites modified with stable species 

would be inert to the precursor and maintain their bare state. An ideal design would keep the active sites 

bare to retain their inherent activity, to deposit active oxides on the inert sites to increase the activity, 

and to deposit protective oxides on the passive sites to avoid a decline in performance. Such a design 

idea was verified in this thesis (see Section 6.3): the active NH3 sites were inert towards coating and 

retained their activity for NH3-SCR and the inactive NxOy sites were transformed into a higher 

concentration of -OH to deposit VOx achieving improved reactivity. In addition, a protective coating 

was achieved by deposition of SiO2 to avoid poisoning by SO2 (see Section 6.2).  
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Figure 67. General ideas for the SSALD method to design novel catalysts.  

 

The SSALD method is expected to be a powerful technique to design novel catalysts, as shown in 

Figure 67. The site selection is achieved in two stages: Firstly, during the surface modification stage. 

The temperature and the gas composition are adjusted to control the surface anchored species. Secondly, 

during the ALD deposition stage. The temperature and the precursor are adjusted to control the deposited 

sites of the metal oxides on the surface. Combining these two operations, site selection could be 

achieved. To confirm this concept, in situ characterization, especially by using in situ DRIFT 

spectroscopy iss crucial to monitor the changes in surface species which would guide the determination 

of the SSALD parameters.  

(iv) The correlation between the synthesis reaction and the target catalytic reaction was emphasized 

in Section 7, and preliminary results confirm that the catalytically-induced grown (CIG) ceria shows the 

best catalytic performance. A hypothesis set forward is that the ceria is self-assembled with the assistance 

of the NH3-SCR experimental gas and adopts an optimized structure and surface state for the target NH3-

SCR reaction. To this end, preliminary experiments have revealed that for the NH3-SCR reaction on bare 

ceria redox properties are rate-determining, and that oxygen vacancies may be of importance. Thus, 

quantitatively testing the number of oxygen vacancies and determining the volcano shape relationship 

between oxygen vacancy concentration and the reactivity would be worth further exploration. 

  



 

151 

 

9. Appendix 

9.1. Quantitative gas phase IR analysis 

As noted above, the exhausted gas is detected by the gas phase IR spectrometer. Thus, it is necessary to 

establish the relationship between the IR signals with the gas compositions. Except for the inactive N2 

and O2, the other expected gas components are all calibrated below. 

NO gas is the object gas to be removed and a series of gas concentrations are adjusted as 5, 20, 50, 

100, 200, 400, and 500 ppm by mixing the 2000 ppm NO gas source with pure N2. The IR spectra are 

shown in Figure 68(a). For the intensity determination, intensity of single peak at 1909 cm-1 and an area 

ranged by at 1764-1978 cm-1 were both tried to establish a linear relationship with the NO concentration. 

It is found that using the single peak shows an equally good linearization as the area for the dry NO and 

is even better than the area mode for the NO with moisture, which is because of overlap with moisture 

peaks in this region. Thus, the peak intensity at 1909 cm-1 is chosen for the IR-based analysis of the NO 

gas. The calibration curve is shown in Figure 68(b) 

 

Figure 68. (a) IR spectra of 500 ppm NO balanced with N2, (b) Calibration of NO concentrations 

based on the IR intensity at 1909 cm-1. 

 

For the reactant NH3, the peak at 3334 cm-1 is chosen as there is no overlap with other gas signals 

unlike the other signal at about 1629 cm-1. Similarly, a concentration series of NH3 is prepared as 5, 10, 

50, 100, 200, 400, and 500 ppm by mixing 2000 ppm NH3/N2 gas source with pure nitrogen. The IR 

spectra are shown in Figure 69(a). The linearization between the IR intensity at 3334 cm-1 and the 

concentrations of NH3 are given in Figure 69(b). 
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Figure 69. (a) IR spectra of 1000 ppm NH3 balanced with N2, (b) Calibration of NH3 

concentrations based on the IR intensity at 3334 cm-1. 

 

For the product gas N2O, a concentration series is set as 20, 40, 100, 200, 300, and 400 ppm by 

mixing 2000 ppm N2O/N2 gas source with pure nitrogen and the IR spectra are shown in Figure 70(a). 

A typical IR signal for N2O is located within the range of 2136-2280 cm-1 and the strongest peak at 2237 

cm-1 is chosen to perform the linearization with the N2O concentrations as shown in Figure 70(b).  

 

Figure 70. (a) IR spectra of 400 ppm N2O balanced with N2, (b) Calibration of N2O 

concentrations based on the IR intensity at 2237 cm-1. 
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NO2 is an important outlet product during the catalytic reaction and directly affects the evaluation 

of the DeNOx efficiency. The calibration is done by using a combination of NO and O2 at room 

temperature, that is, by using known concentrations of NO that are partially oxidized to NO2. From the 

IR spectra results (Figure 71 (a)), it is confirmed that no other NxOy products appear except for the NO 

and NO2 components. and the decomposition of NO to N2 at room temperature is negligible. Thus, the 

concentration of NO2 can be calculated by subtracting the initial NO concentration by the residual NO 

concentration. Afterwards, the linearization between the IR signal of NO2 at 1629 cm-1 and its 

concentration is established as shown in Figure 71(b). 

 

Figure 71. (a) IR spectra of 500 ppm NO2, 5 vol. % O2, balanced with N2 at room temperature, 

(b) Calibration of NO2 concentrations based on the IR intensity at 1629 cm-1. 

 

For SO2 which is used to evaluate the sulfur effect, the IR spectra of different concentrations of SO2 

are shown in Figure 72(a). The strongest feature at 1375 cm-1 was chosen and the linearization between 

the IR intensity and the concentration is shown in Figure 72(b). 
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Figure 72. (a) IR spectra of 300 ppm SO2 balanced with N2, (b) Calibration of SO2 

concentrations based on the IR intensity at 1375 cm-1. 

 

9.2. Addition and monitoring of water vapor 

The effect of water on the NH3-SCR reaction is one of the key points to evaluate the practical catalytic 

performance of a certain catalyst. In present experiments, it involves two aspects: water addition to the 

inlet gas and water detection in the outlet exhaust gas. 

Firstly, for the addition of water, the bubbling method was chosen to let the inlet N2 gas carry the 

moisture, as shown in Figure 73. The outside water cycle provides a stable temperature atmosphere and 

the inside part is filled with deionized water. When the inlet N2 enter the inside bottle through the porous 

ceramic, a large number of bubbles is produced carrying the vapor by reaching a water-vapor balance, 

rising up from the bottom and yielding the N2+H2O outlet gas. 
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Figure 73. (a) Schematic of the bubbler used to produce the H2ON2 feed (b) the saturated 

vapor pressure at a range of 0-50 oC. 

 

In order to quantify the amount of vapor content, two simplified conditions are included. (i) The 

inlet N2 flow is treated as 1 atm pressure. Then the volume percentage of vapor can be simply expressed 

as the saturated pressure. The inlet N2 may not be exactly 1 atm and varies depending on various factors. 

Thus, only if keeping the same treatment for all experiments, the vapor effect should be comparable. (ii) 

The second simplification is that the addition of water does not change the total gas flow rate (50 

mL/min), although the calculated volume of the carried vapor was about 1 mL in all moisture involved 

experiments.  

For the IR detection of the water vapor content, the intensity calibration is performed by using 50 

mL/min N2 to carry the water vapor at temperatures of 21, 25, 30, 35, 40, 45, and 50 oC. The IR spectra 

are shown in Figure 74(a). For the relationship between IR intensity of water and its content, it is found 

that a parabolic fitting provides a better description than a linear fit, as shown in Figure 74(b). 

Considering the overlap of different species (e.g. NH3, NO, NO2) in the 1000-2000 cm-1 range, the peak 

at 3676 cm-1 is chosen to do the calibration.  
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Figure 74. (a) IR spectra of H2O from a H2O/N2 from vapor generation at 50 oC, (b) Calibration 

of H2O concentrations based on the IR intensity at 3676 cm-1. 

 

With the calibration of different gas, IR technique was used to monitor the exhausted gas and 

calculate the gas components. In detail, it involves several steps: 

(i) Considering the baseline drift during the in situ monitoring, the blank baseline was necessary to 

be subtracted. The drift degrees in different wavenumber ranges are different. With time proceeding, the 

spectrum gradually changes from a horizontal shape to a sloped shape. Regarding the drift, two ranges 

at 2000-2100 cm-1 and 2900-3000 cm-1 are chosen as baseline corrections of signals within the range of 

1000-2500 cm-1 (SO2, NO, NO2) and 2500-4000 cm-1 (NH3, H2O), respectively. 

(ii) The concentrations of water and NH3 can be calculated by the intensity at 3676 and 3334 cm-1, 

respectively, after subtracting the baseline “2900-3000 cm-1”. Similarly, the concentrations of SO2 and 

N2O are calculated by the intensity at 1357 and 2237 cm-1, respectively, after subtracting the baseline 

“2000-2100 cm-1”. 

(iii) The NO2 signal at 1629 cm-1 is overlapped with a NH3 signal, thus, the contribution of NH3 to 

the 1629 cm-1 intensity is calculated according to the known NH3 concentration first; then the 

contribution of NO2 and further the NO2 concentration can be calculated. 

(iv) For the calculation of the NO concentration, the contribution of water to the intensity at 1909 

cm-1 needs to be considered.  

(v) As N2 is IR inactive, the concentration can be obtained based on the conservation of mass with 

respect to N.  
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9.3. Supplementary information for Chapter 4  

 

 

Figure S4-1. Schematic diagrams of pore shapes of the three tested samples. 

 

 

Figure S4-2. According to Cochran et al.((a)),100 the weight loss can be subdivided into three 

stages: (i) prior to decomposition, the salt melts and releases loosely bound water (<100 °C), 

or evaporates as aqueous acid azeotrope at a boiling point of about 120 °C; (ii) at higher 

temperature (>266 °C), residual nitrate thermally decomposes into NOx gas and forms a solid 

metal hydroxide product; (iii) the resulting cerium hydroxide condenses to form ceria. Kang et 

al. have proposed a more detailed mechanism for the decomposition of Ce(NO3)3 ((b)) 

according to which Ce(NO3)3 transforms first to Ce(NO3)2 at about 245 °C, then to Ce(NO3) at 

about 270 °C, and finally to CeO2 at about 295 °C.101 
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Figure S4-3. DTG profiles of bare cerium nitrate, asSBA-15, and mixtures of SBA-15 and 

cerium nitrate during heating to 500 oC in air or inert N2 (heating rate: 1.5 oC/min). 
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Figure S4-4. In situ detection of exhaust during calcination of samples (a) asSBA15-air, (b) 

asSBA15-N2.  
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Figure S4-5. In situ Raman spectra (514.5 nm) during the calcination of (a) tfSBA-L-CeO2-air, 

(b) asSBA-L-CeO2-air, and (c) asSBA-L-CeO2-N2, following the protocol given in Fig. 4-1a. 

Spectra are offset for clarity. The feature at about 250 cm-1 has been shown to originate from 

the longitudinal stretching mode of surface oxygen against cerium ions (Ce-O) as well as a 

contribution of the 2TA phonon,3, 4 whereas the additional feature at about 279 cm-1 is 

tentatively assigned to a nitro species formed during the transformation from cerium nitrate to 

crystalline ceria.5  
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Figure S4-6. DR UV-Vis spectra of the samples tfSBA-L-CeO2-air, asSBA-L-CeO2-air, and 

asSBA-L-CeO2-N2, recorded at room temperature after cooling from high temperature 

calcination in synthetic air. 

 

 

Figure S4-7. Calculation of band gap energies according to the in situ DR UV-Vis spectra by 

applying Tauc’s method. (a) tfSBA-L-CeO2-air, (b) asSBA-L-CeO2-air, and (c) asSBA-L-CeO2-

N2. In (c) the black curve represents the sample calcined in N2, followed by calcination in air at 

500 °C for 2 hours.  
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Table S4-1. Assignment of the IR features observed by in situ DRIFT spectroscopy. 

Wavenumber, cm-1 tfSBA-CeO2-air asSBA-CeO2-air asSBA-CeO2-N2 Ref. 

1225-1237  Hydrogen carbonates Hydrogen carbonates 279 

1253 Chelate NO2
-   280 

1303 Monodentate nitrates   133 

1345-1357 Free nitrate ions  Free nitrate ions 133 

1458   C-H deformation 281 

1539-1543 Bidentate nitrates Bidentate nitrates  110 

1613 Bridging nitrates   110 

1625-1636 Adsorbed NO2 Adsorbed NO2 Adsorbed NO2 133 

1663 Adsorbed N2O4   133 

1729-1732  C=O C=O 280 

1764-1767 Adsorbed NO Adsorbed NO Adsorbed NO 280 

1849-1981 Silica framework Silica framework Silica framework 133 

2290/2341  Adsorbed CO2  280 

2356-2360 CO2 CO2 CO2 282 

2484-2491 C-H C-H C-H 283 

2809 C-H2   284 

2867/2933/2976  C-H C-H 282 

2941 CH2   281 

3176 -OH   285 

3266 -OH   284 

3200-3500 -OH   284 

3700   Ce-OH 286 

3740 Si-OH Si-OH  284 
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Figure S4-8. (a) NO conversion and (b) N2 selectivity of the indicated samples in NH3-SCR of 

NO, using a feed gas consisting of 500 ppm NH3, 500 ppm NO, and 5% O2 (balanced with N2) 

and a total gas flow of 50 ml·min-1 (GHSV=30000 h-1). 
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Figure S4-9. Stability at 300 oC over the indicated samples in NH3-SCR of NO, using a feed 

gas consisting of 500 ppm NH3, 500 ppm NO, and 5% O2 (balanced with N2) and a total gas 

flow of 50 ml·min-1 (GHSV=30000 h-1). 
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Table S4-2. Catalytic temperature ranges and catalytic activities of cerium-based deNOx 

catalysts synthesized by different methods.  

Catalysts 
Preparation 

methods 
Reaction conditions 

NO
x
 conversion 

(temperature range) 
GHSV or GWSV Sources 

CeO
2
 

precipitation 

method 

NO =600 ppm, NH
3
=600 ppm, O

2
 

=5% 

45-60% 

(225-350 
o
C) 

108000 h
-1

 
287 

CeO
2
 

 hydrothermal 

method 
NH

3
 = NO = 500 ppm, O

2
 = 3.%,  

50% 

(300 
o
C) 

120000 ml g
-1

 h
-1

 
288 

CeO2 

thermal 

decomposition 

NO=736 mg/m3 

, NH3=417 mg/m3, O2 = 5% 

60-65% 

(300-400 oC) 
108000 h-1 28 

CeO2 impregnation NH
3
 = NO = 500 ppm, O

2
 = 5%,  

15-20 % 

(350-450 oC) 
120000 ml g-1h-1 289 

CeO2 

thermal 

decomposition 
NH

3
 = NO = 600 ppm, O

2
 = 5%,  

40-50% 

(250-325 oC) 
108000 h-1 29 

CeO2 one-pot NH
3
 = NO = 500 ppm, O

2
 = 3%,  

50-60% 

(300-400 oC) 
45000 h-1 290 

CeO2 

spread self-

combustion 
NH

3
 = NO = 500 ppm, O

2
 = 5%,  

15 % 

(300-500 oC) 
200000 ml g-1h-1 113 

CeO2/SiO2 wet impregnation  NH
3
 = NO = 500 ppm, O

2
 = 5%,  

70-80% 

(275-325 oC) 
48000 ml g-1h-1 66 

CeO2/SBA-15 wet impregnation 
NH

3
 = 1100 ppm, 

 NO = 1000 ppm, O
2
 = 5%,  

60-70% 

(200-300 oC) 
10000 h-1 291 

tfSBA-CeO2-air 

Solid state 

impregnation 
NH

3
 = NO = 500 ppm, O

2
 = 5%,  

30% 

(300-400 oC) 

30000 h-1 

(150000 ml g-1h-1) 
This work asSBA-CeO2-air 

50-60% 

(250-400oC) 

asSBA-CeO2-N2 

55-65% 

(200-450 oC) 
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9.4. Supplementary information for Chapter 5  

 

 

Figure S5-1. (a) N2 adsorption/desorption isotherms, and (b) NLDFT pore size distributions of 

tfSBA-CuO and asSBA-CuO. The N2 adsorption/desorption experiments were carried out at 77 

K using on an Autosorb-3B (Quantachrome Instruments, USA) device. 

 

 

Figure S5-2. Temperature-dependent NH3-SCR performance for the synthesized samples: (a) 

NOx conversion, (b) N2 selectivity. 

 

 



 

166 

 

 

Figure S5-3. In situ detection of the exhaust gas during NH3-SCR reaction of (a) tfSBA-CeCuO, 

(b) asSBA-CeCuO. The temperature was increased stepwise from 25°C to 500°C. The feed 

consisted of 500 ppm NH3, 500 ppm NO, and 5% O2 (balanced with N2) at a total flow rate of 

50 NmL/min (GHSV = 60,000 h−1). 
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Figure S5-4. TGA profiles of asSBA-15, bare cerium nitrate and bare copper nitrate during 

heating to 500 °C in air (heating rate: 1.5 °C/min). 
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Figure S5-5. Online IR detection of the exhaust gases during air calcination of the precursor 

samples (a) tfSBA-CeO2, (b) asSBA-CeO2. The temperature was raised from 25 oC to 500 oC 

at a heating rate of 1.5 oC/min.  

 

 

Figure S5-6. Calculation of band gap energies based on the in situ DR UV-Vis spectra shown 

in Fig. 5-8 by applying Tauc’s method. (a) tfSBA-CeCuO and (b) asSBA-CeCuO. 
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9.5. Supplementary information for Chapter 6  

 

 

Figure S6-1. N2 adsorption-desorption isotherms of TiO2 / SBA-15+nVOx (n = 1, 3, and 5) 

materials and SBA-15. 

 

 

Figure S6-2. UV-Raman (256.7 nm) of the TiO2 /SBA-15+3xVOx sample. Prior to VOx 

deposition the TiO2/SBA-15 sample was calcined at 500°C for 2h. 
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Table S6-1. Results of the XPS analysis of TiO2 /SBA-15+3xVOx. 

Elements   Position (eV)  FWHM (eV) % Area % Area in total 

Si 103.8 2.6   23.5 

C       5.5 

O 532.9 3.4   65.8 

V       2.4 

V
4+

 517.6 3.2 66.5   

V
5+

 516.3 3.2 33.5   

Ti       2.8 

Ti-O-Ti 458.7 2.0 51.7   

Ti-O-Si 459.9 2.4 48.3   

 

 

 

Figure S6-3. UV-Vis DRS of TiO2 /SBA-15+3xVOx sample using TiO2 /SBA-15 as the reference 

background. (a) hydrated, (b) dehydrated.  
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Figure S6-4. In situ detection of the exhaust gas during NH3-SCR reaction of (a) TiO2 /SBA-

15+1xVOx and (b) TiO2 /SBA-15+5xVOx at 100-450°C. The feed consisted of 500 ppm NH3, 

500 ppm NO, and 5% O2 (balanced with N2) at a total flow rate of 50 Nml/min (GHSV = 40000 

h-1). 
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