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General introduction  

The rapid development of the economy has increased energy demand. As the main original 

energy, fossil fuels are widely used in industrial production, vehicles, and ships, emitting a 

large amount of harmful pollutant NOX (mainly including NO and NO2). The NOx treatment 

methods are mainly divided into pre-treatment, combustion treatment, and post-treatment. 

However, the pre-treatment mainly requires a pre-treatment of the fuels resulting in important 

costs. The combustion treatment always needs strict conditions in actual industrial production 

and automobile exhaust treatment. Post-treatment, especially selective catalytic reduction with 

NH3 is one of the promising methods to remove NOx, producing clean N2 and H2O to avoid 

secondary pollution. The commercial catalyst V2O5-WO3/TiO2 has already been widely used 

in industries. Nevertheless, the catalytic conversion efficiency, operation temperature window, 

thermal stability, and recycling ability may still be improved. Moreover, vanadium is fairly 

volatile under typical catalytic conditions, resulting in the emission of toxic vanadium species. 

Therefore, the choice and design of novel efficient NH3-SCR catalysts are imminent. 

Apart from TiO2, CeO2 has demonstrated to be a promising support material for NH3-SCR, 

due to its superior oxygen storage, thermal stability, and acidity. Although ceria itself 

possesses activity under typical NH3-SCR conditions, the low activity has been assigned to 

the lack of acidity. The most common strategy to increase activity is to introduce another 

element, first of all to increase the acidity and to create the necessary acid/redox pair, 

proposed as the active site for this reaction. The introduced element or elements can be 

situated either on the surface or in the bulk (mixed oxide), depending on the catalyst 

preparation techniques (aqueous impregnation, co-precipitation, sol-gel), the loading of the 

novel element and the pre-treatment conditions. These classical synthetic methods usually 

provide an uncontrolled and ambiguous mixture of surface species. Obviously, such materials 

are unsuitable for mechanistic studies, determination of the active site and eventually 

distinguishing the catalytic role of each element. Consequently, several reaction mechanisms 

have been proposed, but yet no general agreement is reached. Nevertheless, the proposed 

mechanisms, always involve acidic and redox sites. This leads to another problematic, which 

is the type of acidity participating in the reaction mechanism. Several reports claim that it is 

Lewis acidity, while others demonstrate that it is rather Bronsted acidity (particularly for 

zeolitic systems, but also for metal oxide systems). Recently, single-site catalysis attracts a lot 

of attention, as multiple publications propose that the active site over traditional metal-oxide 
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catalysts (olefin metathesis, oxidation, dehydrogenation/hydrogenation of hydrocarbons) is an 

isolated metal site with a controlled coordination sphere. Single-site catalysts generally 

exhibit a higher atom efficiency and are more suitable for active site probing and mechanistic 

studies. As all sites are supposedly accessible, the activity per metal is expected to increase. 

Surface organometallic chemistry (SOMC) is considered to be an efficient method for 

immobilizing single-site moieties on the surface of oxides, particularly via the protonolysis of 

specific organometallic complexes. It has paved the way for researching the nature of active 

sites, determination of elementary steps of catalytic reactions, discovery of new reactions and 

acts as a bridge between homogeneous and heterogeneous catalysis. The choice of the 

promoting element is important. In the literature, most of the transition state metals have been 

studied, giving indeed different catalytic performances. This work is focused on early 

transition state metals of groups V and VI, owning high oxophilicities and redox capabilities, 

they may generate acidity (both Lewis and Bronsted) and can lead selectively to isolated 

metal oxo species.  

This work covers the preparation and characterization of ceria-based single-site catalysts for 

the reduction of nitrogen oxides by ammonia. SOMC approach is applied to obtain metal-oxo 

on the surface of ceria, which is regarded as the active site in the NH3-SCR reaction. Widely 

used additional metals for NH3-SCR reaction, from groups V and VI (W, Mo, V, Nb), are 

applied by designing suitable organometallic precursors, grafting them on a dehydroxylated 

ceria support, oxidizing the grafted species and applying further thermal treatments. The 

resulting materials are well-characterized and evaluated in a continuous flow reactor. 

Furthermore, the structure-activity relationship of the various surface species is investigated. 

This thesis is divided into 5 Chapters: 

Chapter I is devoted to drawing up the knowledge of structure, properties, and applications 

in redox reactions of ceria-based heterogeneous catalysts. The state of the art in ceria-based 

catalysts for redox reaction and their structure-activity relationship is presented. In particular, 

the research status of ceria-based catalysts in NH3-SCR reaction is discussed. After the 

bibliographic study, we present our goals and strategies employed for this work. 

Chapter II is devoted to the investigation of the surface of the ceria. The optimized 

temperature of calcination and dehydroxaltion are determined by In-situ DRIFT and XRD. 

The number of active surface hydroxyls and the mobility of lattice oxygen in ceria structure 
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are studied. To synthesize the predicted active species W-oxo on the surface of ceria, a novel 

strategy is designed in that tungsten Schrock complex [W(≡CtBu)(CH2tBu)3] is grafted onto 

ceria followed by oxidation under air. The grafting and oxidation process are disclosed based 

on structural characterization. The catalytic performances in NH3-SCR and structural stability 

are evaluated and compared to those of bulk ceria and WOx/CeO2 synthesized by the classical 

impregnation method.  

Chapter III is dedicated to vanadium supported on ceria prepared by SOMC. Catalysts 

prepared from different vanadium precursors and with different vanadium loadings have been 

synthesized, characterized and tested in NH3-SCR reaction. In order to prepare isolated V-

oxo/CeO2 catalysts, different precursors (the dimeric V5+ precursor [V(=O)(OEt)3]2, 

monomeric V4+ precursor [V(CH2SiMe3)4], and monomeric V5+ precursor [V(=O)(OtBu)3]) 

are grafted on the dehydroxylated ceria, followed by the calcination at 500 oC. These 

materials have been structurally characterized and investigated for NH3-SCR reaction.  

Chapter IV extends this strategy to obtain niobium-oxo supported on CeO2
 by grafting 

[Nb(OEt)5]2 on the support and calcining under air at 500 oC. The obtained materials have 

been characterized and the calcined sample has been submitted to NH3-SCR reaction. The 

catalytic activity of different metal oxo supported on ceria catalysts synthesized during this 

thesis has been compared, and the most promising system has been identified.  

Finally, Chapter V brings a general conclusion and perspectives suggested for future 

researches. 
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1. Structure and properties of ceria  

Cerium, originating from rare-earth minerals Bastnasite, Monazite, and Loparite, is one of the 

most abundant elements, comparable in abundance to copper[1]. Cerium dioxide exhibits 

good thermostability even in harsh environments, such as temperatures up to 2000 K[2]. In 

addition, materials based on ceria have low toxicity and are compatible with many biological 

and inorganic materials[1][3]. Due to the reasons mentioned above, ceria has been employed 

in many applications over the past few decades. The exclusive properties are closely related to 

the unique crystal structure, oxygen vacancies, Ce3+/Ce4+ redox couple, and acid-base 

properties situated on different crystal planes.  

 

Fig. 1 Schematic illustration of the crystal structure of (a) ideal CeO2, and (b) CeO2 in the presence of one oxygen vacancy 

accompanied by two generated Ce3+species [4] 

1.1 Fundamental structure of ceria 

CeO2 typically presents the form of the cubic fluorite crystal structure (cubic closest packed) 

described by the Fm3̅m space group. As shown in Fig. 1a, the Ce atoms constitute the closest 

packed layer, while O atoms are situated in the tetrahedral holes (100% filled)[4]. The 

electronic configuration of an isolated Ce atom is [Xe] 4f1 5d1 6s2, which is mixed with a 4f 

Ln-1 configuration due to the similar energies of 4f and orbitals of ligand valence level [5]. 

This makes a reversible charge transfer between 4f1 5d0 Ce(III) and 4f0 5d0 Ce(IV), which is a 

unique behavior among rare-earth metals[6]. Usually, non-stoichiometric CeO2-x can be 

obtained as the following equation (I): oxygen is released followed by oxygen vacancy 

formation and leaving two electrons reducing Ce4+ to Ce3+, as shown in Fig. 1b. Moreover, 

CeO2-x has high oxygen mobility through the unoccupied octahedral hole, which is beneficial 

to heterogeneous catalysis reactions through the storage and release of oxygen. 

                 (I) 
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1.2 Common crystalline facets in ceria

Fig. 2 Atomic configurations of different crystal planes (A) CeO2(111), (B) CeO2(110), and (C, D) CeO2 (100) in unit cells. 

(Ce: black spheres; O: the white spheres). CV refers to the number of coordination vacancies around the Ce and O atoms[7]

Generally, three typical lattice planes ((111), (110), (100)) are most exposed on the surface of 

Ceria. Different crystalline planes exhibit varied atomic arrangements and compositions, 

which present different coordination environments of Ce4+. Furthermore, these crystal facets 

may possess unique reactivity for catalytic reactions and provide various structure-activity

correlations[8]. Characteristic parameters from DFT calculations of different crystal planes 

from the literature[9] are presented in Table 1.

Table 1 Characteristics of the low-index surfaces of CeO2 (111)[9]

111 110 100

Coordination Numbers O (3), Ce (7) O (3), Ce (6) O (2), Ce (6)

Coordinative unsaturated sites O (1), Ce (1) O (1), Ce (2) O (2), Ce (2)

Surface energy (eV)a 0.69 (0.68) 1.26 (1.01) 2.05 (1.41)

Oxygen vacancy formation energy (eV)b 2.60 1.99 2.27
a Unrelaxed and (relaxed) values of surface energies.
b Vacancy formation energy.

As shown in Fig. 2A, CeO2(111) is a Tasker Type 2 oxide surface[10] described by three 

layers, O–Ce–O, with charge neutrality. As for the coordination environment, O and Ce each 

have a single coordinately unsaturated site. When reduced, a single O anion is presumably 

removed, producing two Ce3+. CeO2(110) is a Tasker Type 1 oxide surface with the same 

composition in each layer and presents charge neutrality (Fig. 2B). On the CeO2(110) surface, 

O exhibits one unsaturated coordination site, and Ce shows two unsaturated coordination sites. 

Atomic configurations of CeO2(100) in Fig. 2C is a Tasker Type 3 oxide surface with an O-

Ce-O-Ce layered structure[10], which is unstable due to the presence of a surface dipole. To 
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eliminate the dipole moment, the model is corrected by removing half of the ions from one 

layer and moving them to the opposing face (Fig. 2D). Herman[11] used mass spectroscopy 

of recoiled ions (MSRI) to investigate the structure, and found atomic configurations being 

consistent with Fig. 2D. O and Ce on the surface of CeO2 (100) each have two unsaturated 

coordination sites. When CeO2(100) is treated with a reducing agent, O from the outer layer is 

removed, which increases the unsaturated sites on the surrounding Ce3+ cations.  

 

Fig. 3 (A) HREM image of a typical CeO2 nanocube. (B) A magnified HREM image from the blue region in (A). (C, D) The 

comparsions between simulation and experimental HREM results. (E) HREM images and simulation results from magnified 

HREM image of the (100) surface (the white square in (A)). (F) An experimental HREM image of the CeO2(110). (G, H) 

Details of HRTEM images and simulations of the CeO2 (111) surface with O/Ce terminations[12] 
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Direct visualization of the surface atoms by a spectroscopic technique is crucial to correct the 

model from theoretical simulation. Marks and his co-workers[12] systematically investigated 

the atomic structures using the aberration-corrected HREM over CeO2 nanocubes (Fig. 3A) 

synthesized by the hydrothermal method. Fig. 3C-E shows the HREM images of CeO2(100) 

which is well-matched with the simulated model. A lot of oxygen vacancies are presented in 

CeO2(110)(Fig. 3F), which is consistent with the lower oxygen vacancy energy for CeO2(110) 

listed in Table 1. Compared to the simulated images, HREM experimental images in Fig. 3G, 

H confirm the termination with O on the surface of CeO2(111). These images demonstrate 

that a hexagonal arrangement of anions and cations is present on CeO2(111), and its spacing is 

consistent with bulk termination. Similar results have been observed by Gritschneder and his 

co-workers[13]. 

In a catalytic reaction, the adsorption of reactants on the CeO2 surface and the surface redox 

properties vary with the different atomic arrangements and coordination environment. On the 

surface of CeO2(111), reactants cannot easily form a bridged bonding with two Ce atoms 

because of the presence of O and the distance between two Ce atoms. However, it is possible 

to have a bridge bond between two adjacent Ce cations on the surface of CeO2(100), resulting 

from more Ce exposure. Mullins et al.[14] have investigated the TPD process of oxidized 

CeO2(111) and CeO2(100) after adsorption of water at 180 K. They have found that hydroxyls 

are more stable on the oxidized CeO2(100) than CeO2(111) due to the different amounts of 

unsaturated coordinated sites. This is consistent with calculation results from Molinari et 

al.[15] showing that the dissociated state of water is most stable on CeO2(100). 

As mentioned in Table 1, oxygen vacancies formation energy varies with crystal facets. Wu 

and his co-workers[16] have synthesized ceria nanorod ((110) + (100)), nanocube ((100)), and 

nano-octahedra ((111)). They have found that intrinsic defects (see section 1.3) in all these 

different ceria are Frenkel-type oxygen defects, and the number of defects inside decreases 

from ceria nanorod ((110) + (100)) > nanocube ((100)) > nano-octahedra ((111)). Wang et 

al.[17] reported that positively charged gold is stabilized by an interaction with oxygen 

vacancy sites, which is dominant in Au/CeO2 nanorods with a proportion of 71%, followed by 

Au/CeO2 nanocube and Au/CeO2 nano-octahedra. 
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1.3 Intrinsic defects: oxygen vacancy  

Defects in the crystal structure are zones where regular crystal patterns are interrupted and 

form a disorder in a perfectly ordered system, increasing its entropy and impacting the 

reactivity of solid materials. Generally, defects in materials can be classified into intrinsic and 

extrinsic. The intrinsic defects in ceria crystals depend on the temperature and oxygen 

pressure in the environment. Different CeO2-x composites can be formed in the absence of 

extrinsic dopants. When CeO2 is near to nanoscale, a substantial concentration of punctual 

defects is beneficially formed at high temperatures on surfaces, under low oxygen partial 

pressures [6][7]. In addition, oxygen vacancies formation energies of intrinsic defects vary 

with exposed crystal planes, as mentioned before. 

 

Fig. 4 Illustration of the formation process of oxygen vacancy[18] 

As shown in Fig. 4, an oxygen atom moves away from its lattice position, creating a vacancy 

and leaving two electrons behind that can reduce cerium, related to the quantum effect of 

localization/delocalization of the 4f electron of cerium[18][19]. Moreover, the bulk oxygen 

would give a continuous supply to the surface due to the oxygen diffusion, which usually 

improves the ceria's reducibility. When the ceria-based materials are treated with an O-rich 

ambiance, the oxygen vacancies will be readily healed, making these materials suited for 

oxygen storage buffering during the catalytic process[20]. Madier and his co-workers[21] 

observed that the total number of oxygen atoms exchanged at 600 °C is much larger than the 

calculated number of surface oxygens, suggesting the participation of bulk oxygen in the 

isotope oxygen exchange process on Ce-Zr mixed oxides (CeZrOx), and confirming the 

oxygen mobility between surface and bulk.   
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Oxygen vacancy, a viral defect in the ceria structure, plays a pivotal role in controlling the 

storage and release of oxygen and serves as adsorption and activation site. High-resolution 

scanning tunneling microscopy (STM) offers the opportunity to visualize the oxygen 

vacancies directly. Esch and his co-workers[22] systematically studied the structure of such 

vacancy by STM on the surface and subsurface (Fig. 5). In combination with DFT 

calculations, they reported that the formation of oxygen vacancies makes electrons localized 

on Ce atoms (the formation of Ce3+). The localized electrons turn this site more reactive, 

especially for electrophilic substances.  

 

Fig. 5 STM images and calculated density of states (DOS) of CeO2(111)[22] 

Furthermore, oxygen isotopic-exchange measurements with 18O2 labeling and mass 

spectroscopic analysis shed light on more detailed investigations on the redox process and 

kinetic study of oxygen activation and diffusion on the surface and bulk during the reaction 

process. Holmgren et al.[23] reported that isotopic oxygen exchange on Pt/CeO2 does not 

proceed via Pt but occurs directly on ceria, which is different from Pt/Al2O3 where the 

exchange strongly depends on the Pt content. Descorme and his co-worker[24] observed the 

presence of superoxide sites at room temperature by combining isotopic oxygen exchange 

with FTIR on CexZr1-xOy during oxygen adsorption. Moreover, they proposed that binuclear 

oxygen species may be involved in oxygen mobility on ceria-based materials. Using laser 

Raman spectroscopy and isotopic exchange, Ozkan and his co-workers[25] had previously 

reported that adding Ca to Co/CeO2 increased O-mobility and resulted in higher H2 yields in 

ethanol steam reforming. 
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Oxygen vacancies may have a crucial role in several catalytic reactions. For instance, the NO-

ceria interaction in NH3-SCR reaction strongly depends on the surface oxidation state of ceria. 

Yang et al.[26] calculated the adsorption energy of NO on reduced and non-reduced CeO2. 

They found that the adsorption energy of NO on reduced ceria is almost ten times higher than 

that on unreduced ceria. Zhang and his co-workers[27] got similar results from DFT+U 

calculations, and they further proposed that NO preferably adsorbs at the surface oxygen 

vacancy. Oxygen vacancies in ceria have been reported not only to adsorb reactants like NO 

but also to activate them. Nolan et al.[28] explained the N-N bond formed accompanied by 

the lengthening of the N-O bond when two NO molecules are adsorbed at neighboring 

vacancy sites. In addition, oxygen vacancies may also act as binding catalytically active 

species to ceria [22]. For example, Fu and his co-workers[29] demonstrated that the formation 

of well-dispersed non-metallic gold on the ceria surface related to the partial lattice filling of 

vacant Ce sites by Auδ+, is responsible for the water-gas shift catalysts activity.  

1.4 Extrinsic defects: doping defects 

 

Fig. 6 Illustration of different extrinsic defects[30] 

The extrinsic defects, originating from doping with a foreign element, in the ceria crystal 

structure are likely to occur on atoms that have a similar size as Ce but with a different 

oxidation state, or other tetravalent cations[31]. Such defects can be created by three different 

approaches: I) When low-valence metal ions are introduced, the missing positive charge is 

compensated by creating extrinsic oxygen vacancies. For instance, ceria-based materials 

doped with low-valence acceptor cations, Ca2+, Gd3+, and Sm3+ show a high ionic 

conductivity, resulting from more oxygen vacancies as charge carriers[30]. II) When high-

valence metal ions are incorporated, the extra positive charge would be compensated by both 

Ce3+ and O interstitials[32]. Heinzmann and his co-workers[30] observed interstitial oxygen 

besides regular lattice oxygen in Ta-doped ceria by 17O NMR, which is absent in Gd-Doped 

(the difference is illustrated in Fig. 6). III) When CeO2 is doped by other tetravalent cations, 
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host materials are easily reduced, which generally enhances oxygen storage capacity. Sossina 

M. Haile and his co-workers[33] found that ceria materials even with a low 5 mol% Zr 

substitution exhibited an extent of reduction compared with undoped ceria. They attributed 

this enhancement in the reducibility to the preferred presence in Zr-doped materials of a Zr 

configuration with a 7-fold (over 8-fold) coordination by oxygen, accompanied by the 

creation of oxygen vacancies.  

 

Fig. 7 (A) Normalized XANES spectra at Ce LIII-edge of CeCo-PT. (B) Fourier-transformed EXAFS spectra of CeCo-PTI 

and CeO2. (C) Normalized XANES spectra at Co K-edge of CeCo-PTI (references: Co foil, CoO, CoPc, and Co3O4)[34] 

Defect-induced local distortions and short-range associates are non-periodic, and thus not 

easily detected by conventional X-ray powder diffraction. Recently, researchers developed 

several analytic methods which could provide further insights into defect-induced local 

distortions without relying on long-range periodic symmetry[31]. Thermo-gravimetric 

processes and conductivity measurements combined with defect chemical modeling and 

atomistic simulations provide more information about enthalpies and entropies of defect 

interactions[33]. By careful peak assignment, Raman spectroscopy may reveal local structural 

changes, reflecting the presence of defects[26]. X-ray absorption fine structure (XAS) 

spectroscopy techniques (EXAFS and XANES) shed light on probing the local bonding 

environment of metals in ceria and its derivates, offering information on the coordination 

environments of defects and next-nearest neighbors in the atomic structure[31]. After 

performing X-ray absorption spectroscopy (XAS) measurements at the Co K-edge and Ce 

LIII-edge over CeCo-PTI (as shown in Fig. 7), Cheng and his co-workers[34] disclosed the 

coordination environment around Ce and Co species and found a longer shifted bond distance 

assigned to Ce-Co bonds formation from Ce LIII-edge EXAFS.  
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1.5 Redox pairs Ce3+/Ce4+ 

Ce3+ is obtained by the reduction of Ce4+ upon the formation of oxygen vacancy. DFT 

calculations have revealed that the surface truncation of corners, steps, and kinks are typically 

recognized as frequent locations where reduced Ce3+ are expected to exist[7]. Directly 

visualizing Ce3+, like analyzing the shape and positions of ionization edges, can shed light on 

the distribution of valence state Ce4+/Ce3+. Sara and her co-workers [35] used EELS and 

electron tomography to investigate the distribution of Ce valences of CeO2 nanostructures. Fig. 

8 provides 3D visualizations of the octahedral and truncated octahedral of CeO2, the 

Ce3+/Ce4+ (red/green) distributed in these morphologies and its slice across. The homogeneous 

shell thickness of the CeO2(111) octahedral facets (Fig. 8a-c) suggests that Ce3+ is evenly 

distributed across the facets. Moreover, quantitative results on Ce3+ were deduced from this 

approach, showing that the Ce3+ concentration on the CeO2(111) is likely to be 20%-30%, 

while 54% of Ce3+ are present in the corners. They also reported the HAADF-STEM 

reconstructions of a truncated octahedral morphology, which exposed amore CeO2(100) (Fig. 

8d). Comparing the slices in Fig. 8c and 8f, surface facet CeO2(100) shows a higher degree of 

surface reduction than CeO2(111).  In addition, Turner and his co-workers[36] reported that 

only Ce atoms in the top layer were reduced to Ce3+, and the mixed Ce4+/Ce3+ layers emerged 

on the second and third atomic layers on the surface of CeO2(111). 

 

Fig. 8 STEM-EELS analysis of the Ce4+/Ce3+ distribution inside CeO2 nanostructures. (a,d) HAADF-STEM reconstructions 

of a near-perfect and a truncated octahedral ceria particle. (b,e) Corresponding 3D visualizations of the nanoparticles showing 

the valency results for Ce3+ and Ce4+ from results of EELS. (c,f) Slices through quantitative distribution of Ce3+ and Ce4+ [35] 
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Heterogeneous catalytic reaction occurs on the active site which occasionally is the interface 

between the support and the immobilized element. Therefore, the Ce3+/Ce4+ redox pair present 

on the catalyst's surface could participate in the reaction cycle and shows great significance in 

the catalytic performance. Qin and his co-workers[37] developed an amorphous Fe2O3-

modified CeO2 catalyst to synthesize imine from benzyl alcohol and aniline. As shown in Fig. 

9, Fe2O3 plays a vital role as an initiator in the [O] transfer cycle of Ce4+/Ce3+ by the strong 

synergetic effect between Ce4+/Ce3+ and Fe3+/Fe2+ redox pairs, which is also responsible for 

the high catalytic activity. Liu and his co-workers[38] reported that reducing Ce4+ to Ce3+ and 

Ni2+ to Ni0 appeared at 700 K under 100 mTorr CH4, while it is absent in the single 

constituent. Since ceria supply oxygen species through the partial dissociation of carbon 

dioxide (CO2→CO+O), which inhibits coke formation, the catalyst has a high degree of 

stability. 

 

Fig. 9 Proposed reaction mechanism for CeO2 catalyzed synthesis of imines from alcohols and amines[37] 

1.6 Acid-base property 

 

Fig. 10 Proposed reaction process and active sites for alcoholysis of amides on CeO2[39]. 

Metal oxide surface can be considered to constitute acid-base pair sites[14]. For pure ceria, 

cerium ions and oxygen vacancies are the Lewis acidity sites, while oxygen ions are the 
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source of basicity. Although the surface of metal oxide may be extensively protonated, it is 

widely accepted that CeO2 lacks Brønsted-acid sites and exhibits weak Lewis acidity.[40] 

Lewis acidic sites show the importance of the adsorption of reactants. For example, Ce4+, a 

Lewis acid center, is responsible for the adsorption of CO in oxidation reactions[41]. 

Different strategies have been demonstrated to introduce Brønsted-acid sites and adjust the 

ratio of Lewis acid sites by for instance controlled synthesis of ceria having a preferred facet 

on the surface[42], pretreatment with various acids[43][44], doping with transition state 

metals[45][46], and employment of mixed oxides[47][48]. For example, Nelson and his co-

workers[49] adjust the ratio of different types of acidic sites by controlling the deposited 

phosphate amount.  

 

Fig. 11 (a) Strategy for the generation of heterogeneous/homogeneous hybrid catalyst self-assembly. (b) Self-assembled 

heterogeneous/homogeneous hybrid catalyst based on CeO2 and pyridine derivatives[50] 

Besides the acidity, the solid basic sites from the lattice oxygen may directly participate in the 

catalytic cycle for specific reactions. Takashi and his co-workers[39] observed that a 

nucleophilic attack by the lattice oxygen basic sites is the rate-determining step in the 

alcoholysis of amide. Additionally, the Lewis acid sites in ceria with the appropriate strength 

could speed up this process, producing higher activity with respect to MgO and TiO2 (Fig. 10). 

Based on the unique acid-base property, self-assembled hybrid catalyst can be generated after 

adding a basic organic modifier[50]. The heterogeneous/homogeneous hybrid catalyst 

composed of CeO2 and 2-cyanopyridine (Fig. 11) exhibits increased catalytic activity 

(reaction rate > 2,000-fold) for the hydromethoxylation of acrylonitrile compared to CeO2 or 

2-cyanopyridine alone. Wang and his co-workers[45] revealed that the interfacial [Ru-O-Ce-

VÖ] sites as Lewis acid−base pairs, including basic interfacial oxygen of Ru-O-Ce linkage 

and the adjacent acid oxygen vacancy site, are the active sites for Ethylene 

Methoxycarbonylation.  
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2. Applications of ceria in catalysis 

Ceria-based materials have found many applications due to the aforementioned properties. 

The essential features, such as high thermal stability, appropriate band gap value, oxygen 

storage capacity, redox and acid/base properties make such solids relevant within catalysis. 

Ceria-based materials are commonly used in selective oxidation reactions (CO oxidation, 

methane reforming, volatile organic compound decomposition, etc.). Selective reduction 

reactions are another significant application of CeO2, like the reduction of NOx, CO2 

reduction, and hydrogenation of alkynes. Moreover, the stable structural properties, adequate 

band gaps, and the presence of unique Ce3+/Ce4+ redox pairs make CeO2 a promising material 

in photocatalytic applications. Reported examples are photocatalytic oxidations (such as 

alcohols, amines, and degradation of organic pollutions), photocatalytic reductions (CO2, 

nitroaromatic compounds, and heavy metal ions), and other photocatalytic organic 

transformations (like photocatalytic Suzuki−Miyaura coupling reactions, and DNA 

photolyase). Besides, ceria-based materials have gained accelerated popularity in 

transforming nitriles and amides, thermochemical water splitting, organic synthesis using CO2 

as carbon feedstock, and the transformation of biomass and its derivatives. In this section, we 

focus on the roles of ceria-based catalysts in some redox reactions.  

2.1 Photocatalytic reactions 

Photocatalysis, excited by solar energy to generate photoelectrons and holes to achieve 

surface catalysis, is an environmentally friendly and sustainable technology that has received 

growing attention with respect to classical thermal catalysis[51]. CeO2 is the typical indirect 

transition n-type semiconductor, with a special electronic configuration ([Xe] 4f1 5d1 6s2). 

Bulk CeO2 has a broad band gap of nearly 3.2 eV, exhibiting a strong absorption at 350 nm 

resulting from a charge transition from O 2p to Ce 4f orbitals, but mainly absorbs UV 

light[52]. The unique redox pairs of Ce3+/Ce4+ are also beneficial to the charge transfer 

reactions. CeO2 meets the criteria to become potential photocatalysts based on these unique 

electronic and photo-electronic properties. However, the photocatalytic activity of bulk CeO2 

is still limited by its low light utilization and bad separation efficiency of photoelectrons and 

holes. Therefore, researchers have conducted a variety of strategies to improve their 

photocatalytic activities, particularly in CO2 fixation, and selective oxidation and 

reduction[40]. 
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2.1.1 Photocatalytic oxidation  

Ceria-based materials have been applied in the selective photocatalytic oxidation of alcohols, 

amines, and olefins into value-added chemicals[53][54][55]. Li and his co-workers[56] 

prepared a catalyst for the selective photocatalytic oxidation of benzyl alcohol to 

benzaldehyde with (Gold Core)@(Ceria Shell) nanostructures. As shown in Fig. 12, they 

found that photons excited from Au nanocrystal overcame the Schottky barrier on the 

interface and transferred to the conduction band of CeO2 to generate Ce3+ species. In addition, 

adsorption of O2 on the surface of the CeO2 shell coordinated to Ce3+ species forms Ce-

coordinated superoxide species (Ce(IV)-O-O•). This species accelerates the H-abstraction of -

CH2- group of benzyl alcohol and creates cerium hydroperoxide simultaneously, followed by 

abstracting a proton and forming benzaldehyde and H2O2. During this process, LSPR-induced 

Au core enhanced the light absorption, and Ce3+/Ce4+ redox pairs transferred the electrons 

from the inner layer of the CeO2 shell to its outer layer, improving the separation efficiency 

and enhancing the catalytic activity.  

 

Fig. 12 Proposed mechanism for the selective oxidation of benzyl alcohol to benzaldehyde with O2 over the (Au 

core)@(CeO2 shell) nanostructure catalyst under visible light illumination by Li et al.[56] 

Unlike the thermo-oxidative self-coupling of benzylamines to imines that requires external 

heat supply, the photo-oxidative pathway may occur at room temperature and is a more 

sustainable strategy[58]. Chai and his co-workers[57] reported a catalyst with CeO2-rod/g-

C3N4 heterojunction structure, which exhibited 3 times activity than that of pure CeO2 or g-

C3N4 in the photo-oxidative coupling of benzylamine under irradiation with a 300 W Xe arc 
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lamp at 308 K and with an air balloon. They explained the excellent activity of the prolonged 

photoinduced holes and superoxide radicals produced by the heterojunction structure (Fig. 13). 

In addition, the increased content of Ce3+ ions and oxygen vacancies were considered as the 

main factors. 

 

Fig. 13 Reaction mechanism of photo-oxidative coupling of benzylamines by the CeO2-rod/g-C3N4[57] 

2.1.2 Photocatalytic reduction 

 

Fig. 14 Schematic illustration of the possible mechanism of CO2 reduction over Cu/CeO2–x[59] 

Photocatalytic reduction of CO2 with H2O to CO and other hydrocarbons such as CH4, 

methanol, and HCOOH, is regarded as the cleanest and most promising solution to reduce the 

CO2 concentration in the atmosphere[40]. Photogenerated electrons are produced by light 

excitation, and transfer to oxygen vacancies. CO2 molecules adsorbed on this site can readily 

be reduced to CO. The holes on the VB of CeO2 can oxidize H2O to produce H2, which reacts 

with CO2 to form CH4[40]. It is generally accepted that the introduction of oxygen vacancies 

modifies the intrinsic electronic properties and band gap of semiconductors by introducing a 

defect level (as shown in Fig. 14). Furthermore,  the defect level could increase the absorption 

of visible light, improves the separation and transfer of photogenerated charge carriers, and 

consequently enhances the photocatalytic activity of semiconductors[60]. Wang et al.[59] 

generated and stabilized oxygen vacancies in CeO2-x via the introduction of Cu in ceria, 
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enhancing CO2 photocatalytic reduction activity with a CO yield of 8.25 μmol/g-1 (26 times 

that of pure CeO2-x) after 5 h of irradiation. Wang and his co-workers [61] reported that 

bidentate carbonate (CO3
2−) and bidentate bicarbonate (HCO3

−) are the major intermediates in 

CO2 photoreduction. These species are likely to produce CO2, which can be further reduced to 

CO and CH4. In addition, the Ce3+ could increase the presence of these species by adjusting 

the CO2 adsorption state.

2.2 Selective oxidation  

2.2.1 CO oxidation

CO emission usually comes from the incomplete combustion of hydrocarbons. It is extremely 

toxic and can replace the oxygen attached to hemoglobin, restraining oxygen transport in the 

blood. Besides, CO promotes the harmful ozone O3, another greenhouse gas in the 

atmosphere. Therefore, the oxidation of CO (2CO+O2→2CO2) is significant for automotive 

exhaust emission[62]. In the most recent generation of emission treatment catalysts, Pt and 

Pd-containing metal nanoparticles (NPs) are the most frequent additives to eliminate CO by 

oxidation. CeO2 has an excellent oxygen storage capacity resulting from the unique redox 

pairs Ce3+/Ce4+ among the various metal oxides and is therefore suitable for oxidation 

reactions. Giulia et al.[63] reported that Pd supported on ceria rod (which exhibits CeO2(111)

facets) shows activity in CO oxidation at room temperature. In contrast, Pd supported by ceria

cube (which exhibits CeO2(100) facets) shows considerable activity at temperatures above 

60 °C. Therefore, the activity of CO oxidation is related not only to the metal loading but also 

to the nature of the support. 

Fig. 15 Schematic illustration of the consecutive CO oxidation cycle on CeO2(111) via MvK mechanism[19]
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Mars-van-Krevelen is a convenient mechanism to explain the consecutive processes of CO 

oxidation on CeO2-based materials[64]. As shown in Fig. 15, successive molecular adsorption 

and desorption reactions are included in all elementary steps. In the first oxidation process 

(E0-E2), intermediate carbonate (O-CO-O) is formed by CO adsorbed on the bridge site of 

lattice oxygen. It is transformed to adsorbed CO2
δ−, followed by the desorption of CO2 and 

leaving an oxygen vacancy site. In the second oxidation process (E3-E5), the oxygen vacancy 

site is filled with molecular O2, and then the second CO molecular adsorbs onto this site to 

form second bridge-type carbonates. Similar to the first oxidation, carbonates in the second 

oxidation are transformed to CO2
δ−. The catalyst is regenerated after the desorption of CO2.  

It is common to promote the oxidation ability of CeO2–based catalysts with transition metals. 

Determining the maximum synergetic effect between the loaded metal and the support is 

significant for designing catalysts. Ha et al.[65] investigated the effect of the Au–CeO2 

interface on catalytic CO oxidation with two modeled Au/CeO2(100) and Au/CeO2(111). 

They found that the interaction of Au/CeO2(111) is more able to reduce Ce4+ to Ce3+ and to 

easier produce oxygen vacancy, which is a crucial factor for the rate-limiting step in the CO 

oxidation process (formation of CO2
δ− and desorption of CO2). Liu et al.[66] found that the 

Ce-O bond was lengthened at the interface of Pd and CeO2, which promotes the mobility and 

activity of surface O atoms and the transfer of electrons from Pd to the CeO2 surface to form 

Ce3+. These electrons then move to adsorbed oxygen molecules to form active oxygen species. 

Furthermore, metal atom adsorption is affected by the redox ability of the supported oxides, 

and the effect of strong metal-support interaction (SMSI) is another essential factor for CO 

oxidation over metal-loaded CeO2, which not only improves the resistance of metal atoms to 

sintering but also contributes to CO oxidation activity[67]. 

However, a system supported by noble metal would be deactivated due to a few impurities 

and high-temperature thermal treatment[68]. From an economic perspective, a catalyst based 

on non-noble metal or single-atom noble metal would like to be a more interesting alternative. 

For instance, Nie et al.[69] obtained an atomically dispersed Pt2+ on CeO2 by steam treatment 

at 750 oC, which maintained the stability up to 800°C in oxidizing environments. Furthermore, 

they reported that active surface lattice oxygen near atomically dispersed Pt was earned by 

hydrothermal processes, significantly improving low-temperature CO oxidation. This material 

is the most active and stable CO oxidation catalyst when compared to other promising 

catalysts, such as CoCuCeOx and 0.5 % Pd/La-Al2O3. Yang et al.[68] developed a novel 
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inverse Cu(111)/CeO2 catalyst, which shows a TOF 4-9 times higher than Pt(100), Pt(111), 

and Rh(111). Guo et al.[70] synthesized CuO/CeO2-polyhedra with a higher content of active 

Cu+ species and more oxygen vacancies, which exhibited a broader operating temperature 

window (CO conversion > 99.0% in the 90-125 oC range)  than promising commercial 

catalysts (Fig. 16). 

 

Fig. 16 STEM images of (A) Pt/CeO2 and (B) Pt/CeO2_S after 750 oC hydrothermal treatment. (C) CO conversion over 

Pt/CeO2_S for several cycles and (D) comparison experiments with other different promising commercial catalysts [70] 

2.2.2 N-H oxidation 

 
Fig. 17 Illustration of the reaction mechanism of transamidation reaction over ceria proposed by Tamura et al. [71] 
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Nitrogen-containing compounds hold a crucial role in pharmaceutical and agricultural 

products. A common strategy to access those compounds starting from an amine is 

synthesizing imine and other nitrogen-containing compounds by oxidative self-coupling. The 

weak Lewis-acid site and adjacent base sites of bulk CeO2 could activate an amide and amine, 

which are promising candidates for transamidation and other reactions involving N-H 

oxidation, as shown in Fig. 17.[71] Metal-loaded ceria based material was also extensively 

studied for the N-H oxidation, such as Au/CeO2-ZrO2 for the oxidation of cyclic amines.[72] 

Because of the challenge to identify N-containing intermediates and complex surface-active 

sites over the employment of mixed oxides, the mechanism of transamidation reaction is still 

under debate. Linda Al-Hmoud et al.[73] investigated the reaction pathway of oxidative self-

coupling amines to imines over Cu/CeO2. They reported the formation of imine intermediates 

PhCH=NH by dehydrogenation as the primary reaction, as shown in Fig. 18. Then, N-

benzylidenebenzylamine is formed via direct coupling between imine intermediates and 

another benzylamine (pathway A), which is promoted by copper species. Another pathway, B, 

produces benzaldehyde enhanced by CeO2 at a lower rate, while benzaldehyde spontaneously 

reacts with the second molecule (benzylamine). Putla et al.[74] reported that the interface 

between dispersed MnOx nanoparticles and the support, CeO2 nanocubes, shows unusual 

lattice expansion and abundant oxygen vacancy defects, a critical factor of outstanding 

catalytic efficiency for the oxidation of benzylamine. 

 

Fig. 18 Proposed reaction pathways for aerobic oxidation of benzylamine to benzylamine by Linda et al.[73] 
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2.3 Selective reduction  

2.3.1 CO2 reduction 

For catalytic conversion of CO2 into valuable chemicals, CO2 reduction is the most important 

reaction that has to be mentioned because of the negative oxidation state of carbon in most 

organic compounds. Reverse water gas shift reaction (RWGS), methanol synthesis, and CO2 

methanation are common reactions to obtain valuable CO, CH3OH, and CH4.[75] Yang et 

al.[76] compared the support effect between Cu/CeO2 and Cu/SiO2 in RWGS. The Cu/CeO2 

was found to be four times more active than Cu/SiO2 despite its similar Cu loading, particle 

size, and degree of Cu dispersion. The improved performance is attributed to the enhanced H-

spillover at the abundant interfaces between CeOx and Cu nanoparticles, which facilitates the 

reduction of Cu and CeOx to Cu0 and Ce3+. The produced Cu0 and Ce3+ could rapidly 

dissociate the CO2 to CO forming Cu+-CO intermediates.  

 

Fig. 19 Proposed reaction mechanism for CO2 reduction on Pt/CeO2. Illustration of reaction mechanism with 2 wt% Pt/CeO2 

(pathway 4a) and 0.05 wt% Pt/CeO2 (pathway 4b) [77] 

The formation of dispersed active species is beneficial in photocatalytic activity. Atomically 

dispersed single-atom catalysts can maximize the catalytic efficiency of various reactions 

while reducing the cost and quantity of catalysts. Wang and his co-workers[77] found that the 

single-atom catalyst Pt/CeO2 (0.05wt% Pt/CeO2) showed good thermal stability at 500 oC and 

a 7.2 times greater reaction rate than a nanocluster catalyst (2wt% Pt/CeO2). After their 
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investigation, they attributed this excellent activity to different geometric Pt arrangements, 

which had an impact on the selectivity of CO and CH4. Moreover, an isolated Pt atom weakly 

binds with CO, limiting further hydrogenation and blocking CO poisoning (Fig. 19). 

2.3.2 NH3-SCR 

The dominating application of ceria within selective reduction involves deNOx reactions. 

Nitrogen oxides, primarily comprising NO and NO2, emitted from power stations, industries, 

and automobiles are regarded as the major source of atmospheric contaminations. Nowadays, 

governments worldwide have introduced strict legislation and policies for the emission of 

NOx[78][79]. The efficient ways, such as exhaust gas recirculation, optimized fuel injection 

or using alternative tailormade fuels for superior combustion, are limited in widespread 

use[80]. Currently, selective catalytic reduction using NH3 as a reduction agent has been 

commercially applied to both stationary and mobile applications[81][80]. 

Nowadays, the current commercial industrial catalyst for NH3-SCR reaction is 

WO3/V2O5/TiO2, in which WO3 is used as a promoter, V2O5 is the primary active component, 

and TiO2 is used as the support. This catalytic system contains several issues: 1) V2O5 is toxic 

and volatile at high temperature; 2) a narrow operating temperature which limits the 

efficiency of DeNOx; 3) selectivity and stability are poor at high temperatures[82]. The 

stoichiometric reactions of this process can be described as follows: 

4NH3 + 4NO + O2 → 4N2 + 6H2O (Standard SCR)                                                (eq 1) 

2NH3 + NO + NO2 → 2N2 + 3H2O (Fast SCR)                                                       (eq 2) 

Ion-exchanged zeolite catalysts, especially Fe or Cu-exchanged zeolite, are other widely 

studied materials for NH3-SCR reaction. Differently than for metal oxide catalysts, 

researchers attributed the reactivity of ion-exchanged zeolite catalysts to highly active isolated 

ion sites[83][84]. As shown in Fig. 20, it was proposed that NH3 adsorbed on Cu2+ sites 

continually reacts with NO to form NH2NO intermediates. Then Cu2+ was reduced to Cu+ 

while the intermediates decomposed. The Brønsted acid sites adsorbed NH3 form NH4
+, 

playing a vital role in storing and suppling NH3. NH3 continuously reacts with NO2
- to 

produce N2 and H2O, accompanied by the oxidation of Cu+ to Cu2+. Therefore, ion-exchanged 

zeolite catalysts show promising potential reactivity at low-temperatures due to the highly 

active NH4
+ formed by surface acidity and specially active isolated ion sites [82][85]. Park 
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and his co-workers[86] found that the isolated Cu2+ sites were transformed and redistributed. 

The structure of the ZSM-5 collapsed after hydrothermal aging (T>600 oC, 10 v% H2O), 

leading to a significant decrease in NH3-SCR activity of Cu/ZSM-5 catalyst. Although ion-

exchanged zeolites exhibit great catalytic activity, the stability of zeolites during high-

temperature hydrothermal processes, SO2 tolerance, and the effect of coking obstacles their 

practical applications due to the high temperatures produced from the engine combustion 

process and since the formation of water vapour is inevitable[87].  

 

Fig. 20 Proposed SCR cycle over Cu-SSZ-13 at 473 K. Oxidized Cu (top) and reduced Cu (bottom) moieties in the redox 

cycle described by Paolucci et al.[83] 

Like TiO2, with appropriate textural properties and favorable interaction with other 

components, ceria has been regarded as a promoter or support for NH3-SCR catalysts[88]. 

Gradually, researchers found that ceria can also work as an active component like V2O5, 

which makes ceria one of the most promising candidates for the next generation of NH3-SCR 

catalysts [89]. NH3-SCR over a solid catalyst in the presence of excess oxygen is a complex 

interfacial chemical process. Essential elements, like various active sites, intermediates, and 

catalyst surface reconfiguration have to be investigated in order to understand how the ceria-

based materials work in the NH3-SCR process[85][88]. Peng et al.[90] prepared WO3/CeO2 

by coprecipitation of ammonium paratungstate and cerium nitrate, and used the in-situ DRIFT 

and in-situ Raman techniques in order to characterize the structure of surface species during 

the NH3-SCR reaction. Upon exposure of NH3 at 200 °C, several new bands appeared at 1672, 

1579, 1430, 1250 and 1174 cm-1. Peaks at 1579 and 1174 cm-1 have previously been assigned 

to ammonia adsorbed on Lewis acidic site (originated from oxygen vacancies and unsaturated 

Wn+). Absorption at 1672 and 1430 cm-1 correspond to ammonia adsorbed on Brønsted acid 
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(localized on W-O-W or W=O from Ce2(WO4)3. Moreover, from operando DRIFT studies, 

the intensity of pre-adsorbed NH3 on Lewis acidic sites decreased faster than that of the 

Brønsted acid sites after introducing NO + O2, suggesting that NO reacts preferably with 

ammonia sitting on a Lewis acidic site. Consequently, the authors proposed the E-R 

mechanism over CeO2-WO3 catalyst with two independent cycles, named redox cycle and 

acid cycle. In this proposal, Brønsted acid serves for adsorption of NH3 in acid cycle, and the 

redox pairs Ce3+/Ce4+ promote the activation of NH3 and the following reaction with NO in 

the redox cycle, as shown in Fig. 21. However, the structure of different intermediates and the 

formation of N-N bond are not clearly explained. 

 

Fig. 21 Schematic proposed acid and redox cycles over the CeO2−WO3 catalyst[90] 

The complete cycle in the NH3-SCR process needs multiple investigations taking into account 

the different active sites involved in the putative mechanism. Liu et al.[91] systematically 

studied the complete catalytic cycle of NH3-SCR mechanism over W-doped CeO2 (Fig. 22), 

which consisted of four steps with different active centers: (i) Lewis acid site action, (ii) 

Brønsted acid site action, (iii) oxygen vacancy reaction, and (iv) catalyst regeneration. 

Similarly to other literature [92], they proposed that the catalytic activity attributed to the 

synergetic effects between acidity (both Lewis acid and Brønsted acid sites work for NH3 

adsorption) and redox ability (used for the activation of NH3, the H abstraction, and the 

reduction of NO). Moreover, they reported that oxygen vacancies produced by doping with W 

favorably tune the distribution of electrons in adsorbates and reacting molecules[93]. In the 

case of NH3-SCR reaction, localized Ce 4f electrons (around oxygen vacancy) may activate 

NO to produce NO- that is then transferred to form N2O2
2-, which strengthens the N-N bond 

and promotes the formation of N2. As noted, there may be multiple mechanisms, various 

active sites, and different active intermediates in complex NH3-SCR reactions. Although the 

real mechanism is still under debate, the synergetic effects between acid sites and redox sites 

are essential in NH3-SCR reactions. 
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Fig. 22 Proposed catalytic cycle of NH3−SCR reaction over W-doped CeO2 catalysts[91] 

Bulk CeO2 exhibits poor NH3-SCR activity. Hence, plentiful studies were conducted to 

improve the catalytic activity of ceria-based materials. Researchers generally introduce 

supplementary elements to alter the redox ability, surface acidity and morphology of the ceria 

support. The morphology of the catalysts, such as the exposed crystal plane and an enlarged 

surface area can influence the catalytic properties (as discussed in section 1.2). Hollow 

nanospheres of MnOx/CeO2 exhibited higher NOx conversion than solid nanospheres. This 

difference is attributed to a higher surface area, better oxygen mobility, and abundant surface-

active oxygen species[94]. 

 
Fig. 23 NO conversion at 300 oC with different morphologies and exposed crystal-Plane of TiO2/CeO2 catalysts[95] 

Cheng et al.[96] reported a Fe-Ce-Zr oxide with the three-dimensionally ordered microporous 

structure, which oxidized the soot below 400 °C and simultaneously removed NO in the 285–

420 °C range due to the microporous structure and more oxygen vacancies from Fe 

substitution. As mentioned before, common morphologies of CeO2 (NR nanorod, NC 
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nanocube, NP nanopolyhedra) exhibit various crystal planes with different oxygen vacancy 

formation energy. Yao et al.[95]found that TiO2/CeO2-NR exhibited a better NH3-SCR 

activity than TiO2/CeO2-NC and TiO2/CeO2-NP (as shown in Fig. 23), since (110) exposed 

facets in nanorods possess lower formation energy of oxygen vacancies and exhibit the best 

reducibility and the strongest interaction between well-dispersed TiO2 and CeO2 nanorods.  

 

Fig. 24 Proposed mechanism and catalytic performances for NH3-SCR reaction over Sm doped CeOx/TiO2[97] 

The appropriate redox ability is essential for NH3-SCR reaction. Promoting the oxidation of 

NO to NO2, inducing the “Fast SCR” can result in higher overall SCR catalytic activity. For 

further improvement of the oxygen storage capacity of CeO2, researchers developed several 

strategies to increase oxygen vacancies like doping or using another redox pair to facilitate the 

transfer between Ce3+ and Ce4+. Wei et al.[98] prepared Al3+ and Ta5+ doped CeO2 for 

synergistic NH3-SCR and the removal of chlorinated organics. Al-doped CeO2 is believed to 

tailor the electronic structure of O 2p states and enhance the activities in the low-temperature 

region, whereas the authors claim that Ta provides more electrons to the coordinated oxygen 

atoms than Ce4+, resulting in the formation of more Lewis base sites and a decrease in the 

catalytic activity in the low-temperature region. Besides binary CeO2-based materials, 

multivariate systems also exhibit excellent activity[99][100]. As shown in Fig. 24, The 

presence of redox cycles Sm2+ + Ce4+ ↔ Sm3+ + Ce3+ over Sm-doped CeO2-TiO2 suppress the 

electron transfer from SO2 to Ce4+ and thereby enhance the resistance to SO2.[97] Liu and his 

co-workers[101] reported that Cu-Ce-Ti ternary oxide possesses over 95% NOx conversion 

obtained at 200 to 400 °C, and even at 150 °C it shows 73% NOx conversion. They attributed 

this excellent activity to the presence of dual redox cycles (Cu2+ + Ce3+ ↔ Cu+ + Ce4+, Cu2+ + 

Ti3+ ↔ Cu+ + Ti4+) which decrease the energy required during the electron transfer between 

Cu, Ce and Ti active sites and promote the activation of NH3 and NO.  
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Although the oxidation properties remain important for NH3-SCR, over-oxidation of NH3 

needs to be avoided because it can decrease the likelihood of NH3 interaction with NO. In 

addition, mechanisms for the formation of N2O byproduct during NH3-SCR reaction are still 

unclear, but it probably relates to redox properties such as NH3 nonselective oxidation. In the 

E-R mechanism, ammonia is primarily adsorbed on Lewis acid sites on cerium atoms and the 

active surface oxygen speeds up the process by triggering successive H-abstractions on NH3, 

resulting in the formation of NH2 and NH species. Ma and his coworkers[102] proposed that 

N2O is created after NH reacts with NO and O2. In the L-H mechanism, N2O is produced as a 

result of the reaction between NH3 and surface nitrate.[103] Therefore, side reactions caused 

by excessive oxidation of NH3 should be avoided, while keeping in mind that redox ability is 

essential to obtain high activity in the NH3-SCR of NO. 

 
Fig. 25 Relationship between NH3-SCR catalytic activity and physicochemical properties of CeM samples[107] 

Apart from the redox properties, surface acidity is a second important parameter in NH3-SCR 

reaction. Poor acidity used to lead to low NH3-SCR activity, presumably due to low 

adsorption of NH3 on the surface. Therefore, it is essential to develop strategies to enhance the 

surface acidity. Surface acidification and the introduction of foreign acidic sites are the 

common strategies that have been reported so far. Chang[104] et al. reported that CeO2 

prepared with sulfate forms Ce(SO4)2/CeOSO4 which promotes the adsorption of NH3 and 

reduces the partial oxidation to N2O on Ce4+. H3PO4[42], HF [105], and HNO3[106] modified 

CeO2 are also reported. Zhang et al.[107] prepared a series of dual composites CeO2-MOx 

(M=Ti, Si, and Al) and they found a catalytic activity that follows the order: CeTi > CeSi > 

CeAl > pure CeO2, which is in agreement with the order of surface acidity (Fig. 25). Li et 
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al.[108] studied NO conversion activities of various metal oxides supported on CeO2-ZrO2 

catalysts. The order of maximum activity of the different catalysts is the following: W 

(91%) > Mo (85%) > Mn (45%) > Cr (38%) > Fe (27%) > Co (8%). They attributed this 

phenomenon to the synergetic effects between acidity and redox ability. Although there is an 

agreement on the benefits of acidic sites for NH3-SCR, attributed to a better adsorption 

capacity for NH3, there is no clear evidence to point out whether the related acidic sites are of 

Lewis or Brønsted character. Several reports insist on the vital role of Lewis acidity in their 

catalytic system based on ceria[109][110]. Conversely, other works claim that the NH3-SCR 

catalytic activity stems from the Brønsted acidity[111][112]. Noteworthy, Lewis acidic sites 

show higher thermal stability than Brønsted acid sites as shown by NH3-TPD from in situ 

DRIFT [90][113].  

 
Fig. 26 (A) NO conversion for the Nb−Sn−Ce oxide catalysts with different Nb doping ratios[114]; (B) evaluation of NH3-

SCR activity over HPW/CeO2[115]; (C) NO conversion obtained with V2O5/CeO2 catalysts prepared with various V2O5 

loadings and calcined at 400°C[116]; (D) NH3-SCR activity over VOx/CeO2 catalysts prepared by different methods: P: 

precipitation, I: impregnation, V: rotary evaporation, S: sol-gel[117] 

As mentioned above, the catalytic activity of ceria functionalized systems strongly depends on 

the synergetic effects between each component. At the same time, since acidity and redox 

properties are somewhat interconnected regarding the catalytic performance, a balance 
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between acid-base and redox ability must be considered to optimize the catalytic activity[88]. 

Therefore, an appropriate concentration of each component is significant. Yan and his 

coworkers[114] reported that Nb assists the production of oxygen vacancies that are used to 

trap active O2 species and subsequently accelerate the catalytic cycle. They found that the 

low-temperature SCR activity (< 250 °C) is gradually enhanced as Nb concentration is 

increased (Nb/Ce = 0.125 to 0.5, as shown in Fig 26A), while supplementary niobium leads to 

a sharp decrease in SCR activity at high temperatures because of the formation of Nb2O5, 

which only barely converts NOx in the operating temperature range (150-450 °C). The same 

phenomenon appears in the case of WOx/CeO2 system. EI arrouji and her coworkers[115] 

reported that a low loading in tungsten (2 wt%) HPW/CeO2 features the highest activity with 

a remarkable N2 selectivity (99 %) at medium-high temperatures (300-515 °C) compared to 

that obtained with higher loadings (4.5 wt %- 40 wt%), as shown in Fig 26B. The explanation 

is attributed to the presence of substantial amounts of monomeric tungsten sites on the 

catalyst surface being most likely responsible for the reaction under these conditions. 

Concerning the well-established vanadium system, it is reported that the V0.75Ce oxide 

catalyst displayed greater NH3-SCR activity than the traditional V2O5-WO3/TiO2 

catalyst[113].  

Since V2O5 is volatile and toxic once emitted to the atmosphere, researchers devote to re-

design the catalyst without the existence of crystalline V2O5 by using a low loading of 

vanadium[116]. To maintain the activity of VOx/CeO2, a good dispersion of vanadium on the 

support is necessary. Lian et al. [117] developed V2O5/CeO2 catalysts with 3 wt% V loading 

from different synthetic methods: Rotary evaporation impregnation, homogeneous 

precipitation, incipient wetness impregnation, and sol-gel. They found that VOx/CeO2 

prepared using homogeneous precipitation method demonstrated higher NH3-SCR activity 

and higher SO2 and H2O resistance in comparison to other catalysts, resulting from a lower 

CeO2 surface crystallinity on the surface and better dispersion of vanadium species (Fig. 26D).  

In summary, neat ceria contains the necessary components (acidity, redox properties) to carry 

out the NH3-SCR reaction. However, the catalytic activity is limited by active site distribution, 

surface acidity, and redox ability. Therefore, diverse functionalization such as tailored facet 

exposure, surface modification and doping have been investigated with the aim to enhance the 

activity. However, it turns out that the necessary criteria are interconnected and need to be 

properly balanced for optimal performances. Moreover, there are still many controversies in 
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the study of the mechanism of NH3-SCR: i) the role and necessity of Lewis or Brønsted acid 

sites; ii) the products NHx from NH3 activation; iii) the determination of the elementary steps 

between NH3 (gaseous/activation moieties) and NO (gaseous/activation moieties) according 

to the L-H or E-R mechanism; iv) how do different active sites work synergistically in 

multivariate systems. These remaining issues are related to the complex nature of the NH3-

SCR reaction and the structure of published conventional catalysts which usually contain high 

metal loadings and different surface species. It is generally accepted that the active sites are 

coming from M=O, M-O-M’ and M-OH moieties. Furthermore, a low loading but with 

highly-dispersed active sites leads to a more economical and active catalyst.  

Table 2 Recent investigations for Low loading metal oxides supported on ceria. 

Catalysts Loading Synthesis 
method 

Reaction 
conditions NO conversion Literature 

TiO2-CeO2 Ti:Ce = 1:9 Hydrothermal 
NO 500 ppm; NH3 
500 ppm; O2 5% 
GHSV: 60000 

ml/(g*h) 
70% at 300 oC [118] 

Fe-Mn/ CeO2 5 wt% Mn 
5 wt% Fe Impregnation 

NO 500 ppm; NH3 
500 ppm; O2 11% 
GHSV: 36000 h-1 

97 % at 200 oC [119] 

Mn/CeO2 5 wt% Mn Impregnation 
NO 500 ppm; NH3 
500 ppm; O2 11% 
GHSV: 60000 h-1 

T80(175-250 oC) [120] 

Fe/CeO2  
(Nitrite 

precursor) 
6.5 wt% Fe One-pot  

NO 600 ppm; NH3 
600 ppm; O2 5% 
GHSV: 60000 h-1 

T80(275-300 oC) [121] 

Fe/CeO2  

(Sulfate 
precursor) 

6.5 wt% Fe One-pot  
NO 500 ppm; NH3 
500 ppm; O2 5% 
GHSV: 60000 h-1 

T80(250-450 oC) [121] 

Zr/CeO2 Zr:Ce = 1:9 Hydrothermal 
NO 500 ppm; NH3 
500 ppm; O2 5% 
GHSV: 60000 h-1 

39 % at 200 oC [122] 

Al/CeO2 Al:Ce = 1:9 Hydrothermal 
NO 500 ppm; NH3 
500 ppm; O2 5% 
GHSV: 60000 h-1 

30 % at 200 oC [122] 

Si/CeO2 Si:Ce = 1:9 Hydrothermal 
NO 500 ppm; NH3 
500 ppm; O2 5% 
GHSV: 60000 h-1 

40 % at 200 oC [122] 

Co/CeO2 Co 10 wt% Incipient wetness 
impregnation 

NO 500 ppm; NH3 
500 ppm; O2 10% 

200 ml/min 
70 % at 300 oC [123] 

V2O5-
MnO2/CeO2 

5 wt% V2O5 
5 wt% MnO2  Impregnation  

NO 500 ppm; NH3 
500 ppm; O2 5% 

GHSV: 160000 h-1 
T80(300-350 oC) [124] 

Nb/CeO2 20 wt% Nb Impregnation 
NO 500 ppm; NH3 
500 ppm; O2 5% 
GHSV: 30000 h-1 

T80(175-450 oC) [125] 

WOx/CeO2 2%-40% Impregnation  
NO 300 ppm; NH3 
360 ppm; O2 12% 
GHSV: 60000 h- 

T80(250-550 oC) [115] 

Mo0.1CeSiO2 Mo:Ce = 0.1 Coprecipitation  
NO 500 ppm; NH3 
500 ppm; O2 5% 
GHSV: 90000 h-1 

T80(200-400 oC) [126] 

As shown in Table 2, W, Nb and V supported on ceria have been identified as promising 

candidates among several metal oxides supported on ceria, which is probably due to the 

following properties: i) presence of Lewis acid elements; ii) a Brønsted acidity brought to the 

support; iii) various oxidation states of the added metal; iv) presence of an oxophilic element 

resulting in a strong interaction with ceria. However, the classical reported synthesis 
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technologies that always result in a mixture of different surface species are unsuitable for 

further elucidation of the mechanism and the nature of the active sites. A primary issue to 

address is to synthesize catalysts containing uniquely one type of active site throughout the 

materials. An evident starting point is to focus on single atom with isolated species on the 

surface and determine the behavior of such species for NH3-SCR reaction.  

3 Surface organometallic chemistry for the preparation of supported catalysts 

Development of high-efficiency catalysts is a pursued objective within catalytic science. 

Supported metal oxides catalysts are widely used in industrial catalysis because of their 

robustness and easy preparation. Typically, in metal oxide or supported catalysts, only a 

fraction of the loaded metal is active, particularly for high metal loading materials[127][128]. 

As a result, more and more researchers attach their attention to single-atom catalysts, in which 

each metal atom acts as an active site. When metals are dispersed at atomic-scale sizes, 

several properties change, like an increased surface free energy, quantum size effects, 

unsaturated coordination environments, and stronger metal (metal oxides)-support 

interactions[129][130]. Generally, these changes result in different catalytic properties that 

used to be beneficial. Such systems, comprising a single atom supported on a surface, possess 

similar environments as in classical homogeneous catalysis, and are considered as a bridge 

connecting heterogeneous and homogeneous catalysis. In addition, since the surface species 

are isolated and uniform, single-atom catalysts are suitable for atomic scale understanding of 

heterogeneous catalytic reactions, with the help of characterization methods such as solid state 

NMR, EPR, XAS and HAADF-STEM[127]. 

3.1 Introduction of surface organometallic chemistry 

Surface organometallic chemistry (SOMC), is an established "catalyst by design" approach to 

obtain heterogeneous catalysts. Generally, it generates well-defined surface organometallic 

fragments (SOMF) or surface coordination fragments (SCF) by grafting organometallic 

complexes on a surface oxide bearing one or more, ionic or covalent bonds to the 

support[130][131]. Fig. 27 illustrates the general synthesis and characterization methods used 

for surface organometallic complexes supported on metal oxides.  
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Fig. 27 Synthesis and characterization of organometallic complexes supported on metal oxides 

Typically, SAC (single atom catalysis) usually focuses on precious metals[132], whereas 

SOMC is usually applied to early transition metals. Both approaches possess presumably 

isolated metal atoms on the surface, which gives the highest atom efficiency and helps 

researchers to clarify the elemental steps of the catalytic reaction. The isolated metal atoms on 

the surface of SOMC-prepared catalysts are pre-existed with spectator or reactive ligands 

such as halogen, N-heterocyclic carbene, amido, imido, alkyl, alkylidene, hydride, oxo, nitride, 

which may alter and tailor the catalytic activity [133]. Moreover, SOMC approach can also be 

used for the synthesis of single atom catalysts by removing all organic ligands with thermal 

treatments and non-oxidative procedures[134]. SOMC-prepared catalysts could be regarded 

as well-functionalized catalysts by introducing active moieties on the surface as single atom 

catalysts, which is a potential powerful approach in heterogeneous catalysis.  

When the metal phase is constituted by isolated sites distributed on the support, the 

environment of the metal center and the surface of the support (all ligands around the metal, 

as well as the associated atoms) can be fully characterized by combining modern techniques: 

in-situ IR, UV, EPR, solid state NMR spectroscopy [135][136], DNP-SENS (dynamic nuclear 

polarization-surface enhanced NMR spectroscopy)  and several X-ray absorption-based 

technique such as EXAFS (extended X-ray absorption fine structure) and XANES (X-ray 

absorption near edge structure) [137][138]. A sufficiently clear description of the materials at 

the atomic level is the basis for studying structure-activity relationships. 

During the reaction process, the entire SOMF/SCF can act as the active site. Different 

catalytic reactions can be achieved through the combination of metals and specific ligands 

(predictive catalysts), as well as more in-depth study of the structure-activity relationship 

bearing the "presumed cycle" based on knowledge in molecular chemistry (organic, organo-

metallic, coordination chemistry, biochemistry and so on). Similar to a classical approach in 

homogeneous catalysis, SOMC allows to design a heterogeneous catalyst for a given reaction 
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based on the proposed mechanism by varying the transition metal and the ligands. The 

resulting surface species is suitable for mechanistic investigations and can easily verify, reject 

or correct the initially proposed mechanism. Fig. 28 shows the flowchart describing the 

catalysis-by-design approach of SOMC to improve or discover catalytic reactions[131]. 

 

Fig. 28 Flowchart showing how the catalysis-by-design approach of SOMC can be applied to improve or discover catalytic 

reactions[131] 

Surface organometallic chemistry has paved the way for novel catalytic reactions by 

combining the benefits of classical homogeneous and heterogeneous catalysis and has 

demonstrated the reliability for single-atom catalyst preparation. In the next sections, selected 

examples involving the preparation and application of supported catalysts synthesized by 

surface organometallic chemistry of Group V (V, Nb), VI (W) transition metals are presented. 

3.2 Support materials for Surface Organometallic Chemistry 

Our research team has been studying the grafting of multiple organometallic complexes on 

various supports[139] (amorphous inorganic oxides[140], zeolites[141], metal surfaces[142], 

MOF[143]). The most applied support materials in SOMC are silica and alumina. 

3.2.1 Silica as support 

Amorphous silica is the most exploited inorganic support in surface organometallic chemistry 

of transition metals, owing to its simple structure (non-paramagnetic, contains only one type 

of anchoring point, stable). Upon heat treatment under vacuum, silica material undergoes a 

dehydroxylation process involving condensation of adjacent silanol groups, giving isolated 

and bridged (in interaction through hydrogen bond) silanols. The concentration of different 
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silanol types can be altered depending on the temperature. Millot et al. [144] reported that 

sum of all silanols and bridged silanols decreased, while the isolated silanols increased as the 

dehydroxylated temperature increased. After extensive efforts in characterization (titration, IR, 

NMR, and theoretical methods), a widely accepted model accompanied by a certain amount 

of silanol groups is available for silica dehydroxylated at different temperatures. 

 

Fig. 29 DRIFT spectra of dehydroxylated silica at (a) 200 oC and (b) 700 oC (inset: corresponding surface structures 

illustrations 

 

Fig. 30 17O MAS NMR spectra of (a) SiO2*-700; (b) SiO2*-200. (c) MQ MAS NMR spectrum of SiO2*-200. 1H-17O J-HMQC 

MAS NMR spectra of (d) SiO2*-700; (e) SiO2*-200 (*: 17O labelled)[145] 
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Two dehydroxylation temperatures (200 °C and 700 °C) have been frequently employed in 

SOMC. As shown in Fig. 29, both bridged and isolated silanols are present on the surface of a 

silica dehydroxylated at 200 oC (SiO2-200), while only isolated silanols are observed in the case 

of SiO2-700. These results are confirmed by 1H-17O J-HMQC MAS NMR on a labeled silica 

(Fig. 30d and Fig. 30e) [145]. Looking at the simple 17O SSNMR of both silicas in Fig. 30a 

and Fig. 30b, the relative intensity of Si-O-Si is far higher for SiO2*-700, indicating that 

additional condensation has occurred.   

3.2.2 Alumina as support 

Alumina holds a vital role in adsorption and catalytic industries. However, the surface 

composition is far more complicated than silica, exhibiting multiple hydroxyls and acid sites. 

Mainly γ-Al2O3 is used as a support in SOMC due to the fairly high specific surface area and 

adequate density and distribution of hydroxyls on the surface that can be tuned by thermal 

activation.[146] DRIFT and NMR have been widely used to characterize Al2O3 hydroxyl 

groups, which have provided important insights into the alumina structure.[146-149] The 

essential features are summarized below.  

Recently, Merle et al.[149] reported a systematic study Al2O3 as function of the 

dehydroxylation temperature (Fig. 31) by combining high field solid state NMR, DRIFT and 

DFT modelling. Multiple signals are present in the DRIFT spectrum (Fig. 31a) of Al2O3 with 

different thermal pretreatment, indicating the complexity of hydroxyls on the surface of Al2O3. 

Signals of hydroxyls in DRIFT spectra have been attributed to the terminal (μ1), doubly (μ2), 

and triply (μ3) bridging hydroxyls. Besides, the surface OH density measured by chemical 

titration with AliBu3 decrease from 3.0 to 1.1 OHnm-1 with increasing annealing temperature 

(300-700 oC). The 1H-1H DQSQ MAS NMR spectrum and 1H-27Al D-HMQC MAS NMR 

spectrum in Fig. 31b and 31c provide more detailed information between different protons 

and the coordination geometry of the proximate Al centers. In addition, substitution of 

terminal hydroxyls through partial surface chlorination or reaction with CO2 were conducted 

to confirm the detailed assignments. According to the relevant spectroscopies, the deduced 

hydroxyl structures are presented in Fig.31d. Site A, C and F are assigned to the terminal 

hydroxyls in different environments. The cross-correlation signals in A-B, C-D-E hydroxyls 

and auto-correlated signals F and G were also reflected by the intensity correction from 1H-1H 

DQSQ MAS NMR spectrum. Contrary to the traditional assignments of μ3-OH,[147] the 
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lowest-field minor signals (3-5 ppm) were assigned to H-bonding configuration due to the 

higher hydroxyl density, which is also mentioned in another research.[148]

Fig. 31 (a) Infrared spectrum of Al2O3-300, Al2O3-500, Al2O3-700; (b)1H-1H DQSQ MAS NMR spectrum and (c) 1H-27Al D-

HMQC MAS NMR spectrum for Al2O3-700; (d) structures and spectroscopies features of deduced hydroxyls on the surface of  

for Al2O3-500(AlT: tetracoodinated aluminum; AlP: pentacoodinated aluminum; AlH: hexacoodinated aluminum)[149]

Different theoretical models of alumina have been proposed[149, 150]. One of the earliest 

models with reactivity studies is represented by trihydrate γ-Al2O3 (Fig. 32a), with varying 

surface hydroxyls[150]. The adsorption strength of pyridine correlates with the force constant 

of the hydroxyl group, the one with the largest Lewis acidity (i.e., the one which leads to the 

most substantial pyridine adsorption) corresponding to the OH bonded to the tetrahedral Al 

(HO-μ1-AlIV). In addition, different bridged OH possess different adsorption energy. By DFT 

calculations, Merle et al. proposed the different hydroxyl configurations on the surface of 

Al2O3-700 adsorbed with one water molecular. As shown in Fig 32b, they found the theoretical 

studies were in line with the specific sites proposed by spectroscopic features. Besides, 

several researches focused on the effect of the hydroxyl accessibility on reactivity and the

relationship between OH group and Lewis acid sites in molecular-level.[151]

In summary, dehydroxylated γ-Al2O3 displays various aluminum hydroxyl, including terminal 

OH and bridged OH, with multiple structural possibilities (tetrahedral, pentahedral, and 

octahedral). This kind of complex surface offers different opportunities for the grafting of 
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organometallic species. It may also alter the properties of the grafted species originated by 

electronic effects or the presence of acid/base in proximity.[152]

Fig. 32. (a) Trihydrated γ-Al2O3 model surface. (The coordination numbers are represented by the roman numbers in the 

index of Al).[150] (b) calculated OH configurations and their relative energies for surface of Al2O3 hydrated by one water 

molecular with OH density of 0.7 OHnm-1[149].

3.3 Selected examples of SOMC on group V and VI transition metals

3.3.1 Surface Organometallic Chemistry of Group V

Fig. 33 Preparation of vanadium oxo catalysts by reaction between SiO2‑700 and SiO2‑200 with [V(=O)(Mes)3][153]

Group V transition metals are known to be active in various catalytic reactions[154]. Highly 

functional but less expensive transition metals from Group V (vanadium) have found 

extensive applications as oxidation catalysts in the chemical, petroleum and environmental 

industries. For dehydrogenation reactions, classical vanadium-based catalysts contain a 
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mixture of different surface species, hindering the determination of the assignment of the role 

of each surface species. Szeto et al.[153] reported recently the first preparation of vanadium 

oxo catalysts for propane dehydrogenation (PDH) using SOMC through the grafting of 

[V(=O)(Mes)3] (Mes, mesityl = 2,4,6- trimethylphenyl) onto SiO2−700 and SiO2−200 (Fig. 33). 

EXAFS spectroscopy revealed that vanadium supported on SiO2-700 provides isolated, 

monopodal V=O surface species, while vanadium supported on SiO2-200 affords bipodal 

surface species. Compared to reported classical catalysts V2O5/SiO2, they found that the 

catalysts prepared by SOMC exhibit enhanced activity and selectivity to propylene, indicating 

the promotion of more isolated vanadium sites. Moreover, the bis-grafted species shows 

slightly higher activity and selectivity than the monografted one, which is accounted to the 

thermal stability of the bipodal structure avoiding sintering and formation of oligomeric 

species. Importantly, according to the literature[155,156], researchers proposed that the 

possible mechanism for PDH  goes through the C-H activation on the V-mesityl precursor, β-

H elimination, and desorption of propene and hydrogen. Furthermore, during propane 

activation, they proposed that the VIII-H formed by H2 reduction is responsible for 

dehydrogenation, providing a new aspect for the mechanism of the reaction. The reduction 

ability of vanadium is a key for various catalytic applications and is important for NH3-SCR 

according to the proposed mechanism in literature. 

As mentioned before, it is well-accepted that active species VIII trisiloxy was obtained after 

activating propane on tripodal VV=O in the case of vanadium-supported on silica[158]. 

However, the nature of vanadium on the surface of silica prepared by a classical method leads 

to a mixture of monomeric, dimeric, oligomeric species and even nanoparticles, which can 

hardly clarify the role of (≡Si-O)3VV=O. Recent and relevant work by Abou Nakad et al.[157] 

involves preparing the isolated tripodal (≡Si-O)3VV=O species by grafting of [V(=O)(OtBu)3] 

on the partially dehydroxylated silica, followed by a thermal treatment resulting in a β-H 

transfer and isobutene release. The structure of the obtained catalyst was confirmed by DRIFT, 

solid state 51V NMR, and XANES spectroscopies. These results indicate that the targeted 

catalysts with the desired coordination environment could be designed by purposive choosing 

the precursor and pretreatment of the support. The tripodal active species (Fig. 34) exhibit 

higher activity in PDH and lower deactivation, resulting from reduced VIII and less formation 

of V-OH. Moreover, the tripodal species show a high stability during PDH reaction, most 

likely due to the stable tripodal attachment avoiding sintering and gradual loss of the active 
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single site. Such vanadium species adapted on ceria may have a high potential as NH3-SCR 

catalysts. It is indeed important that vanadium is situated next to a Ce3+ site, creating the 

necessary acid/redox pair in order to access highly active catalysts. This requires innovative 

synthesis methods.  

 
Fig. 34 Proposed mechanism for propane dehydrogenation based on V[157] 

Another relevant element from group V transition state metal for NH3-SCR is niobium. 

However, the niobium system is rarely employed in surface organometallic chemistry. One 

example [161] involves grafting of NbCl3Me2 on silica followed by an alkylation with ZnMe2 

leading to an active catalyst for the oligomerization of ethylene. The initiation step involves a 

reduction of Nb(V) into Nb(III). Thus, single Nb sites on ceria may also be relevant catalysts 

for NH3-SCR. 

3.3.2 Surface organometallic chemistry of Group VI 

The most studied group VI elements by SOMC are Mo and W for olefin metathesis.  

Tungsten oxide supported on silica is an efficient catalyst for olefin metathesis used in 

industrial processes since the 1960s[162]. The first tungsten oxo-alkylidene derivatives and 
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their alkyl precursors examples were provided by Schrock et al.[163] They reported that 

(WO)Cl2(=CHR)(PR′3) derivatives homogeneously catalyze olefin metathesis in the presence 

of a Lewis acid, and they found that the reaction between (WO)Cl2(=CHCMe3)(PEt3)2 and 

olefins without Lewis acid is very slow. Mazoyer et al.[164] reported a well-defined, silica-

supported tungsten oxo alkyl species prepared by SOMC, displaying a high and sustained 

activity for propene self-metathesis. Remarkably, its catalytic performances vastly exceed 

those of the parent imido derivative, reflecting the importance of the oxo ligand in the design 

of robust catalysts[164]. As for the presence of isobutene byproduct over an imido derivative, 

they proposed as the olefin metathesis catalyst decomposition pathway that the 

methyltungsacyclobutane would provide the 2-methylallyl-W-hydride and afford isobutene 

and inactive reduced WIV from a β-H transfer followed by a reductive elimination, as shown 

in Fig. 35. 

 

Fig. 35 Proposed deactivation mechanism via β-H elimination from the metallacyclobutane formed over WO3/SiO2[164] 

As an active part of C-H activation, tungsten hydride attracts considerable attention in alkane 

metathesis and alkane coupling reactions. Szeto et al.[165] reported a catalyst of non-

oxidative coupling of methane (NOCM) reaction, the [W-H], obtained from the 

W(≡CtBu)(CH2tBu)3 supported on SiO2-Al2O3 and γ-Al2O3 after H2 treatment. Based on the 

investigation of the methane activation process by IR and SSNMR, they observed and 

proposed that surface species go through a partial equilibrium containing a redox conversion 

between W(IV) and W(VI). Such tungsten species adapted on ceria may have a high potential 

as NH3-SCR catalysts. It is indeed important that tungsten is situated next to Ce3+ site, 

creating the necessary acid/redox pair in order to access highly active catalyst. Another 

relevant element from group VI transition state metal for NH3-SCR is molybdenum. As 

molybdenum is known to be reduced at high temperature, it may also be a relevant catalyst 

once supported on ceria for NH3-SCR. 
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In summary, as a specific approach, surface organometallic chemistry paves the way to a 

well-defined and highly active catalysts, particularly for single-atom catalysis. Such materials 

are suitable for mechanistic studies in heterogeneous catalysis where the results can directly 

be associated with the single-atom nature. Typically, SOMC catalysts are always prepared 

using organometallic precursors (or coordination compounds) on a controlled surface to 

impose the targeted environment of the active single atoms (podality, density, auxiliary 

ligands). In this way, molecular chemistry could be applied in studying heterogeneous 

catalysts by grafting the specific functionalized organometallic fragments. However, it should 

be noted that the choice of supports, metal center, and organometallic ligands highly depends 

on the reaction. Moreover, SOMC can be considered a globally weak exploited technology 

even after decades of research within specific groups. The design of new organometallic 

precursors, extension to various supports, and stabilization of sensitive transition metal 

complexes are typically fields to be addressed in the future. Such developments will 

undoubtedly lead to novel applications, mechanistic insights, and even new reactions. 

4 Objective of the thesis  

This thesis aims to develop highly active and stable catalysts for NH3-SCR. Based on the 

bibliographic study above, ceria appears to be a promising candidate as support, owing to its 

oxygen storage capacity, redox properties, acidity, and textural properties. In addition, 

promoting metal oxides from groups V and VI have shown promising activity in NH3-SCR 

reaction. A pursued issue with conventional catalysts lies in the preparation methods that 

result in a mixture of different surface species. Consequently, important information, such as 

the structure-reactivity relationship and the mechanism, is challenging to determine since the 

structure of the active site is not well-established. To address the pursued issue, single-site 

catalysis has recently attracted much attention. Multiple reports propose that the isolated 

metal is the active site over traditional metal-oxide catalysts. Single-site catalysts generally 

exhibit a higher atom efficiency and are suitable for active site probing and mechanistic 

studies. Surface organometallic chemistry (SOMC) is considered an efficient method for 

immobilizing the single-site moieties on the surface of oxides, mainly via protonolysis of 

specific organometallic complexes. It has paved the way for researching the nature of active 

sites, determining elementary steps of catalytic reactions, discovering new reactions, and acts 

as a bridge between homogeneous and heterogeneous catalysis. The choice of the promoting 

element is important. In the literature, most transition state metals have been applied, giving 
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indeed different catalytic performances. This work is focused on the early transition state 

metal of groups V and VI, owing to their high oxophilicity, redox capability, since they may 

bring acidity (both Lewis and Bronsted types) and can lead selectively to isolated metal oxo 

species. However, to the best of our knowledge, report of single-site catalyst supported on 

metal oxides for NH3-SCR reaction is rare[166,167]. Moreover, surface organometallic 

chemistry on ceria is unknown. Thus, this thesis starts with the study of the surface of ceria, 

followed by the preparation and characterization of metal-oxo (group V and VI) species 

supported on ceria by SOMC (as shown in Fig. 36) and their application in the NH3-SCR 

reaction.  

 
Fig. 36 General approach to synthesize M-oxo/CeO2 (for example M = W, Mo, Nb, V) 

Chapter II is first dedicated to investigation of ceria. In-situ DRIFT and XRD investigate the 

optimized temperatures for calcination and dehydroxylation. The number of active surface 

hydroxyls and the mobility of lattice oxygen in ceria structure are studied. To synthesize the 

predicted active species W-oxo on the surface of ceria, a novel strategy is designed where 

[W(≡CtBu)(CH2tBu)3] is grafted onto a ceria dehydroxylated at 200 °C followed by a 

controlled oxidation under air. The W complex resulting from the grafting reaction and the 

species resulting from the oxidation process are disclosed. The catalytic performances in NH3-

SCR and structural stability are compared to those of bulk ceria and WOx/CeO2 synthesized 

by the impregnation method.  

Chapter III is directed to catalysts based on vanadium supported on ceria prepared by SOMC. 

Catalysts prepared from different vanadium precursors and with different vanadium loadings 

have been synthesized, characterized, and tested for NH3-SCR reaction. In order to prepare 

the isolated V-oxo/CeO2 catalysts, different precursors ([V(=O)(OEt)3]2, [V(CH2SiMe3)4], 

and [V(=O)(OtBu)3]) are used and immobilized on the dehydroxylated ceria from a 

protonolysis reaction, followed by calcination at 500 oC. These materials have been 

structurally characterized and investigated in NH3-SCR reaction.  

Chapter IV is dedicated to extending this new synthetic approach based on SOMC to obtain 

niobium-oxo supported on CeO2
 by grafting [Nb(OEt)5]2 on the support and calcining the 
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resulting material under air at 500 oC. The obtained materials have been characterized, and the 

calcined sample has been submitted to NH3-SCR reaction. The catalytic activity of different 

metal oxo of group V (V, Nb) and VI (W, Mo) supported on ceria catalysts synthesized 

during this thesis has been compared, and the most promising system has been identified.  

Finally, Chapter V brings a general conclusion and perspectives suggested for future 

researches. 
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1 Introduction  

A significant worldwide increase in stationary thermal power plants and mobile combustion 

engines culminates with the production of a large amounts of carbon dioxide and nitrogen 

oxides (NOx). However, NOx contribute to ecosystem damage, serious health issues, and 

worsens the climate changes, through the greenhouse effect, acid rains, and ozone 

destruction[1]. Therefore, the emission legislation of NOx has been drastically going 

down[2,3]. The three-way catalyst system was implemented in the exhaust gas after-treatment 

systems to meet the stringent harmful emission limits[4]. Yet the diesel exhaust composition 

brings new challenges in mobilized industries. The most effective and useful method for NOx 

removal without compromising the engine performance is the selective catalytic reduction 

(SCR) assisted by reducing agents[5,6]. Among them, NH3-SCR leads to high NOx 

conversions at low temperatures and in large temperature ranges[7,8].   

A wide range of SCR catalysts has been developed[7]. V2O5−WO3(MoO3)/TiO2 (TiO2 

supported V2O5 associated with WO3 or MoO3 materials) has been commercially viable and 

utilized[7,9]. Though the catalytic activity of this class of materials is acceptable, they suffer 

however from lots of weaknesses such as the formation of N2O at high temperature, narrow 

operation temperature ranges, lack of thermal robustness triggering phase transition of TiO2 

and then may result in the active phase structure destruction at high temperature. Another 

central environmental issue for the state-of-the-art system is the gradual release of deleterious 

and toxic V2O5, highly volatile species under typical operation temperatures[10]. It has been a 

non-stop story since then, and several efficient catalysts based on transition metals (W, Nb, 

Mo, Zr, Ta) and rare earth metals (Ce, Y) have been well described [7]. The most discussed 

mechanistic pathway for NH3-SCR involves acidic and redox sites. CeO2-based catalysts have 

been extensively studied due to their superior redox properties. However, the surface acidity 

of CeO2 is relatively weak, which leads to a low activity when pure CeO2 is used as 

catalyst[11]. To improve the catalytic performance of CeO2-based materials, the easiest way 

is to introduce another component to promote the acidity and eventually the redox properties. 

Tungsten has frequently been used as a promoter with CeO2 and has shown encouraging 

results[12].  

Shan et al.[13] prepared CeO2/TiO2 and CeO2−WO3/TiO2 catalysts by sol-gel method using 

ammonium paratungstate, cerium nitrate, and tetrabutyl titanate for NH3-SCR investigations. 

The results revealed that the doping of CeO2/TiO2 with tungsten enhanced the catalytic 
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activity. Further characterization showed that the presence of polymeric tungsten oxides 

favors the formation of Ce3+ and offers Brønsted acid sites which were reported to enhance 

the catalytic activity. The role of tungsten in CeO2-WOx has been elucidated by in-situ IR and 

Raman for a sample prepared by co-precipitation[14]. It was found that the presence of 

tungsten can easily activate NH3 and facilitate the reaction with NO. Moreover, Zhan and co-

workers[15] have performed NH3-TPD studies on CeO2-WOx and have found that the larger 

amount of Lewis acidity is beneficial to the targeted reaction. Although no concrete 

information regarding the reaction mechanism can be withdrawn from previous studies, it has 

clearly been demonstrated that the presence of Lewis acidity and redox properties is necessary 

to access highly active NH3-SCR catalysts based on tungsten. Recently, a series of tungsten-

based catalysts with different loadings has been prepared by impregnation of HPW on ceria 

and characterized by N2 physisorption, XRD, FT-IR, Raman and UV-Vis spectroscopies[16]. 

Evidently, a low tungsten loading (< 4 wt%) resulted in mainly isolated tungsten oxo sites, 

while higher loadings led to polymeric tungsten oxides. A similar tendency has also been 

observed in another independent study of WO3/CeO2 system[17]. The catalytic performance 

of the series of catalysts showed that the polymeric tungsten species enhance the activity in 

the low temperature region (< 300 oC) and the isolated tungsten species is mainly responsible 

for the catalytic activity at higher temperature (> 450 oC). The increased activity in the low 

temperature region for the highly loaded sample is believed to be directly related to the 

Brønsted acidity originated from the polymeric tungsten oxides. The best performing catalyst 

was identified to be with a 2 wt% tungsten loading and was attributed to a synergetic effect 

between major surface species, isolated tungsten-oxo (supposed to exhibit high Lewis acidity) 

and the redox support, ceria. However, the structure of the active species in the latter catalyst 

remained unidentified at atomic level (monomeric vs oligomeric, bis-oxo vs mono-oxo). 

Nevertheless, latter works strongly suggested that isolated tungsten species exhibited high 

activity and may be the active site for NH3-SCR,  similar to olefin metathesis catalysts[18,19]. 

Commonly reported catalysts are prepared by uncontrolled impregnation, resulting in 

different tungsten oxides species, including isolated surface tungsten sites, WxOy clusters, 

amorphous WO3, and Ce2(WO4)3. However, this complexity in the surface species makes it 

difficult to identify the active site and draw a structure-activity relationship. In addition, 

commercial NH3-SCR catalysts are loaded with high amounts of WO3[20,21], to ensure 

higher stability and sufficient acidity, thus increasing the NH3 adsorption strength which 

improves the activity and the selectivity by inhibiting the oxidation of NH3[22]. This 
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phenomenon is also found in the case of industrial metathesis catalysts, where a high amount 

of metal such as tungsten, ca. 10 wt%, is required to reach high catalytic activities while only 

a low fraction of the metal sites is active[23]. Extensive work by Bell and co-workers has 

successively shown that the optimal tungsten density is 0.6 W/nm2[19], in which tungsten is 

mainly under the form of isolated mono-oxo site after calcination. Nevertheless, the mono-

oxo species exhibited far lower activity in propene metathesis compared to the bis-oxo species, 

that can be concentrated after a high thermal treatment under an inert atmosphere. The 

difference in activity is probably due to the facility of propene to coordinate Lewis acidic 

tungsten with a bis-oxo tetrahedral configuration. This finding is supported by DFT 

calculation and EXAFS. Hence, the importance of bis-oxo tungsten species in olefin 

metathesis is related to a facile coordination of the reactant prior to the reaction. Similar 

phenomenon can be assumed for NH3-SCR, where the activity can be enhanced if NH3 can 

easily coordinate a Lewis acidic site and NO coordinates a redox site. Therefore, the bis-oxo 

tungsten species immobilized onto ceria will in principle be a promising formulation for a 

NH3-SCR catalyst. A powerful approach known as surface organometallic chemistry (SOMC) 

can be applied to prepare such single-site species. This methodology involves the controlled 

grafting of a suitable organometallic precursor on a support, thus creating a firmly bonded 

surface organometallic fragment. Previous studies have shown that catalytic materials 

prepared through this approach can lead to enhanced activity and facilitate further mechanistic 

studies[24]. A particular strength of SOMC is the capability to unravel the structure of the 

active species[25,26] and this can thereby lead to the development of well-defined highly 

active catalysts that contain only the active site with an overall low metal content[27–31]. To 

our best knowledge, using the SOMC strategy with a ceria support for the NH3-SCR reaction 

is unknown. 

In this Chapter, we present a well-controlled surface isolated tungsten species bearing oxo 

ligands on ceria by grafting the Schrock-type W(≡CtBu)(CH2tBu)3 complex followed by 

calcination. The resulting material is characterized by DRIFT, elemental analysis, XPS, 

Raman, EPR, SSNMR, BET, NH3-TPD, H2-TPR, TEM and EXAFS, confirming the single-

site nature and its suitability for mechanistic investigations. This strategy provides a general 

method to fabricate single-site catalysts with relatively low metal loadings and high 

dispersions. The latter material has been investigated in the selective reduction of NO assisted 

by NH3 under typical combustion conditions. In order to situate the activity of the current 

catalyst, a comparison with the same catalyst formula prepared by conventional aqueous 
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impregnation has been made. Moreover, the necessity of the ceria support is confirmed. 

Finally, the Mo analogue has been prepared through SOMC using the same type of precursor 

and tested for SCR of NO with the aim to reveal the effect of different metal in the same 

group.    

 

Scheme 1 Illustration of the strategy used for preparing isolated tungsten-oxo species supported on ceria. 

2 Preparation and characterization of CeO2 support 

2.1 Preparation of CeO2 dehydroxylated at 200 oC 

Ceria support (CeO2) is pre-treated by calcination under air in order to remove impurities 

(such as carbonates), followed by hydration and dehydroxylation steps. The latter process is 

essential in SOMC allowing to control the density of surface OH groups on the support and 

the structure of the resulting species after a grafting reaction. Erwan le Roux and his co-

workers[32] have shown that dehydroxylation of silica at 200 oC and 700 oC resulted in 

different OH densities, leading to different surface species. When [W(≡CtBu)(CH2tBu)3] is 

supported on SiO2-200, the bipodal grafted surfaces species [(≡SiO)2W(≡CtBu)(CH2tBu)3] is 

obtained, while reaction with SiO2-700 gives the monopodal species 

[(≡SiO)W(≡CtBu)(CH2tBu)3]. From researches in our laboratory[33] it has been found that 

the podality has impacts on the electrophilicity and stability of tungsten-oxo species supported 

onto silica, thus affecting the catalytic activity for olefin metathesis.  

 
 Fig. 1 DRIFT spectra of ceria calcinated at different temperatures for 16 h under a continuous flow of dry air. 
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Ceria calcined at different temperature was screened in order to determine the necessary pre-

treatment conditions to obtain a clean surface (without carbonates) suitable for a well-

controlled functionalization. The calcination process at different temperatures (300 - 600 °C) 

is followed by DRIFT. As depicted in Fig. 1, the DRIFT spectra obtained show the presence 

of two sets of bands in the 3700-3480 cm-1 and 1600-1050 cm-1 ranges, attributable 

respectively to the stretching vibrations of ceria O-H groups and adsorbed carbonates CO3
-

[34]. The intensities of these bands decrease with the rise of the calcination temperature, due 

to condensation of nearby OH-groups and thermal decomposition of carbonates to CO2. For 

temperatures above 500 oC, the signals of carbonates disappear and some surface OH groups 

are still preserved. 

Fig. 2 (A) Evolution of nitrogen physisorption isotherms and (B) Powder X-Ray diffraction of ceria with calcination 

temperature (300, 400, 500 and 600 °C) for 16 h under a continuous flow of dry air.

The specific surface area of these samples has been also measured. Upon increasing the 

calcination temperature up to 600 oC, the BET surface area decreases from 247 m²·g-1 to 132 

m²·g-1. As shown in Table 1, the loss of surface area is more pronounced above 500 °C, from 

207 m²·g-1 to 132 m²·g-1. This decrease is attributed to aggregation of ceria crystallites. The 

X-ray diffraction analyses revealed that the crystalline structure (cubic fluorite)[17,35] is 

preserved and becomes more crystalline after higher temperature treatments (Fig. 2B). From 

the diffraction pattern, the mean size of microcrystals can be evaluated by Scherrer’s 

equation[36]. The average crystallite sizes are summarized in Table 1, indicating that the ceria

particles tend to agglomerate upon heating. This phenomenon is more accentuated for 

temperatures higher than 500 °C and can explain the substantial loss of BET surface area at 

high temperatures. Consequently, the optimal calcination temperature needed to carry out a 

well-suited surface organometallic chemistry on ceria is 500 °C. 



81

Table 1 Average particle size of ceria samples calcined at various temperatures, estimated from Scherrer’s equation

Sample Calcination
temperature

Average particle size a) Surface area b) BET surface area

CeO2-300 300 °C 39 (Å) 214 m²·g-1 247 m²·g-1

CeO2-400 400 °C 42 (Å) 198 m²·g-1 226 m²·g-1

CeO2-500 500 °C 45 (Å) 173 m²·g-1 207 m²·g-1

CeO2-600 600 °C 59 (Å) 140 m²·g-1 132 m²·g-1

a)  The average size of the particles was calculated using the following equation (Scherrer’s equation):

2'2cos
9.0

HH
T , where:

T - the size of the particles (Å)
λ - X-Ray wavelength (Å).
θ - Bragg angle.
H - full width at half maximum (FWHM) of the measured line.
H' - full width at half maximum (FWHM) of the instrument’s response.

b) The surface area is calculated assuming that the particles have a perfectly spherical shape, S = 60000/ρ×d where: 
ρ- Specific gravity of ceria (7.215 g·cm-3)
d- Particle diameter (A°).

Fig. 3 Temperature-resolved DRIFT spectra of ceria highlighting the ν(O-H) region: (A) dehydroxylation at different 

temperatures (heating rate: 5 °C/min from 20 – 500 °C). (B) dehydroxylation at 200 °C versus time (heating rate: 5 °C/min 

from 20 – 200 °C, then 2 hours at 200 °C).

In order to optimize the number of anchoring sites (surface hydroxyl groups), the material 

calcined at 500 oC is hydrated in the presence of water vapor pressure of and then 

dehydroxylated. The temperature of the dehydroxylation process is optimized by conducting 

an operando DRIFT study (Fig. 3). The effect of the dehydroxylation temperature on the 

nature and the number of surface hydroxyls (anchoring sites) is studied by following the 

stretching vibration of ν(O-H). The DRIFT study depicted in Fig. 3B shows that the relative 

intensity of physiosorbed water decreased upon increasing temperature. At 200 °C,



82 

 

physiosorbed water is practically removed and mainly shows the presence of bridged OH 

groups and minor amount of terminal OH groups. This temperature has therefore been chosen 

for the dehyroxylation in order to keep a maximum amount of available hydroxyl groups for 

grafting. 

2.2 Characterization of CeO2-200 by DRIFT spectroscopy 

 

Fig. 4 Attribution of (CeO-H) stretching vibrations according to literature[6,37]. 

The IR spectrum of ceria dehydroxylated at 200 °C pictured in Fig. 4 shows four ν(O-H) 

vibration bands which are attributed to different structures of cerium hydroxyl on the surface 

(terminal and bridging O-H)[6,38]. The intensity of the band at 3720 cm-1 associated with 

isolated OH groups (μ1-OH) is weak, and the spectrum is rather dominated by the broad 

signal centered at 3660 cm-1 with a shoulder at 3640 cm-1, attributed to bridged hydroxyl 

groups (μ2-OH). The large band centered at 3527 cm-1 is initially attributed to tridentate OH 

groups (μ3-OH) by Ahmed Badri[37]. Later, the same author proposed that this band is rather 

due to an inaccessible residual cerium oxy-hydroxide phase located within the pores[6,38]. 

Such kind of hydroxyl groups have also been reported for a γ-alumina support[39]. 

2.3 Characterization of OH groups in CeO2-200 by titration with Al(iBu)3  

To achieve the functionalization of surface hydroxides by a grafting reaction under controlled 

conditions, it is desirable to know their amount. Among different quantification methods, the 
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chemical titration using highly reactive Al(iBu)3, developed in our laboratory has shown to be 

reliable[40]. Contrary to conventional Grignard reagents that can trigger alkylation and 

coupling reactions, Al(iBu)3 reacts selectively with hydroxyls groups by a protonolysis 

followed by a release of isobutane. The titration reaction is monitored by DRIFT spectroscopy 

(Fig. 5), and it shows that all kinds of available OH groups are consumed. This suggests that 

all OH-groups including the band centered at 3527 cm-1 are accessible and can readily react 

with Al(iBu)3, which suggests that the band centered at 3527 cm-1 is associated with the active 

tridentate OH groups (μ3-OH) rather than inert fragments located within the pores. 

Fig. 5 DRIFT spectra of CeO2-200 a) before and b) after the grafting of Al(iBu)3 (surface OH titration).

After the reaction of the ceria surface with Al(iBu)3 (see the Experiment section), new bands 

appearing in the 3100-2850 cm-1 and 1620-1400 cm-1 regions (Fig. 5) are characteristic of 

aliphatic ν(CHx), and δ(CHx) vibrations of the perhydrocarbyl ligands. The 1H MAS NMR 

(Fig. 6A) and 13C CP MAS NMR (Fig. 6B) spectra of Al(iBu)3/CeO2-200 show broad signals. 

Moreover, the observed chemical shifts have significantly shifted with respect to the 

molecular precursor, consistent with the presence of paramagnetism. Combined with the 

results from DRIFT, these signals are assigned to the presence of an isobutyl group, which 

indicates the successful grafting. Noteworthy, all the ν(CeO-H) bands between 4000-3500 cm-

1 disappeared, confirming that all the OH groups are consumed by reaction with Al(iBu)3. 

This latter, diluted in pentane, reacts quantitatively with surface hydroxyl groups by releasing 

one equivalent of isobutane per OH group (Fig. 5). The quantification of the released 

isobutane by GC shows that CeO2-200 contains 0.7 mmol OH∙g-1 (2.2 site/nm2).
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Fig. 6 (A) 1H MAS and (B) 13C CP MAS NMR spectra of Al(iBu)3/CeO2-200 

2.4 Characterization of CeO2-200 by solid state NMR 

To achieve more insights about OH groups on CeO2 support, 1H and 17O MAS NMR are 

conducted with CeO2 enriched with 17O prepared from 17O labeled water through hydration 

and dehydroxylation at 200 oC. The results are shown in Fig. 7A. The 1H MAS NMR 

spectrum of CeO2 shows 3 major features: i) weak but resolved peaks around 1.4 ppm; ii) a 

large resonance at 5.0 ppm; iii) a broad signal at 6.6 ppm. In the literature, only few solid state 
1H NMR studies on CeO2 have been published[41,42]. Gill and co-workers[41] have studied 

the evolution of water desorption on CeO2 nano-cubes with low surface area (SBET =17 m2/g) 

in function of temperature. Water adsorbed on ceria is characterized by a peak around 5 ppm. 

After treatment at 200 oC, no water is observed on the surface and the spectrum shows only 

two weak peaks at 8 and 3 ppm, assigned to hydroxyl groups without further precision[41]. A 

more recent work by Chen et al.[42] also shows that physisorbed water on CeO2 nano-rods 

(SBET = 110 m2/g) leads to a peak at 5 ppm in the 1H NMR spectrum. Interestingly, CeO2 

nano-rods with higher surface area exhibit two signals around 1.6 ppm and 8.4 ppm after 

drying. Those peaks are attributed (by DFT calculation on CeO2 (111) surface model) to 

terminal and bridged OH-groups on CeO2. Combining the latter findings with DRIFT 

spectrum (Fig. 4), the weak and resolved peaks around 1.5 ppm are attributed to terminal OH 

groups (ν(μ1-OH) = 3720 cm-1) with a slightly different environment. The most intense signal 

is located at 5.0 ppm. Such chemical shift has previously been assigned to physisorbed water 

on ceria[41,42]. Nevertheless, DRIFT data (Fig. 4) of this sample suggests the absence of 

water. In addition, physiosorbed water (17O labelled) on ceria gives a characteristic peak at 32 

ppm in the 17O NMR spectrum[43], which is absent in our case (Fig. 7B). Thus, the signal at 

5.0 ppm is tentatively assigned to μ2-OH (ν(μ2-OH) = 3660 cm-1 and 3640 cm-1 in DRIFT). 
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This peak is somewhat shifted to higher fields with respect to the calculated value for bridged 

hydroxyl groups on CeO2 (111) and may be due to the presence of para magnetism in the 

sample (confirmed by XPS, vide infra). Consequently, the last peak at 6.6 ppm is ambitiously 

attributed to μ3-OH, based on the intensity distribution observed by DRIFT. 

 

Fig. 7 (A) 1H MAS NMR and (B) 17O MAS NMR spectra of CeO2 enriched in 17O and dehydroxylated at 200 oC. 

For in depth understanding of the ceria support, CeO2 enriched in 17O has been prepared by 

hydration of the calcined sample by 90% 17O labelled water followed by dehydroxylation at 

200 oC. This procedure has been frequently applied[44], and has particularly shown success to 

selectively enrich surface silanol in silica[45]. The 17O MAS NMR spectrum of this labelled 

sample, collected with a high field spectrometer (800 MHz) shows main peaks centered at 870 

ppm (Fig. 7B), attributed to O in bulk ceria. The less intense, but well-resolved peaks at 1043 

ppm, 913 ppm, and 827 ppm are related to surface and subsurface oxygen sites[43,46] or 

other defect sites (for example, sites near oxygen vacancies)[43]. Signals between 200-300 

ppm are typically assigned to bridged OH groups[47]. The terminal OH group, μ1-OH, 

expected to appear around 70 ppm[47] is not visible in the present case, probably due to a 

relatively small amount of this species (indicated by DRIFT and 1H MAS NMR) and the 

extremely high mobility of oxygen. The fact that the main peak in the 17O MAS NMR 

spectrum belongs to bulk oxygen strongly suggests that the oxygen atoms of the 17O enriched 

surface hydroxyl groups are extremely mobile and can readily migrate into the bulk structure 

of ceria during the dehydroxylation process at 200 oC. 

2.5 Characterization of CeO2-200 by XPS spectroscopy 

X-Ray photoelectronic spectroscopy is used to characterize the elemental composition and the 

corresponding electronic states of Ce and O in dehydroxylated CeO2. Due to the pairs of spin 
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orbit doublet, ten features are usually found in the Ce 3d region. Ce ion should not be 

considered as a pure Ce4+, but a mixture of Ce4+ and Ce3+ which mixes with a 4f Ln-1 

configuration due to the similar energies of 4f and orbital ligand valence level[48]. As 

presented in Fig. 8A, three peaks labelled v (882.3 eV), v″ (888.8 eV), v‴ (898.1 eV) in green 

line are attributed to 3d5/2 of Ce4+ and peaks u (900.8 eV), u″ (908.3 eV), u‴ (916.7 eV) in 

blue line are assigned to 3d3/2 of Ce4+. The other 4 peaks v0, vʹ, u0, uʹ in orange line which 

appeared at 881.4 eV, 884.3 eV, 898.7 eV and 902.3 eV respectively, belongs to the 

contribution of Ce3+. Thus, the co-existence of Ce3+ and Ce4+ is evidenced, and the proportion 

of Ce3+ in CeO2 is calculated to be 20.6% according to the formula (Ce3+ % = Ce3+ / (Ce4+ + 

Ce3+)). The O 1s spectrum for CeO2-200 is presented in Fig. 8B. The O 1s peak could be split 

into two contributions: 529.0 eV and 530.3 eV, which are attributed to surface oxygen 

(denoted as Oα) and lattice oxygen in bulk ceria (denoted as Oβ). The ratio Oα/(Oα+ Oβ) for 

CeO2-200 is estimated to be 19.1%.  

 

Fig. 8 (A) Ce 3d and (B) O 1s XPS spectra of CeO2-200. 

In summary, a series of experiments allows to determine the desired pre-treatment conditions, 

being calcination at 500 oC, followed by hydration and dehydroxylation at 200 oC, affording a 

water-free surface with substantial amounts of hydroxyl groups suitable for grafting. The 

resulting material is further characterized by XRD, BET, DRIFT, XPS, and solid state NMR 

(1H and 17O), revealing a relatively high surface area containing different hydroxyls group 

(μ1-OH, μ2-OH, and μ3-OH). Attribution of the different hydroxyl groups has tentatively been 

made inspired by literature data. Among the published results, there are significant 

inconsistencies regarding the assignment of OH-groups. A reasonable explanation is that the 

spectroscopic features (IR, NMR) of OH-groups are dependent on the nature of ceria (nano 
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materials, textural properties, crystallinity) and the dominating crystalline face exposed to the 

surface. Such a complex surface with different OH-groups is expected to exhibit different 

reactivity towards a selected organometallic precursor upon grafting. Herein, 

W(≡CtBu)(CH2tBu)3 has been selected as precursor to functionalize ceria with tungsten. The 

grafting of W(≡CtBu)(CH2tBu)3 is expected to occur through a protonolysis reaction. 

3 Preparation and characterization of W(≡CtBu)(CH2tBu)3 supported on CeO2-200

3.1 Preparation of [W(≡CtBu)(CH2tBu)3]/CeO2-200 [W-a]

Scheme 2 Schematic illustration of the synthesis process of W(≡CtBu)(CH2tBu)3

W(≡CtBu)(CH2tBu)3 is synthesized according to the procedure in Scheme 2, which is 

described in detail in the experimental section. The first step consists of the reaction between 

2,6-diisopropylphenol and WCl6 in toluene at room temperature leading to W(OAr)3Cl3
(Ar=2,6 diisopropylphenyl) in a good yield of 90%. This intermediate is characterized by 

NMR (1H and 13C) in solution in C6D6. This complex, W(OAr)3Cl3, reacted with 6 equivalent 

of NpMgCl in Et2O at room temperature, allowing to obtain the tungsten carbyne 

W(≡CtBu)(CH2tBu)3 in 50% yield after sublimation. This complex is characterized by NMR 

(1H and 13C, solution in C6D6), as shown in Fig. 9.

Fig. 9 (A) 1H and (B) 13C {1H} of W(≡CtBu)(CH2tBu)3
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The grafting reaction of [W(≡CtBu)(CH2tBu)3] on CeO2-200 is carried out in pentane at room 

temperature during 12 h. The resulting materials are washed three times with pentane via 

filtration to remove all the unreacted complex [W(≡CtBu)(CH2tBu)3]. After evaporation of 

the solvent, the supported tungsten complex, [W(≡CtBu)(CH2tBu)3]/CeO2-200, [W-a], is 

isolated as a grey powder after drying under vacuum and then characterized by Elemental 

analysis, Nitrogen adsorption-desorption isotherm measurements, DRIFT, SSMASNMR, 

XPS, EPR, EXAFS, TEM. 

3.2 Characterization of [W-a] by Mass balance analysis

Elemental analysis of [W-a] shows the presence of 3.30 wt% W, which correspond to ca. 0.18 

mmolW.g-1. The evaluation of the amount of carbon reveals the presence of 2.16 wt% C (1.79 

mmolC·g-1), which gives a C/W ratio of 9.95. Furthermore, a quantitative GC analysis of the 

gas released during the grafting process, shows the formation of 0.38 mmol of neopentane 

which corresponds to 1.9 tBuCH3 per W. This should correspond to a partial consumption of 

surface hydroxyls (ca. 55 % of the initial surface O-H groups compared with the number of 

surface hydroxyls calculated from a chemical titration using Al(iBu)3). Overall, the data are 

consistent with the formation of bipodal surface species bearing two ligands, by protonolysis 

with surface hydroxyls leading to a concomitant release of ca. two neopentane per tungsten 

atom grafted, as highlighted in Scheme 3.

Scheme 3 Schematic illustration of the grafting of W(≡CtBu)(CH2tBu)3 on CeO2-200.

3.3 Characterization of [W-a] by DRIFT spectroscopy

The grafting reaction is monitored by DRIFT spectroscopy (Fig. 10). We observed that the 

peak at 3720 cm-1 assigned to terminal ν(CeO-H) disappears, which suggests that it is 

consumed during the reaction. The details of the (O-H) region is highlighted in Fig. 10B, 

showing partial consumed OH groups, including the terminal μ1-OH and bridged μ2-OH. On 

the other hand, the peak at 3527 cm-1, attributed to bridged μ3-OH is preserved during the 
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grafting progress. This phenomenon indicates that protonolysis of [W(≡CtBu)(CH2tBu)3] with 

surface hydroxyls on ceria occurs completely on terminal OH groups, which is similar to the 

reaction between W(≡CtBu)(CH2tBu)3 and alumina dehydroxylated at 500 °C where only 

terminal tetrahedral Al-OH sites is reacted completely[49]. As elemental analysis suggests 

that the grafted surface species comprises a bipodal attachment, it is reasonable to believe that 

the initial protonolysis occurs on terminal hydroxyl groups. Moreover, the surface tungsten 

species may readily react with a bridged hydroxyl group in proximity to form the proposed 

structure, resulting in a partial consumption of the less reactive bridged μ2-OH. In addition, 

after the surface functionalization of ceria with W(≡CtBu)(CH2tBu)3, the new bands 

appearing in the 3100-2850 cm-1 and 1620-1400 cm-1 ranges are characteristic of aliphatic 

ν(CH), δ(CH2) and δ(CH3) vibrations of the perhydrocarbyl ligands bonded to surface 

tungsten. Noteworthy, a band at 2120 cm-1, which is absent in the neat ceria sample (line a in 

Fig. 10A) is observed in [W-a] (line b in Fig. 10A). This signal has already been found and 

ascribed to the forbidden 2F5/2→2F7/2 electronic transition of the subsurface Ce3+ (due to the 

partial reduction of ceria)[50].  

 

Fig. 10 (A) (4000-1000 cm-1) DRIFT spectra and (B) specific attribution of (O-H) stretching vibration bands of a) CeO2-200 

and b) [W-a]. 

3.4 Characterization of [W-a] by Nitrogen adsorption-desorption isotherm 

measurements 

The textural properties of CeO2-200 and [W-a] are examined by nitrogen adsorption-desorption 

isotherm measurements. The physisorption isotherms and the pore size distribution are 

depicted in Fig. 11. As shown, the shape of these material isotherms corresponds to type IV 

according to IUPAC classification and show an H2 type hysteresis loop (characteristic of 
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capillary condensation between the aggregates constituting the solid)[51]. The initial increase 

in adsorption capacity at low relative pressure is due to a monolayer adsorption. The upward 

deviation in the range of P/P0 = 0.5 – 0.7 for the support and the catalyst is associated with the 

progressive filling of space between the aggregates of particles. The dehydroxyated ceria has 

a specific surface area of ca. 188 ± 10 m²·g-1. The surface area was slightly decreased upon 

functionalization with the transition metal complex by reducing the value to 166 ± 10 m²·g-1. 

The pore volumes also decreased from 0.24 ± 0.01 to 0.21 ± 0.01 cm3·g-1. 

 

Fig. 11 Nitrogen physisorption isotherms and corresponding pore size distribution (inset) of (a) CeO2-200 and (b) [W-a] 

3.5 Characterization of [W-a] by solid state MAS NMR  

1H MAS NMR spectrum of the resulting material [W-a], depicted in Fig. 12A, shows large 

signals at -3 and 0.1 ppm, tentatively attributed to the methyl of neopentyl and neopentylidyne 

ligands, respectively. A significant shift (with respect to the pure complex, Fig. 6) and a 

broadening of the signals are due to the presence of paramagnetic species (Ce3+)[42,52]. In 

addition, a 30% 13C labeled molecular complex [W(≡*CtBu)(*CH2tBu)3][53] grafted onto 

ceria dehydroxylated at 200 oC is employed in order to extract useful information in the 13C 

CP MAS NMR analysis. Fig. 12B shows the latter result and displays an intense and broad 

signal centered at 26 ppm assigned to the methyl of the t-Bu fragments and a broad, albeit 

weak-signal at 80 ppm, which can be assigned to the methylene carbons of the neopentyl 

fragment (CH2tBu). A weak signal at 287 ppm can be ambitiously attributed to the quaternary 

carbons of carbyne ligands. Compared to the signals of molecular complex in Fig.9, all the 

observed resonances of grafting material are shifted to higher fields (also observed in 1H 
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MAS NMR) with a notable broadness and are presumably due to paramagnetic Ce3+ ions in 

trigonal and cubic sites present in the ceria support as already identified[42,52]. 

 

Fig. 12 (A) 1H MAS and (B)13C CP MAS NMR spectra of W(≡CtBu)(CH2tBu)3/CeO2-200; 17O MAS NMR spectra of (C) 

W(≡CtBu)(CH2tBu)3/CeO2-200  and (D) CeO2 enriched in 17O. 

17O solid state MAS NMR is a powerful approach to characterize the local structure of 

inorganic metal oxides and provides details of metal-support interactions in heterogenous 

catalysts after selective surface labeling[45,47]. Previous research in our laboratory has 

successfully created a surface 17O silanol enriched silica (SiO2-200 and SiO2-700 labeled with 
17O on the surface) and used as support to host diamagnetic organometallic fragments 

([Zr(CH2tBu)4] and [W(≡CtBu)(CH2tBu)3]). It appeared in this work that 17O NMR is 

powerful to probe the local structure in various oxygen environments: silanols, siloxanes, and 

metal-bound siloxides[45]. 17O NMR has been shown to be extremely sensitive to CeO2, 

where it can distinguish oxygen in the first and second surface layers from the bulk[43,46]. 

We prepare an 17O labeled ceria with H2
17O as used for silica with the aim to enhance the 

understanding for surface Ce-OH groups and its reactivity with [W(≡CtBu)(CH2tBu)3]. 

Unfortunately, as described in section 2.4, such treatment results in diffusion of the surface 
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exchange 17O into the bulk material. Nevertheless, some information can be extracted from 

the 17O MAS NMR spectrum upon grafting of [W(≡CtBu)(CH2tBu)3] on labeled CeO2 (Fig. 

12).  The major signal at 870 ppm has previously been attributed to bulk ceria. Furthermore, 

resolved peaks at 914 ppm and 827 ppm, related to surface and subsurface sites[46] are still 

observed with insignificant shifts with respect to pure ceria. Noteworthy, the small peak at 

232 ppm in CeO2 attributed to bridged μ2-OH groups is not presented in [W-a], consistently 

with the consumption of these OH groups during the grafting process. The same behavior is 

also observed by DRIFT.  

3.6 Characterization of [W-a] by X-ray diffraction analysis 

The X-ray diffraction analyses before and after grafting are shown in Fig. 13, and reveals that 

both samples exhibit the same diffraction peaks at 28.5°, 33.1°, 47.5°, 56.4°, 59.1°, 69.7°, and 

79.1° characteristic of the cubic fluorite structure of CeO2[49,51]. This observation suggests 

that the functionalization did not affect the crystalline structure of ceria. From the diffraction 

pattern, the mean size of microcrystals can be evaluated from Scherrer’s equation. The 

average crystal sizes consequently estimated are as summarized in Table 2. It seems that the 

ceria particles have a tendency to agglomerate during the grafting of [W(≡CtBu)(CH2tBu)3], 

which corroborates the marginal reduction in the surface area. 

 
Fig. 13 Powder X-Ray diffraction of (a) CeO2-200 and (b) [W-a]. 

Table 2 Average particle size of CeO2-200 and [W-a] (estimated measured using Scherrer’s equation) 

Sample Average particle size a) Surface area b) BET 

CeO2-200 45 (Å) 173 m²·g-1 188 m²·g-1 
[W-a] 52 (Å) 155 m²·g-1 166 m²·g-1 

a)The average size of the particles was calculated using the following equation (Scherrer’s equation): 

2'2cos
9.0

HH
T , where: 

T – the size of the particles (Å) 
λ – X-Ray wavelength (Å). 
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Θ – Bragg angle. 
H – full width at half maximum (FWHM) of the measured line. 
H’ – full width at half maximum (FWHM) of the instrument’s response. 
 
b) The surface area is calculated assuming that the particles have a perfectly spherical shape, S = 60000/ρ×d where:  
ρ- Specific gravity of ceria (7.215 g.cm-3) 
d- Particle diameter (Å). 

3.7 Characterization of [W-a] by X-ray photoelectron spectroscopy analysis and Electron 

paramagnetic resonance 

 

Fig. 14 XPS spectra of [W-a]: (a) Ce 3d, (b) O 1s, (c) W 4f.  

X-ray photoelectron spectroscopy (XPS) analyses are carried out in order to provide more 

information on the oxidation state of the constituent elements in the sample: (W, Ce, O). Fig. 

14 shows the representative XPS spectra for the Ce 3d, O 1s, and W 4f. The total fraction of 

Ce3+ is estimated by taking the fitted Ce3+ peaks areas to the total deconvolved spectra 

(%Ce3+= (Ce3+/(Ce4+ + Ce3+))[54]. After the grafting of the organometallic complex 

[W(≡CtBu)(CH2tBu)3], the ratio of Ce3+ is 34% which is higher than that of CeO2-200(20.6% 

in section 2.5). It is widely reported that the concomitant presence of Ce3+ and Ce4+ offers an 

oxygen-buffering capacity and redox properties that can promote NOx dissociation[53,55]. 

The O 1s spectra is described by a large peak at 531 eV and a shoulder at 532.5 eV, assigned 

to lattice oxygen of CeO2 (denoted Oβ)[56] and surface oxygen (denoted as Oα) such as 

oxygen in defect-oxide CeO2-x or hydroxyl group[13]. The relative amounts of calculated Oα 

(%Oα=Oα/(Oα+Oβ)) is estimated as 37%. Compared to the CeO2-200(19.1% in section 2.5), 

more surface oxygen may promote the oxidation of NO to NO2, inducing the “Fast SCR”, and 

resulting in a higher overall SCR catalytic activity[56]. Simultaneously, it can also promote 

the high-temperature oxidation of NH3 and affect the selectivity[57]. Thus, an optimal amount 

of Oα is desirable in order to increase the reaction rate[58].  

XPS analysis is also used to investigate the oxidation state of supported tungsten. The W 4f 

signal is depicted in Fig. 14e. It shows the presence of two signals attributable to W 4f5/2 and 

W 4f7/2 at 37.5 and 35.3 eV respectively, after deconvolution. These values are characteristic 
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of W(VI) for the grafted complex. Indeed, the W 4f peaks overlap with the Ce 5s peaks, as 

shown in Fig. 14f and may cause discrepancies for the curve deconvolution. Nevertheless, 

these results are consistent with the presence of W(VI), but may contain marginal structural 

heterogeneities. Electron paramagnetic resonance (EPR) spectroscopy of the [W-a] material 

(Fig. 15) did not show any signal of isolated W(V) ions expected with a g factor between 1.84 

and 1.51[59]. This supports the XPS findings that all tungsten atoms are present in the 

oxidation state of W(VI).

Fig. 15 EPR spectra of [W-a] recorded at room temperature with a microwave power of 1.6 mW.

3.8 Characterization of [W-a] by X-ray absorption spectroscopy

Fig. 16 W LIII-edge k2-weighted EXAFS (left) and its Fourier transform (right, modulus and imaginary part of the FT) for 
[W-a]. Solid lines: experimental; dashed lines: spherical wave theory.

Table 3 EXAFS parameters for [W-a]. The errors generated by the EXAFS fitting program “Round Midnight” are indicated 
between parentheses.

Type of 
Neighbor

Number of
Neighbors

Distance  
   (Å) σ2 (Å2)

W CCMe3 1.1(2) 1.78(1) 0.0011(6)
W-Oce 1.9(3) 1.78(b) 0.0011(b)

W-CH2CMe3 1.0(2) 2.26(3) 0.0011(b)

W–O(Ce) 1.9(5) 2.69(2) 0.0015(10)
W–O(Ce) 3.0(8) 2.94(3) 0.0015(b)

W CCMe3 1.1(b) 3.25(6) 0.0015(b)

W-OCe 1.0(4) 3.57(3) 0.0015(b)

Δk: [1.8 – 14.5 Å-1] – ΔR: [0.5-4.0 Å]; S02 = 0.94; ΔE0 = 4.7 ± 1.2 eV (the same for all shells); Fit residue: ρ = 5.6 %; 
Quality factor: (Δꭓ)2/ν = 2.36 (ν = 15/30). (b) Shell constrained to a parameter above.
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[W-a] is studied by X-ray absorption spectroscopy (Fig. 16 and Table 3), in order to shed 

light on the structure of the supported species. For the first peak of the Fourier transform 

(right in Fig. 16), two levels of coordinated light atom back-scatterers can be evidenced at ca. 

1.78 Å and 2.25 Å. Considering the level at 1.78 Å, two types of atoms, O and C are 

considered: oxygen coming from the ceria surface and carbon from a carbyne ligand. The 

parameters thus extracted from the fit of the EXAFS signal are in agreement with a bipodal 

structure, (≡Ce-O)2W(≡CtBu)(CH2tBu)3, with ca. two oxygen atoms at 1.78(1) Å, ca. one 

carbon atom at 1.78(1) Å, and another one at 2.25(3) Å, attributed most probably to carbon 

atoms of neopentylidyne and neopentyl ligands respectively. The W-O distance seems 

marginally short but tungsten has been found to be surrounded by around six oxygen atoms at 

1.787(1) Å in a W0.2Ce0.8O2 mixed metal oxide[60]. Moreover, the two carbon back-scatterers 

are located at distances in the range of W≡C and W-C triple and single bonds respectively, as 

observed for [W(≡CCMe3)(=CHCMe3)(CH2CMe3)(dmpe)] molecular complex (1.785(8) Å 

for W≡CtBu and 2.258(9) Å for W-CH2tBu)[61]. Similar parameters are obtained when 

fitting the k3χ(k) spectrum. The fit can be also improved by adding further layers of back-

scatters, in particular two types of oxygen atoms at 2.69(2) and 2.94(2) Å and only around one 

cerium atom at 3.57(3) Å. The inclusion of tungsten as a second neighbor is not statistically 

validated. Therefore, this EXAFS study suggests a single-site structure [(≡Ce-

O)2W(≡CtBu)(CH2tBu)], as the one represented in Fig. 17, where the tungsten atom is in a 

pseudo-octahedral environment, can be tentatively proposed (in the cerium oxide crystal[62], 

the Ce-O bond distance is ca. 2.34 Å and the shortest Ce-Ce distance is ca. 3.83 Å).

Fig. 17 Proposed structure for [W-a].
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In summary, [W(≡CtBu)(CH2tBu)3] has successfully been grafted on ceria dehydroxylated at 

200 oC. Combination of different techniques, such as mass balance analysis, BET, DRIFT, 

solid state NMR, XPS, EPR and EXAFS suggests that the grafted species possesses a bipodal 

attachment to ceria bearing one neopentylidyne and one neopentane ligand in the closest 

coordination sphere. There are in addition two surface oxygen atoms that act as coordinating 

ligands, as revealed by EXAFS giving in a deformed octahedral configuration around 

tungsten. The grafting process proceeds via protonolysis on terminal (total consumption) and 

bridged (partial consumption) hydroxyl groups on the surface of ceria, as indicated by DRIFT 

and 17O NMR, along with the release of neopentane (two equivalents). No substantial change 

in textural properties and crystallinity is observed after grafting. Extensive investigations by 

XPS, EPR and XAS confirm the existence of solely WVI and a mixture of CeIII and CeIV on 

the surface.   

4 Preparation and characterization of W-oxo supported on CeO2-200 

4.1 Preparation of W-oxo/CeO2 [W-b]  

As the commercial tungsten-based NH3-SCR catalyst (V2O5/WO3 supported on titania) 

comprises tungsten bearing terminal oxo and bridge W-O-W, most of the research activities 

are focused on acidic properties of tungsten oxide species. Although the real active site for 

this system is still a matter of debate, it is a general agreement that highly dispersed tungsten 

is beneficial for the reaction and bulk WO3 is practically inactive[57]. Current work aims to 

synthesize highly dispersed isolated tungsten oxo on ceria. Such species are expected to be 

highly active in NH3-SCR based on published reports (see section 1). In the literature, 

different methods to prepare tungsten-based catalysts can be found. Their main objectives are 

to enhance the catalytic activity, frequently prepared by impregnation[58], sol-gel[63] or co-

precipitation[14] techniques. Although the effects of tungsten loading and dispersion have 

been reported[57,64], no particular work is dedicated to the synthesis of isolated tungsten oxo 

species on ceria. There are indeed publications reporting low tungsten loading with 

presumably isolated tungsten sites as the major species, nevertheless, the isolated nature of 

those species is never confirmed due to a lack of detailed characterization. In order to achieve 

the pre-defined target, we hereby employ a unique oxidation approach, comprising low 

temperature oxidation of a reactive surface organometallic fragment. Previous studies in 

solution have shown that a tungsten alkylidyne complex, being in equilibrium with the 

corresponding tungsten bis alkylidene complex, yielded a tungsten mono oxo complex upon 
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O2 exposure[65]. Hence, the pre-catalyst [W(≡CtBu)(CH2tBu)3]/CeO2 [W-a] is treated with 

dry air at different temperatures (500 oC, 600 oC), with the aim to achieve W-oxo/CeO2-500 

[W-b1] and W-oxo/CeO2-600 [W-b2]. The oxidation process is illustrated in Scheme 4,

highlighting the formation of the targeted isolated bis-oxo tungsten species.

Scheme 4 Schematic illustration of the preparation of targeted bis-oxo tungsten species [(≡Ce-O)2W(=O)2].

4.2 Characterization of [W-b] by Elemental analysis and DRIFT spectroscopy

Fig. 18 DRIFT spectra in different ranges (A) 4000 – 950 cm-1; (B) 3900 – 3300 cm-1; (C) 1100 – 800 cm-1 over samples: a) 

CeO2-200; b) [W-a]; c) [W-b1]; d) [W-b2].

Elemental analysis of the resulting materials (calcined from 25 to 500 or 600 oC) shows the 

same tungsten content of 3.2 wt%, and no carbon was detected, suggesting that calcination 

under the given temperatures can readily remove the organic ligands from the tungsten 

Schrock complex without loss of the transition metal. The materials have been exposed to 

such high temperature since the catalytic reaction is carried out at such temperatures.

FT-IR analysis is further carried out to monitor surface changes upon the oxidation process. A 

series of DRIFT spectra highlighting each step is presented in Fig. 18: pure CeO2 after 

dehydroxylation (line a), sample after the grafting process, [W-a] (line b), oxidated sample 

followed by calcination at 500 oC, [W-b1] (line c), and oxidated sample calcined at 600 oC, 
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[W-b2] (line d). As discussed in section 3.3, [W-a] features characteristic peaks around 3000 

cm-1 and 1500 cm-1 for aliphatic ν(CH) and δ(CH2) and δ(CH3) vibrations of the 

perhydrocarbyl ligands. These peaks disappear after calcination (Fig. 18A). Likewise, the 

peak at 2120 cm-1, which belongs to the forbidden 2F5/2→2F7/2 electronic transition of the 

subsurface Ce3+, also disappeared during the oxidation process. The remaining features lie in 

the ν(O−H) and ν(W=O) regions. The oxidation at room temperature of [W-a] shows the 

disappearance of almost all alkyl bands revealing the removal of all alkyl groups even at low 

temperature (Fig. 19). This result can be explained by a [2+2] cycloaddition of the carbenes 

fragments W=CHtBu3 intermediates with O2 leading to the formation of W-oxo fragments 

and the corresponding aldehyde (Scheme 5). Such reactivity is important to obtain the 

targeted isolated tungsten oxo after calcination as most of the organic fragments have already 

been removed at low temperature, avoiding combustion reaction and formation of water 

which will cause agglomeration of tungsten.  

 

Fig. 19 DRIFT spectrum of (a) CeO2-200, [W-a] (b) before and (c) after oxidation at room temperature. 

 

Scheme 5 Schematic illustration of [W-a] oxidated at room temperature. 

To clarify the spectroscopic features of the samples after calcination, the ν(O−H) and ν(W=O) 

have been highlighted in Fig. 18B and 18C. In the (O-H) stretching region, we observe that 

the IR band attributed to terminal OH groups at 3720 cm-1 (μ1-OH) which should have been 
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consumed during the grafting progress appear to be more intense after calcination (lines c and 

d) with a minor 25 cm-1 shift (new band at 3695 cm-1). Although it is very difficult to perform 

quantitative analysis based on DRIFT, it seems that the total amount of OH groups has 

decreased after calcination (comparison of a and c in Fig. 18A). There are also evolutions of 

the μ2-OH and μ3-OH after calcination. Similarly, a slight red shift has been observed in both 

cases. Interestingly, the relative intensities between different OH-group IR bands seems to be 

modified. The most pronounced change involves reduction of the μ3-OH peak intensity and a 

slight increase in the intensity of the other OH-group bands, in particular μ1-OH. Such results 

may suggest that there is a redistribution the of surface OH-groups upon heat treatment. 

During the calcination study of pure ceria (Fig. 1), a similar reduction of the μ3-OH peak has 

been observed. Hence, for [W-b2], the reduction of the μ3-OH may be most likely due to the 

high temperature treatment, causing further condensation of such OH-groups. Nevertheless, 

the presence of tungsten bis-oxo species may also cause a consumption of adjacent OH-

groups by condensation with the oxo ligand, giving the tetrapodal mono-oxo species (Fig. 20). 

 

Fig. 20 DFT calculated enthalpy and Gibbs free energy changes for the conversion of (≡SiO)4W=O to(≡SiO)2W(=O)2 at 823 

K[19] 

Lessons from the similar tungsten oxo system supported on silica have revealed a tungsten 

mono-oxo species can readily be formed by calcination. However, this species can be 

transformed to a bis-oxo species when treated under helium at high temperature[19] (Fig. 20). 

It further indicates that the penta-coordinated tungsten mono-oxo species is more stable under 

calcination. It is then reasonable to believe that the penta-coordinated tungsten mono-oxo 

species supported on ceria will be the major surface complex under the given conditions. The 

somewhat increase of the μ1-OH intensity along with a slight shift may be attributed to a 

restructuration and de-coordination of μ2-OH and μ3-OH at high temperature. In fact, creation 
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of small amount of μ1-OH seems also observed by DRIFT during the calcination studies of 

ceria (Fig. 1).  

The other obvious difference between pure CeO2-200 and [W-b1], [W-b2] is in the region 900-

1100 cm-1, which is characteristic of supported metal oxo species. As already mentioned, the 

ceria supported tungsten species can be present as mono-oxo (≡CeO)4W=O and bis-oxo 

(≡CeO)2W(=O)2 species after calcination. These species feature representative absorption 

bands in the DRIFT spectrum where the mono-oxo species usually gives a signal above 1000 

cm-1 while the bis-oxo species are characterized by two peaks below 1000 cm-1 (symmetric 

and asymmetric vibration modes, splitted by Δ ≈ 25 cm-1).[23][27] In Fig. 18C, [W-b] is 

shown three distinguishable peaks at 1002 cm-1, 986 cm-1 and 968 cm-1, which are attributed 

to tungsten mono-oxo, and bis-oxo (νs(W=O) and νas(W=O)), respectively. The presence of 

these peaks indicates the co-existence of tungsten mono-oxo and bis-oxo in [W-b1]and [W-

b2]. 

4.3 Characterization of [W-b] by Raman spectroscopy 

 

Fig. 21 Raman spectroscopy of a) CeO2-200; b) W-oxo/CeO2-500 [W-b1]; c) W-oxo/CeO2-600[W-b2]. 

Raman spectroscopy is a sensitive technique to study supported metal oxide and is 

complementary to FT-IR investigation. The Raman spectra of W-oxo/CeO2-500 [W-b1] (line b), 

W-oxo/CeO2-600 (line c) [W-b2] and support CeO2-200 are displayed in Fig. 21. All samples 

show the characteristic peak at 459 cm-1, which is attributable to F2g mode of the symmetric 

breathing mode of cubic CeO2 (fluorite structure).[59] The peak at 599 cm-1 is attributed to the 

defect-induced mode. The broadband centered at 1179 cm-1 is ascribed to the second order 

longitudinal optical mode (2LO) of CeO2. The peak at 252 cm-1 is assigned to a second order 
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transverse acoustic mode (2TA)[66]. For the tungsten-containing samples, [W-b1] and [W-

b2], a peak at 802 cm-1 appeared, which is associated with the W-O stretching vibration 

modes. However, the characteristic ν(W=O) mode appears as a weak and broad peak around 

1000 cm-1, suggesting the presence of tungsten-oxo. However, it is hard to distinguish the 

mono-oxo and bis-oxo structure due to a lack of sensibility and a fairly low concentration. 

Thus, the results from Raman spectroscopy are in agreement with those from DRIFT and 

literature data, showcasing the formation of highly dispersed tetrapodal tungsten mono-oxo 

species as the dominating species after calcination at high temperature.  

4.4 Characterization of [W-b] by Nitrogen adsorption-desorption isotherm 

measurements 

  

Fig. 22 Nitrogen physisorption isotherms and corresponding pore size distribution (inset) of (a) CeO2, (b) [W-b1], (c) [W-b2] 

Table 4 Results obtained from nitrogen physisorption isotherms 

Sample 
Surface area 

(m2/g) 
Average particle 

Size (nm) 
Total pore 

volume(cm3/g) 
Surface tungsten 
density(W/nm2) 

CeO2-200 188 3.36 0.23 0 
[W-a] 166 3.19 0.16 0.65 

[W-b1] 178 3.40 0.20 0.61 
[W-b2] 118 4.41 0.20 0.92 

Fig. 22 illustrates the N2 adsorption-desorption isotherms and BJH pore size distribution plots 

determined from the adsorption branch of the N2 isotherms of [W-b1] and [W-b2]. Similar to 

pure CeO2, the adsorption/desorption isotherms belong to type IV profile under IUPAC 

classification, which display H2 type hysteresis loop characteristic of capillary condensation 

between the aggregates constituting the solid. The BET surface area of each sample is listed 

in Table 4. After calcination at 500 oC, a slight gain in BET surface area is observed and is 
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probably due to the removal of organic ligands. Further heating (600 oC) causes a notable 

decrease in BET surface area, due to the segregation of the ceria, as already observed during 

the calcination of pure ceria prior to grafting (Table 1). The pore sizes given in Table 4, 

derived from desorption data and calculated from the isotherm using the BJH model, shows 

that most of the average pore sizes fall into the range of 3 to 5 nm, while the [W-b2] exhibited 

a minor shift towards a larger average pore size, which can be ascribed to the agglomeration 

and distortion of ceria crystalline at high temperature.  

4.5 Characterization of [W-b] by HRTEM and STEM 

 

Fig. 23. HRTEM (A), STEM (B) and EDX analysis (C) of [W-b1]. 

The composition and distribution of different elements on W-oxo/CeO2 are analyzed using 

High-resolution transmission electron microscopy (HRTEM) and Scanning Transmission 

Electron Microscopy (STEM) (Fig. 23). STEM/EDX analyses showed a homogeneous 

distribution of tungsten and cerium through the sample. The regular lattice distance of 0.30 

nm is characteristic of (111) reticular planes of ceria[67], consistent with XRD study where 

the (111) facets are dominant. HRTEM and STEM also reveal that ceria is still present as 

highly crystalline, while tungsten deposited on ceria is rather amorphous (Fig. 23). No evident 

clusters or nanoparticles of WO3 are observed even under extensive magnification (~1 nm in 

resolution). In addition, the images also visualize that tungsten seems to localize preferably on 

the surface/border of ceria with high dispersion, in agreement with energy-dispersive X‐ray 

spectroscopy (EDX) in Fig. 23C. Although the single atom nature of the sample cannot be 

directly revealed by HRTEM, current results clearly show the absence of clusters or 

nanoparticles and may indicate an atomic distribution of tungsten on the surface of ceria.  
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4.6 Characterization of [W-b] by X-ray photoelectron spectroscopy

W-oxo/CeO2-600 has further been analyzed by XPS to determine the surface composition and 

oxidation state of different elements. The spectrum of Ce 3d, O 1s, and W 4f of W-oxo/CeO2-

600 are depicted in Fig. 24. The surface Ce3+ proportion (Ce3+/(Ce3++Ce4+)) is estimated to be 

26.8%, which is somewhat higher than 20.6% in support CeO2-200 (see section 2.5). The slight 

increase in the surface Ce3+ concentration after immobilization of tungsten is most likely due 

to the thermal treatment causing a restructuration of the surface. Notably the formation of the 

major tetrapodal mono oxo species (vide infra) may necessitate opening of Ce-O-Ce bridges 

and can thereby create additional Ce3+ close to the tungsten center. O 1s spectrum presents 

two binding energies at 529.6 and 531 eV, previously assigned to lattice oxygen and to 

surface oxygen (O2- hydroxide) respectively[55]. The ratio of surface oxygen (Oα%= 

Oα/(Oα+Oβ)) is 35.2 % in W-oxo/CeO2-600, and it is notably higher than that in support CeO2-

200(19.1%), confirming the existence of more surface oxygen in [W-b2]. Generally, a higher 

surface oxygen content is positive since it has been reported to be favorable for NH3-SCR[68]. 

Fig. 24 XPS spectra of [W-b2]; (A) Ce 3d, (B) O 1s, (C) W 4f and W 5p.

4.7 Characterization of [W-b2] by X-ray absorption spectroscopy

Fig. 25 W LIII-edge k2-weighted EXAFS (left) and its Fourier transform (right, modulus and imaginary part of the FT) for 

[W-b] material. Solid lines: experimental; dashed lines: spherical wave theory
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X-ray absorption spectroscopy study at the W LIII edge is conducted to reveal the tungsten 

coordination environment in [W-b2]. EXAFS spectroscopy and corresponding Fourier 

transform magnitude and imaginary are shown in Fig. 25. The structural parameters extracted 

from the fit of the EXAFS signal are listed in Table 5. The first peak observed in the Fourier 

transform (maximum in R - δ at ca. 1.55 Å) can be fitted by three levels of oxygen back-

scatters, with distances of 1.69 Å and 1.86 Å and 2.11 Å from the W scatterer, which can be 

attributed to W=O and W-O bonds, respectively[33]. Besides, the fit of the EXAFS signal 

could be much improved by considering further levels of O and Ce back-scatterers as 

indicated in Table 5. The introduction of a W--W contribution in the fit led to much worse 

simulations, indicating that most probably mainly isolated tungsten sites are present in the 

sample. 

Table 5 EXAFS structural parameters obtained for [W-b].(a) The errors generated by the fitting program “RoundMidnight” 
are indicated between parentheses(a)

Type of 
Neighbor

Number of 
Neighbors

Distance 
(Å)

σ2 (Å2)

W=O 1.30(15) 1.69(1) 0.0028(15)
W-OCe 2.40(3) 1.86(2) 0.0028(b)

W--O(Ce) 1.0(b) 2.11(3) 0.0028(b)

W--O(Ce) 0.9(5) 2.71(4) 0.0028(b)

W--O(Ce) 1.4(8) 2.93(4) 0.0028(b)

W--Ce 0.3(b) 3.58(5) 0.0101(41)
W--Ce 2.8(b) 3.81(3) 0.0101(b)

(a) Δk: [2.0 - 13.0 Å-1] - ΔR: [0.5 - 4.2 Å]; S02 = 0.94; ΔE0 = 6.5 ± 0.7 eV (the same for all shells); Fit residue: ρ = 6.8 %; 
Quality factor: (Δχ)2/ν = 2.90 (ν = 14/28). (b) Shell constrained to a parameter above.

Fig. 26 Proposed structure for [W-b2]

Detailed analysis of the first coordination sphere indicates that there is a mixture of tungsten 

mono-oxo and bis-oxo, as shown in the structures proposed in Fig. 26 agreeing with the 
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EXAFS results. The same conclusion has also been provided by DRIFT and Raman 

spectroscopy earlier. According to the fitted data for numbers of neighbors, the proportion of 

these species is estimated to be roughly 70 ± 15 % for tungsten mono-oxo and 30 ± 15 % for 

tungsten bis-oxo. The dominating mono-oxo species is presumably formed through a 

condensation of the bis-oxo species with adjacent OH-groups, as described by Bell et al. (Fig. 

20).

In summary, the calcination of [W-a] at high temperatures offers [W-b], which turns out to 

contain a mixture of isolated tungsten mono-oxo and bis-oxo species supported on ceria. This 

conclusion is based on a series of characterizations, for instance by XPS, DRIFT, Raman, 

EXAFS, BET, and TEM. No proximate W-W is found by EXAFS, suggesting that the W-oxo 

species presents as isolated after calcination at 600 oC. Such a result can only be obtained via 

the current strategy, involving surface organometallic chemistry on oxide and low 

temperature oxidation prior to calcination. As observed, most of the alkyl groups on the 

surface have already been removed in contact with oxygen, avoiding the production of water 

at high temperature which will promote agglomeration of tungsten.

5 Catalytic performance investigation

5.1 Catalytic performance in NO conversion and N2 Selectivity 

Fig. 27 (A) NO conversion and (B) N2 selectivity observed for CeO2-200 and W-oxo/CeO2 at different temperatures.

The prepared materials ([W-a] exposed to O2 at room temperature [W-b0], 500 °C [W-b1]

and 600 °C [W-b2]) are submitted to catalytic studies for deNOx reaction through NH3-SCR 

and compared to pure CeO2 under a simulated feed from typical combustion outlet under 

continuous flow (mixture of 300 ppm NO, 350 ppm of NH3, 12% O2 in He). The NO 
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conversion and N2 selectivity are presented as a function of temperature in Fig. 27. CeO2 itself 

exhibits moderate activity with a maximum conversion of 58% (at 400 °C). Once 

functionalized with isolated tungsten oxo species, the catalysts show outstanding catalytic 

performances with practically total conversion even at 300 °C, which extend up to at least 

450 °C before a drop of conversion is observed. The latter is due to the oxidation of ammonia 

(vide infra) rather than the deactivation of the catalysts. The catalyst [W-b2] (calcined at 

higher temperature) shows slightly better performances than [W-b1], particularly in the low 

temperature region. Surprisingly, the activity of the O2 exposed, non-calcined (at elevated 

temperature) catalyst displays a similar activity (as [W-b1] and [W-b2]) in the low 

temperature region, but a poor activity in the high temperature region. The selectivity for N2 

has notably improved after addition of isolated tungsten oxo species on ceria, especially at 

high temperatures region above 400°C (Fig. 27B).  

 

Fig. 28 Separate oxidation reaction of NO into NO2 (A) and of NH3 into NOx (B) with [W-a] as catalyst. 

To extend the behavior of these catalysts for deNOx related reactions, two experiments with a 

separate (NO + O2) and (NH3 + O2) feed are performed on [W-a] exposed to O2 at room 

temperature. The results concerning NO and NH3 oxidation versus temperature, presented in 

Fig. 28, show that the oxidation of NO into NO2 starts at low temperature, ca. 150 °C, with a 

NO conversion increasing linearly with temperature to reach a pseudo-plateau between 280 

and 380 °C before increasing gradually again. The first part of the curve can be explained by 

the role of the surface oxygen available that can promote the oxidation of the NO into NO2. 

After the plateau, thermal oxidation is presumably dominating. In contrast, the oxidation of 

NH3 do not take place before the reaction temperature reaches 300 °C, where a sharp increase 

is observed for temperatures higher than 300 °C. This result suggests that the exceptional 

performance of the synthesized isolated tungsten oxo supported on ceria catalysts may be 
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related to the NO oxidation capability as NO2 can promote fast SCR. Such properties are 

particularly important in the low temperature region (< 300 °C) where NH3 remains resistant 

to oxidation. On the other hand, Fig. 28 clearly shows that NH3 oxidation becomes more 

important from temperatures higher than 450 °C, explaining the gradual loss of conversion 

and selectivity above this temperature (Fig. 27). 

5.2 Recycling and tolerance of H2O of ceria supported tungsten-oxo catalysts 

The catalyst robustness is generally important, particularly in an economic and sustainable 

society. For potential NH3-SCR uses, it is essential to provide the resistance data towards 

thermal treatment, the presence of water and the catalytic behaviors after several cycles, as 

well as the long-term stability. Thus, the pre-catalyst W(≡CtBu)(CH2tBu)3/CeO2-200, [W-a] 

exposed to O2 at room temperature and W-oxo/CeO2-600, [W-b2] were evaluated for the 

selective reduction of NO through several cycles, which are depicted in Fig. 29. [W-a] shows 

more than 95 % conversion of NOx between 280 and 400 °C (Fig. 29A, 1° cycle). 

Surprisingly, upon repeating SCR cycles, the catalyst performance improved, notably in high-

temperature regions, which suggests that most active and stable sites are formed under the 

catalytic conditions (O2, NH3, NO, or high temperatures). Comparatively, [W-b2], already 

calcined at 600 °C, shows virtually a total conversion between 250 °C to 450 °C, without loss 

of catalytic performance after 5 cycles (Fig. 29B). Those experiments indicate that a heat 

treatment of [W-a] is necessary to access the most active and stable sites for NH3-SCR, 

probably through surface restructuration creating supplementary acid redox pair sites. 

Moreover, long terms stability of the catalyst at 300 °C was also studied. The result depicted 

in Fig. 29C confirms that the activity of the catalysts remains stable for more than 50 h, and 

the total NO conversion is maintained. From the results we obtained, [W-b2] catalyst has an 

excellent thermal stability and resists the thermal aging. 

 
Fig. 29 Thermal stability of (A) [W-a] and (B) [W-b2]; (C) long-term stability of [W-b2]. 
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Furthermore, in a typical combustion reaction, the outlet used to contain substantial amount of 

H2O, sometimes above 5%.Water can strongly absorb on the surface of the catalyst or at least 

compete with the reactant to adsorb on the active site, causing a decrease of the catalytic 

performance[69]. Moreover, the presence of considerable amounts of water may also 

accelerate migration/agglomeration of the active sites, also yielding a drop in the catalytic 

activity. Furthermore, it is known that surface tungsten oxo species can undergo hydrolysis to 

form the corresponding Bronsted acidic tungsten hydroxyl species. Hence, the resistance of 

[W-b2] towards water under NH3-SCR is investigated in the presence of 5% water (Fig. 30), 

also reflecting more realistic conditions in combustion engines. As a primary study, W-

oxo/CeO2-600 is exposed to the NH3-SCR of NO feed (same composition as mentioned in 

section 5.1) with 5% H2O at two different temperatures. At 290 oC. the NO conversion 

decreases by 25% when 5% water is added. Importantly, the conversion is recovered when 

water is switched off, indicating that water acts as a competitive adsorbing reactant to the 

active sites rather than a deactivation poison. As for 260 oC, the NO conversion declined from 

76% to 32% when 5% H2O is added, and it recovered immediately to 65 % when water was 

switched off with a gradual increase. Essentially, when the temperature is brought back to 

290 °C, the initial conversion is practically restored, which again supports that [W-b2] is 

perfectly resistant to water. Nevertheless, from a molecular point of view, current results 

indicate the importance of the tungsten oxo moiety for NH3-SCR. As mentioned, the presence 

of such amount of water will rather favor the existence of surface tungsten hydroxyl. The fact 

that the catalytic performance is lower may indicate that such species have a lower activity (or 

is even inactive) compared to the initial tungsten oxo species.

Fig. 30 H2O resistance over [W-b2]: (A) NH3-SCR catalytic performance at (290 oC and 260 oC) with 5% of water present in

gas feed if needed; (B) NH3-SCR catalytic performance with repeated cycles test with 5% of water present in gas feed.
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In addition, standard NH3-SCR test, including repeated cycles and with 5% of water present 

throughout the whole process is studied (Fig. 30B). The activity in the first cycle is somewhat 

lower, which can be explained by the strong adsorption of water on the surface. Upon 

multiple recycling tests, the conversion profile becomes stable with a slightly larger operating 

window. These results are rather unexpected because under the given conditions, leaching and 

agglomeration of tungsten are generally expected to occur, causing a gradual decrease of the 

activity. The fact that this catalyst is stable strongly suggests that the restructuration caused 

upon the heat treatment has led to a strongly anchored tungsten species on the support near a 

redox site. These results confirm that the effect of H2O on the activity of the [W-b2] is minor 

and simultaneously confirm the robustness of [W-b2] towards water and thermal treatment. 

5.3 Structure-reactivity relationship in NH3-SCR  

Generally, factors that affect the activity of NH3-SCR catalyst are the dispersion of active 

sites, redox ability, and surface acidity. In order to shed light on the influence of these (widely 

accepted to be the most important) parameters, the catalytic performance of the synthesized 

isolated tungsten supported on ceria has been compared to other catalysts: i) catalyst prepared 

by classical impregnation using metatungstate as precursor (different dispersion); ii) tungsten-

oxo supported on silica prepared through SOMC (without supplementary redox properties); iii) 

molybdenum oxo prepared through SOMC supported on ceria (different acidity). 

5.3.1 Catalytic performance  

 

Fig. 31 (A) NO conversion and (B) N2 selectivity performance of several compared samples. 

Several comparison samples are prepared to understand the active site in W-oxo/CeO2-600 [W-

b2] during NH3-SCR reaction: Imp-WOx/CeO2 (prepared by classical impregnation from 

ammonium metatungstate precursor); W-oxo/SiO2 (W(≡CtBu)(CH2tBu)3 supported on SiO2 
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and followed by calcination at 600 oC); Mo-oxo/CeO2-600 (Mo(≡CtBu)(CH2tBu)3 supported on 

CeO2 calcinated at 600 oC); The molar content of W or Mo in these samples are same with the 

amount of tungsten in W-oxo/CeO2-600. NH3-SCR reaction performances over these samples 

are displayed in Fig. 31.  

To evaluate the effect of support, W-oxo/SiO2 is prepared by grafting the same precursor 

W(≡CtBu)(CH2tBu)3 on SiO2, followed by calcination at 600 oC. However, W-oxo/SiO2 is 

almost inactive in the NH3-SCR reaction, which confirms the significance of the redox 

support (ceria). However, the observed low conversion confirms that the tungsten-oxo 

supported on a neutral support may complete the NH3-SCR cycle, even without the redox 

properties. As shown in Fig. 31, the catalytic performances of Mo-oxo/CeO2-600 are very 

similar to those of [W-b2] up to 300 °C. At higher temperatures, the conversion of NO and 

the selectivity to N2 obtained with this catalyst rapidly decrease. Such behavior of the latter 

catalyst, being presumably iso-electronic with the tungsten analogue [W-b2], is unexpected. 

An explanation may be related to the reducibility of the elements at high temperature. MoO3 

is known to undergo thermal reduction already at 350 °C[70], while WO3 is perfectly stable at 

500 °C[71]. Although the mechanism of NH3-SCR is yet to be determined, among different 

propositions in the literature involving early transition metal, the catalytic cycle comprises d0 

elements. The low catalytic performance of Mo-oxo/CeO2-600 at high temperature is probably 

related to the challenge to oxidize molybdenum under the given conditions.  

The short screening of different related catalysts still preserves [W-b2] as the most active and 

stable catalyst. This study also confirms the importance of the redox support and the stability 

of d0 transition state metal (WVI) under high temperature during the NH3-SCR. Moreover, 

[W-b2] also shows better catalytic behavior than Imp-WOx/CeO2, which suggests that 

catalyst performance is also dependent on the preparation method. The higher activity is 

probably due to the better tungsten dispersion on the ceria related to the preparation method 

by SOMC where only isolated tungsten sites are obtained in W-oxo/CeO2-600. However, Imp-

WOx/CeO2 prepared by impregnation generally has a surface composed of a mixture surface 

tungsten species[14]. To further understand the reasons for the difference in activity between 

Imp-WOx/CeO2 and [W-b2], surface acidity and redox ability (pair sites) were elucidated.  
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5.3.2 Surface acidity  

Based on available literature data[13], acidity is essential to execute NH3-SCR and it is 

generally associated with the adsorption of NH3, which is the prerequisite for the formation of 

active species and subsequent reaction with active nitrites/nitrates. There are also publications 

reporting that a strong acidity favors this reaction[72]. Nevertheless, the type of essential 

acidic sites for the reaction remains unclear. Several reports insist that Bronsted acid site is 

favored[13] and other publications claim that the Lewis acidity is more important[15]. There 

is a clear disagreement in the literature. Hence, the ceria supported tungsten catalysts are 

submitted to acidity measurement by microcalorimetry[73], using the enthalpy change of 

ammonia adsorption. This technique provides qualitative and quantitative information about 

the acidic type (Lewis or Bronsted), acid strength and the strength distribution. The initial 

heats of adsorption (denoted by Qinit), total and irreversible amounts of NH3 adsorbed under 

an equilibrium pressure of 27 Pa are summarized in Table 6 together with the strength 

distributions of acidic sites (Lewis or Bronsted). A rather surprising result is that [W-b2] has 

the lowest total uptake of NH3, even lower than pure ceria and about three times lower than 

Imp-WOx/CeO2. On the other hand, the irreversible NH3 uptake has risen after tungsten 

immobilization, reflecting that tungsten has created acidic sites. Still, the irreversible NH3 

uptake is twice as high for Imp-WOx/CeO2.   

Table 6 Data obtained from microcalorimetric measurements for CeO2-200, [W-b2], and Imp WOx/CeO2 
 

 

 

 

 

 

a Initial differential heats of NH3 adsorption; b Amount of NH3 adsorbed under an equilibrium pressure of 27 Pa; 
c Amount of irreversibly chemisorbed NH3 under an equilibrium pressure of 27 Pa. 

The strength of acid sites can be divided into three categories. For all samples, most of the 

acidic sites are weak (50<Q<100) and assigned to Lewis acid. The moderate acidic sites 

(100<Q<150) constitute about 30% of the total acidic sites for tungsten functionalized ceria. 

Sample 

NH3 adsorption at 110 °C Strength distribution of acid sites 
(μmol NH3/g sample) 

Qinit
a 

(kJ/mol) 

NH3 uptake 
(μmol/g)  

50<Q<100 
 

100<Q<150 
 

150<Q<200 
ntotal

b nirrev
c 

CeO2-200 163 133.5 34.4 117 30 9 
Imp-WOx/CeO2 174 245.9 81.8 189 94 8 

[W-b2] 175 89.3 40.9 37 17 8 
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Finally, the quantity of strong acidic sites (150<Q<200) for all samples is practically the same 

(Fig. 32), though rather low.  

 

Fig. 32 Strength distributions of acidic sites. 

In summary, microcalorimetry shows that tungsten-decorated ceria results in increasing 

surface acidity with respect to bare ceria. This technique also reveals that the acidity of Imp-

WOx/CeO2 is far higher than [W-b2] especially in the weak and moderate acid sites. 

Quantitative evaluation also shows that Imp-WOx/CeO2 contains much more acid sites and 

stronger acidity than [W-b2]. As the tungsten loading is the same for both catalysts, the 

preparation method strongly alters the acidic properties of the materials. Interestingly, 

according to the catalytic results presented in section 5.3.1, [W-b2] that is less acidic than 

Imp-WOx/CeO2 exhibits higher activity. These unexpected results indicate that the quantity 

and the strength of acid sites in ceria supported tungsten catalysts with a low W loading are 

less relevant to give a highly active NH3-SCR catalyst. It further supports that the current 

system may be somewhat different with respect to the proposed reaction mechanisms 

described in literature based on pair redox and acid (Bronsted or Lewis) sites.  

5.3.3 Redox ability  

H2-TPR was performed to investigate the reducibility of CeO2-200, Imp-WOx/CeO2, and [W-

b2] via thermal gravimetric analysis (TGA) analysis. TGA can monitor the reaction under a 

specific carrier gas by following the mass loss with the temperature changes[69,74,75]. When 

H2 is used as the carrier gas, the mass loss of materials can be associated to the reducibility of 

materials generally provided by the removal of oxygen by H2 in the case of metal oxides. As 

shown in Fig. 33, the weight losses of the materials can be separated into three stages. The 

first stage (< 250 oC) is attributed to the adsorption of water. The second stage until around 
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500 oC corresponds to the loss of surface oxygen resulting from the reduction of surface Ce4+ 

to Ce3+. The third stage is assigned to the loss of lattice oxygen in bulk CeO2-200 due to the 

deep reduction of Ce4+ to Ce3+[69]. Therefore, the second and third stages are related to 

reducibility.  

 

Fig. 33 TGA patterns under H2 

Table 7 Orelease calculated from the weight loss in the second and third stages 

Sampels Mass (mg) Mass loss (%) 
(total) 

Mass loss (%) 
(stage II) 

Mass loss (%) 
(stage III) 

Orelease (mmol/g) 

CeO2-200 43.550 1.614 0.621 0.993 0.044 
Imp-WOx/CeO2 42.359 1.862 0.900 0.962 0.049 

[W-b2] 43.485 2.079 1.304 0.776 0.057 

The Orelease is calculated from the weight loss in the second and third stages and the results are 

listed in Table 7. Essentially, the total weight loss and the mass loss in the second stage 

increase in the following order: CeO2-200 < Imp-WOx/CeO2 < W-oxo/CeO2-600. On the other 

hand, the mass loss in stage III varies less among the samples, as it is basically governed by 

the bulk support. The Orelease in stage II may provide hints related to the catalytic performance, 

since this temperature window concerns surface oxygen loss and falls into the reaction 

temperature in NH3-SCR. Larger oxygen loss reflects higher reducibility and may even 

oxidize NO to NO2, triggering the fast SCR process. Clearly, Orelease is improved once the 

ceria is decorated with tungsten. The highest Orelease is observed for W-oxo/CeO2-600, being 

consistent with the catalytic results (see Fig. 31). Thus, utilizing the surface organometallic 

chemistry approach to prepare tungsten-based NH3-SCR catalyst has resulted in a material 

comprising single tungsten site being highly dispersed and with improved redox properties 

under the working temperature range. 
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6 Conclusion  

Surface organometallic chemistry on ceria has been investigated and exemplified by using 

W(≡CtBu)(CH2tBu)3 as precursor with the aim to produce novel NH3-SCR catalyst. Prior to 

the grafting reaction, the support CeO2, with different pretreatments has been thoroughly 

characterized by DRIFT, XPS, XRD, BET, Raman and solid state NMR (1H, 17O). 

Furthermore, chemical titration with Al(iBu)3 has been conducted in order to quantify the 

concentration of surface OH-groups of the support calcined at 500 °C and dehydroxylated at 

200 °C (this appears to be the optimal pretreatment conditions).  

The catalyst is synthesized in two steps. For the first step, the Schrock-type tungsten complex 

(W(≡CtBu)(CH2tBu)3 is grafted onto the surface of ceria with reactions through protonolysis, 

offering a firmly bonded surface organometallic fragment with high dispersion. And in the 

second step, the grafted product is calcined to form the supported tungsten-oxo species. At 

each step, the materials ([W(≡CtBu)(CH2tBu)3]/CeO2-200 [W-a] and W-oxo/CeO2 [W-b]) are 

characterized by FT-IR, XPS, EPR, SSNMR, Raman, and EXAFS in order to specify the 

structure. The grafted species [W-a] appears to be an isolated, bipodal tungsten complex 

bearing a neopentyl and neopentylidyne ligands. Moreover, EPR and XPS reveal the presence 

of paramagnetism and Ce3+. Controlled oxidation of [W-a] offers the supported tungsten-oxo 

species [W-b]. Combining the aforementioned spectroscopic techniques, the local structure of 

[W-b] supported species is found to be a mixture of isolated tungsten mono-oxo and tungsten 

bis-oxo species. Moreover, XPS further shows the presence of Ce3+, thus confirming the 

presence of the necessary acid redox pair (presumably the most active site for NH3-SCR) on 

the material.  

The catalytic activity of [W-b2] shows exceptionally high activity and stability with full 

conversion between 250 and 450 °C under typical deNOx conditions (with 12% O2). The 

same catalytic performance is observed after several cycles. In addition, a long-term 

experiment (50 h) at 300 °C supports the robustness of the catalyst. Virtually the same 

catalytic performance in terms of conversion and stability after multiple cycles is observed in 

the presence of 5% water. Comparative experiments confirm that redox support CeO2 in 

combination with a transition metal can boost the activity, as highlighted by W-oxo/SiO2. 

Though only group VI transition metals (W, Mo) are investigated, current results show that 

tungsten is more robust than the molybdenum counterparts, especially in the high temperature 

region. Interestingly, W-oxo/CeO2 shows higher activity than WOx/CeO2 synthesized by 
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impregnation catalyst on NO conversion, despite less acidity and similar redox ability. This 

strategy provides a general method to fabricate single-site catalysts with relatively low metal 

loading and high dispersion suitable for mechanistic studies and drawing the structure-

reactivity relationship. Moreover, gathering different elements in this Chapter, there is a 

strong indication that the current reaction mechanism is somewhat different with respect to 

classical proposed mechanisms. First of all, the redox properties are indeed important. 

Nevertheless, the fact that W-oxo/SiO2 is able to turn the catalytic cycle, though with low 

activity, indicates that the available sites on this catalyst (only tungsten oxo fragment 

supported on silica) contain the necessary elements to make the targeted reaction occur. The 

limited activity may be due to the kinetic limitations of certain elementary steps, in particular 

formation of the N-N bond during NO addition. Secondly, the acidity measurements reveal 

that W-oxo/CeO2-600 possesses lower acidity than a corresponding sample prepared by 

classical impregnation, while the catalytic performance is notably higher for W-oxo/CeO2-600. 

Moreover, the NH3-SCR tests under 5% water indirectly prove that the Brønsted site (W-OH 

is expected to be the dominating surface species under this condition) has a weak inhibiting 

effect on the conversion compared to the tungsten oxo fragments possessing Lewis acidity. In 

addition, a dramatic difference in NH3-SCR is observed between Mo-oxo/CeO2-600 and W-

oxo/CeO2-600 at the high temperature region. Both elements present the necessary Lewis 

acidity, but have a different stability at high temperature. As mentioned, the initial 

tungsten(VI) oxo site is perfectly stable at the high temperature region. Conversely, 

molybdenum can undergo thermal reduction already at 350 oC, resulting in a loss of the d0 

identity and consequently the oxo ligand. Thus, the absolute acidic content and strength do 

not seem to be crucial for high performance NH3-SCR catalysts. Current results are rather 

directing that the active species for NH3-SCR of NO comprise a transition metal (exemplified 

by tungsten) oxo sites associated to with redox site Ce3+.  

Table 8 Summary and comparison of the catalyst preparation and catalytic performance in this chapter 

Catalysts Loading Synthesis method Precursor  Calcination 
temperature NO conversion  

CeO2-200 N.D. N.D. N.D. N.D. 58% at 400 oC 
W-oxo/CeO2-500 3.30 wt% SOMC [W(≡CtBu)(CH2tBu)3] 500 oC T80(256-476 oC) 
W-oxo/CeO2-600 3.30 wt% SOMC [W(≡CtBu)(CH2tBu)3] 600 oC T80 (236-467 oC) 
Imp-WOx/CeO2 3.30 wt% Impregnation (NH4)6H2W12O40*4H2O 500 oC T80(294-391 oC) 
W-oxo/SiO2-600  SOMC [W(≡CtBu)(CH2tBu)3] 600 oC 10% at 390 oC 

Mo-oxo/CeO2-600  SOMC [Mo(≡CtBu)(CH2tBu)3] 600 oC T80(236-403 oC) 
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prepared by SOMC: Effect of precursors and 

vanadium loading on the activity for NH3-SCR 
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1 Introduction  

To improve the combustion engine efficiency and minimize fuel consumption, modern diesel 

engine is operated at a lean fuel mixture, resulting in the emission significant amount of NOx 

and causing eco-system damage[1,2]. Several engine technologies such as exhaust gas 

recirculation (EGR) and homogeneous charge compression ignition (HCCI), aimed to reduce 

the NOx content of the upstream exhaust gas have resulted in a significant improvement in 

terms of NOx diminution[3]. However, in order to meet the latest the emission standards, 

after-treatment devices appear to be the only solution[4]. Several downstream techniques of 

NOx abatement have been developed such as NOx storage reduction (NSR)[5], selective NOx 

recirculation (SNR)[6], selective catalytic reduction (SCR) using different reducing agents 

(NH3/urea or hydrocarbons)[7,8]. Japan is the first to employ NH3-SCR technology in the 

1970s. It has been widely employed for the catalytic removal of NOx from stationary sources 

in the United States, Europe, and other nations and regions[2]. Lately, this technology is also 

implemented in mobile diesel engine vehicles.  

The most common commercial catalyst, V2O5−WO3/TiO2, has been extensively investigated 

to gain a deeper understanding of the structure-activity relationship[9,10]. It is widely 

accepted that TiO2 acts as the support, V2O5 (2-3 wt%) is considered to be the primary active 

moieties, and WO3/MoO3 (> 10 wt%) further promotes the thermal stability and activity[11]. 

As different vanadium species are found on the surface of the catalyst, their specific role in 

NH3-SCR reaction is still controversial. Marberger and his co-workers[12] prepared a catalyst 

with 2 wt% V2O5, 10 wt% WO3 supported on TiO2 (formulation similar to the commercial 

catalyst) by consecutive impregnation. After investigation with time-resolved infrared and 

UV-visible spectroscopy, they proposed that the Lewis acid sites and the isolated mono-oxo 

vanadyl groups are the active acidic sites that participate in the catalytic cycle along with 

redox sites. On the other hand, the Brønsted acidic sites acted as the NH3 reservoir. More 

specifically, isolated V5+ reduces in the presence of both NO and NH3, the nitro-amide (NOx-

NHx) intermediate and V−OH group were formed at the same time. After the decomposition 

of intermediates, V4+-OH is re-oxidized by oxygen. Choo and his co-workers[13] reported 

that sulfate accelerated the conversion of isolated vanadyl species to polymeric species. He 

and his co-workers[14] synthesized V2O5/TiO2 by impregnation method using ammonium 

metavanadate and TiO2 pretreated with ammonium sulfate. They demonstrated that the 

polymeric VOx species dominated the NH3-SCR instead of the monomeric vanadium species, 
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especially under low-temperature conditions. By DFT calculations, they explained the 

coupling effect of the polymeric structure shortens the reaction pathway for the regeneration 

of redox sites and decrease the reaction barrier.  

In most vanadium-based catalysts, vanadium comprises from monomeric to polymeric 

vanadyl species. The distributions of the different species are thought to be closely connected 

to the precursors and the concentration of vanadium on the surface[12,15]. Youn and his 

coworkers[16] prepared a series of V2O5/TiO2 catalysts by changing the oxidation state of 

vanadium precursors by adjusting the pH of the solutions. For catalysts with 5 wt% vanadium 

loading or higher, they found that precursor (V3+) produced more highly coordinated 

polymeric vanadyl species on TiO2 based on Raman and UV-Vis data compared to catalysts 

prepared from V4+ and V5+ precursors. Though the NO conversion appeared to be similar 

among the series of catalysts, N2 selectivity of NH3-SCR reaction exhibited significant 

improvement when compared to [14,17] catalysts at the same loading prepared by V4+ and 

V5+ precursors. Bell and his colleagues[15] used in situ laser Raman to count the number of 

distinct VOx species. They discovered that monomeric vanadium species (V5+) accounted for 

80% of the 1.3 wt% V2O5/TiO2 content, while polymeric vanadium species climbed to 33% 

when the V loading was increased to 3.0 wt%. Their continuous investigation[14] reported 

that about ten times more specific activity exists with polymeric vanadate species than with 

monomeric vanadyl species. Moreover, polymeric species lead to a more important 

production of N2O than monomeric vanadium species, and it increases with the amount of O2 

in the feed. Based on selected reports on TiO2 supported SCR catalysts, there is already a 

strong contradiction between the structure-activity relationship and the assignment of the role 

of each species (monomeric vs polymeric). 

Apart from the formulation used in the commercial catalyst, CeO2–based materials have 

largely been investigated for SCR catalytic systems, owing to the high oxygen storage 

capability, tunable textural properties, redox and acid/base properties[18,19]. From Chapter II, 

tungsten-oxo supported on ceria has been proved to be highly active and selective for NH3-

SCR reaction. Importantly, the observed activity and selectivity can be solely assigned to the 

isolated tungsten bis-oxo moiety, which turns out to play the key role in NH3-SCR reaction 

over W-oxo/CeO2. VOx/CeO2 is another encouraging system according to literatures. Pursued 

issues with vanadium supported on ceria systems are the volatility of V2O5, this oxide being 

toxic once emitted and the nature of the active sites. Wu and his coworkers[20] tentatively 
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explored the nature of the active site on VOx-MnOx/CeO2 (5 wt% VOx) prepared by aqueous 

impregnation on mesoporous CeO2. They optimistically attributed that the resulting material 

comprised dimeric (bridged) vanadium oxo species based on a broad 51V NMR signal and a 

weak Raman peak. The latter material displayed a notable enhancement of the NO conversion 

at low temperature compared to similar catalysts containing V2O5 phase (prepared similarly 

on lower surface area CeO2). The authors further proposed that the improvement was due to 

the presence of dimeric VOx moieties, offering abundant Brønsted and Lewis acid sites and 

subsequently promoting the acid cycle in the previously proposed NH3-SCR mechanism. In a 

parallel work, the same groups investigated the VOx-MnOx system (5 wt% VOx) supported 

on different ceria shapes (cube, polyhedral, rod). The preferred support was found to be ceria 

nano rod (with predominantly (110) facet exposed to the surface). The supported vanadium 

species was reported to be monomeric (based on a shoulder on the 51V MAS NMR spectrum 

and a weak Raman peak) and assigned it as the active site for the reaction[21]. Peng and his 

colleagues[22] studied highly loaded vanadium (up to 75 mol%) on ceria. Though CeO2 was 

revealed as the only crystalline phase, Raman spectroscopy showed the presence of polymeric 

vanadium and CeVO4 in this V0.75Ce material. They further claimed that both vanadium 

species contribute to acidity: Lewis acid-sites (CeO2 and polymeric VOx) and Brønsted acid-

site (defect sites on CeVO4). Part of Lewis acid sites could convert into the Brønsted acid- 

sites at high temperature. Additionally, Lewis acid- sites are more stable than Brønsted acid 

sites under the thermal treatment used for NH3 desorption. The authors believed that both 

species participate in the SCR reaction where the Lewis acidity is more important at low 

temperature, while the Brønsted acidity becomes essential at high temperature. Moreover, 

they found the presence of the different types of vanadium species depends on the vanadium 

content. This is consistent with the systematic investigation of the structure of vanadium 

oxide supported on ceria by Wu and his coworkers [23]. VOx species interact preferably with 

ceria defect sites, causing reduction of such sites with respect to the neat ceria and may alter 

the electrical properties. Therefore, surface sites in ceria could anchor and stabilize several 

VOx species, which may easily lead to complex systems with different VOx species on the 

surface of ceria. On the other hand, with other supports, such as silica[24] and 

alumina[25,26] , there was typically just one type of species visible at a particular vanadium 

loading. 

Published results have tentatively investigated the structure-reactivity relationship and the 

reaction mechanism. However, those reports are based on catalysts prepared by conventional 
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methods containing a mixture of different vanadium species (from monomeric to polymeric) 

on the surface during the catalytic investigations[14,27]. It is evidently impossible to assign 

the observed properties to a specific vanadium species. Moreover, catalysts containing mixed 

VOx species are unsuitable for mechanistic investigations, especially for the study of the N-N 

bond formation which is rarely addressed in the literature.   

More recently, catalysts comprising isolated transition metals have received substantial 

attention in this field. It is then reasonable to believe that a supported isolated vanadium 

catalyst may adapt to similar thermal resistance and simultaneously keep an exceptional SCR 

activity, and thereby giving a “V2O5” free vanadium catalyst. Avoiding V2O5 emission can 

open the way to developing sustainable and environmentally friendly vanadium-based SCR 

catalysts. A controlled manner to obtain isolated vanadium materials is through surface 

organometallic chemistry[28]. Contrarily to classical impregnation or chemical vapor 

deposition techniques which usually lead to uncontrollable surface species (extending from 

physisorbed precursors to fully decomposed species), this synthetic approach involves 

controlled grafting of a suitable organometallic precursor onto a given support, leaving behind 

a strongly anchored organometallic fragment on a solid[29]. Hence, isolated vanadium species 

supported on ceria can be achieved by judicious choice of the precursor on properly treated 

support. Moreover, low metal loading is usually sufficient to obtain highly active catalyst, 

which paves the way for the synthesis of well-defined vanadium species grafted on ceria and 

should help to elucidate a structure-reactivity relationship in NH3-SCR of NOx. 

Owing to the inconsistency in the literature about the nature of the active site and addressing 

the stability of ceria supported vanadium species, this Chapter aims to synthesize several 

kinds of well-defined V-oxo/CeO2 materials with low vanadium loadings through the SOMC 

approach. Encouraged by the positive results obtained in Chapter II, it will be ideal to employ 

a corresponding vanadium(V) complex as precursor. However, due to the instability of [VR5] 

type homoleptic vanadium(V) complexes, heteroleptic vanadium(V) precursors and a 

homoleptic vanadium(IV) complexes are employed: the dimeric V5+ precursor 

[V(=O)(OEt)3]2, monomeric V4+ precursor [V(CH2SiMe3)4], and monomeric V5+ precursor 

[V(=O)(OtBu)3]. After calcination at 500 oC, ceria supported vanadium oxo are characterized 

by several techniques (DRIFT, Raman, solid state NMR, UV-Vis, XRD, XANES, HRTEM, 

BET, XPS, and Elemental analyses) in order to determine the structure of resulting species. 

The catalytic performance of V-oxo/CeO2 in NH3-SCR of NOx prepared from different 
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precursors and with different V content have been evaluated in the temperature range of 150–

600 °C.  

 

Scheme 1 Schematic illustration of the synthesized process for V-oxo/CeO2 

2 Preparation and characterization of V-oxo supported on CeO2 using [V(=O)(OEt)3]2 as 

precursor 

2.1 Preparation of [V(=O)(OEt)3]2/CeO2-200 [V1-a] 

Prior to the catalyst preparation, ceria (ceria Actalys HAS-5 Actalys 922 from Solvay (Rare 

Earth Laboratory, La Rochelle, France) is calcined at 500 oC, followed by rehydration and 

dehydroxylation at 200 oC. These experimental conditions are adapted from Chapter II, which 

after screening show to be the optimal ones for the pretreatment before the functionalization 

of CeO2 surface with the methodology used in this study.   

 

Scheme 2 Schematic illustration of the synthesis process of [V(=O)(OEt)3]2/CeO2-200 [V1-a] 

In the first step, a grafting reaction is performed using [V(=O)(OEt)3]2 precursor as shown in 

the Scheme 2. [V(=O)(OEt)3]2 is commercially available. Though this precursor exhibits a 

dimeric structure, it is known that dimeric complexes may become monomeric once grafted 

onto a polar surface material[30]. The grafting reaction of [V(=O)(OEt)3]2 on CeO2-200 is 

carried out in toluene at room temperature for 12 h. Unreacted complex [V(=O)(OEt)3]2 is 

washed off by filtration with toluene and rinsed with pentane. The supported vanadium 

complex, [V(=O)(OEt)3]2/CeO2-200, [V1-a], is obtained as a grey powder after drying under 

vacuum and submitted for characterizations by Elemental analysis, DRIFT, SSNMR and EPR. 
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2.2 Characterization of [V(=O)(OEt)3]2/CeO2-200 [V1-a]

2.2.1 Characterization of [V1-a] by Elemental analysis  

Elemental analysis measurement is carried out on this material and reveals the presence of 

2.16 wt% of V and 2.36 wt% of C respectively (C/V = 4.6). Given that the grafting reaction 

occurs via protonolysis, this corresponds to a partial consumption of surface hydroxyls (ca. 

0.42 mmol OH/g, 60% of the initial surface O-H groups compared with the number of surface 

hydroxyls groups previously determined). The ethanol produced during the grafting is not 

evaluated, as it may remain adsorbed to the surface. Based on this result and previous 

experience (in Chapter II), it is reasonable to believe that the structure of the grafted 

vanadium ethoxy fragments in [V(=O)(OEt)3]2/CeO2-200 could be a dimeric species (expected

C/V = 4, the slightly higher experimental value is assigned to traces of strongly adsorbed 

ethanol derivatives) on the surface of ceria (Scheme 2).

2.2.2 Characterization of [V1-a] by DRIFT spectroscopy

Fig. 1 (A) (4000-1250 cm-1) DRIFT spectra and (B) enlarged (3800-3200 cm-1) region of a) CeO2-200; b) [V1-a]

The grafting process is monitored by DRIFT spectroscopy, as shown in Fig. 1. From the 

enlarged infrared spectrum in the region of OH stretching vibration (Fig. 1B), ceria

dehydroxylated at 200 °C, pictured in line a, shows four vibration bands previously attributed 

to different surface CeO-H groups. As described in Chapter II, the weak peak at 3712 cm-1

corresponds to isolated terminal OH group (μ1-OH). The dominant broad signal centered at 

3660 cm-1 with a shoulder at 3640 cm-1 is assigned to bridged hydroxyl groups (μ2-OH), and 

the band at 3527 cm-1 corresponds to tridentate OH groups (μ3-OH). Upon the grafting 

reaction, μ1-OH has vanished, suggesting the high reactivity of μ1-OH in the protonolysis 
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process. In addition, part of the μ2-OH groups has also reacted. A component around 3550 

cm-1 has appeared and is related to remaining μ2-OH in interactions with the grafted vanadium 

complex, resulting in a red-shift[31]. Nevertheless, the tridentate OH groups are preserved, 

confirming the selectivity of protonolysis on ceria support. Similar reactivity has been 

observed when W(≡CtBu)(CH2tBu)3 is grafted onto ceria dehydroxylated at 200 °C. Fig. 1A

also displays new bands between 3000-2800 cm-1 and 1620-1400 cm-1 after functionalized 

with [V(=O)(OEt)3]2. They are characteristic of aliphatic ν(C−H), δ(CH2) and δ(CH3) 

vibrations of the chemisorbed vanadium complex. These confirm the selective chemical 

reaction between surface hydroxyl groups of ceria and [V(=O)(OEt)3]2. 

In addition, broad and unresolved IR bands extended from 1750-1550 cm-1 can be observed. 

IR absorption in this region generally corresponds to adsorbed water, aldehyde and acid 

molecules. In the literature, it has been reported that reduced ceria bearing reactive surface 

oxygen can catalyze ethanol dehydration and dehydrogenation reactions[32] giving 

water/ethylene/hydrogen and acetaldehyde, respectively as products. Most likely, such 

reaction has occurred during the grafting between the released ethanol and ceria support. To 

demonstrate the latter reaction, dehydroxylated ceria is reacted with dry ethanol in gas phase. 

Gas phase analysis reveals the presence of ethylene and traces of H2, which necessitates 

simultaneous production of water through dehydration and oxidation of the support. DRIFT 

analysis of ceria after reaction with ethanol shows two strong bands 1560 and 1420 cm-1

characteristic of carboxylate originating from total oxidation of ethanol[33,34]. Thus, the 

weak contribution of the unresolved absorption at 1750-1550 cm-1 should be related to minor 

amounts of water originating from the dehydration of ethanol, from acetaldehyde and acetic 

acid obtained after partial oxidation of ethanol. Consequently, the adsorbed water also 

contributes to the broad peak in the (OH) region. 

2.2.3 Characterization of [V1-a] by solid state NMR

Fig. 2 (A) 13C CP MAS and (B) 1H MAS solid states NMR spectra of the [V1-a]
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1H MAS and 13C CP MAS solid state NMR are used to characterize [V1-a], notably to 

identify the nature of the organic ligand. 1H MAS NMR spectrum (Fig. 2B) shows a broad 

signal with a maximum at 1.6 ppm and a shoulder at ca. 6 ppm, tentatively attributed to 

methyl (-OCH2CH3) and the overlapping of methylene (-OCH2CH3) of the ethoxy ligands and 

unreacted ceria hydroxyls. Moreover, 13C CP MAS NMR data (Fig. 2A) enable discerning 

between the bridging (μ2-OCH2CH3) and terminal (-OCH2CH3) ethoxy groups, featuring 

resonances at 67 and 75 ppm, respectively. In addition, an intense peak at 18 ppm is assigned 

to the terminal methyl groups. It should be pointed out that though all peaks are relatively 

broad, no significant shift with respect to the molecular complex is observed, supporting the 

fact that dehydration and oxidation of the ceria support have occurred. Thus, no significant 

perturbation of the NMR spectra (contrary to the results presented in Chapter II involving the 

grafting of a tungsten tris-alkyl alkylidyne complex) is most likely related to the oxidation of 

the paramagnetic surface Ce3+ species. This observation implies that vanadium oxo tris-

ethoxide complex of vanadium oxo ethoxide is successfully grafted and preserves a dimeric 

nature, as already indicated by mass balance analysis. 

2.2.4 Characterization of [V1-a] by Electron Paramagnetic Resonance

Fig. 3 EPR spectra of [V1-a] recorded at room temperature

Electron paramagnetic resonance (EPR) is carried out to probe paramagnetic species of [V1-

a]. From literature[35], the ability of oxygen migration from the subsurface in ceria-

containing materials is directly related to the concentration of defective sites. After 

functionalization with [V(=O)(OEt)3]2/CeO2-200, the intensity of the different signals in the 

EPR spectrum becomes weak with several new signals assignable to different O2
− defects[34], 

which show signals similar to those observed for [W(≡CtBu)(CH2tBu)3]/CeO2-200. As 
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demonstrated earlier, ethanol reacts with dehydroxylated ceria[32,36], giving ethylene and 

water, along with oxidation of the support. As already indicated by solid state NMR, the 

ethanol released upon grafting reacts with ceria oxidating Ce3+, thus decreasing the 

paramagnetism of the sample (as evidenced by EPR in Fig. 3, which is enlarged to show the 

quite weak intensity) and giving water (as indicated in the DRIFT spectrum (Fig. 1B) by the 

broad band centered at 1620 cm-1. However, [V1-a] do not exhibit any isolated V(IV) ion 

signal in EPR with an expected g factor between 1.94-1.99[37], suggesting that vanadium 

remains at the oxidation state V(V). 

The grafting of [V(=O)(OEt)3]2 onto ceria dehydroxylated at 200 °C occurs through 

protonolysis and ethanol release, resulting in vanadium oxo ethoxide surface species revealed 

by Elemental analysis, DRIFT and solid state NMR. Elemental analysis, EPR and solid state 

NMR suggested that the grafted species comprises a monopodal dimeric vanadium(V) oxo 

ethoxide species, as illustrated in Scheme 2. EPR and solid state NMR further indicate that the 

grafting reaction causes a loss of the paramagnetism of the support, which is explained by 

dehydration of the released ethanol.  

2.3 Preparation of V-oxo/CeO2 [V1-b] from [V(=O)(OEt)3]2/CeO2-200 [V1-a] 

 

Scheme 3 Schematic illustration of the synthesis process of V-oxo/CeO2 [V1-b] from [V(=O)(OEt)3]2/CeO2-200 

From literature, supported vanadium sites surrounded by oxygen are generally used to 

investigate the NH3-SCR reaction. However, a reliable and convincing structure of the active 

species obtained from classic preparation procedures such as impregnation is hardly provided 

due to the presence of a mixture of different surface species. In particular, the distribution of 

vanadium between these different surface species varies depending on the vanadium loading 

which contributes to a different NH3-SCR reactivity between materials. Thus, the ultimate 

goal is to obtain uniquely one well-defined and stable vanadium oxo species (monomeric or 

dimeric in this case), though different species can hypothetically be formed after calcination 
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(Scheme 3). The grafted dimeric vanadium precursor on CeO2-200 (pre-catalyst) are calcined 

under dry air, at 500 °C for 18h in the second step. The material after calcination is mentioned 

as [V1-b]. It is characterized by Elemental analysis, DRIFT, SSNMR, XPS, EPR and XANES. 

2.4 Characterization of V-oxo/CeO2 [V1-b]

2.4.1 Characterization of [V1-b] by Elemental analysis and DRIFT spectroscopy

Fig. 4 XRD patterns of [V1-b] calcined at different temperature

Calcination of [V1-a] gives a yellow powder referred as [V1-b], with 2.11 wt% vanadium, 

and less than 0.1 wt% carbon according to the results from Elemental analysis. These results 

suggest that the anchored vanadium is stable during the calcination process, while the organic 

fragments in [V1-a] are removed during the oxidation and thermal treatment process. After 

extensive studies, the optimal calcination temperature for [V1-a] is 500 oC, instead of 600 oC 

(for W-oxo/CeO2). Applying calcination temperatures above 500 oC results in physical 

changes, such as the color of the sample which turns to dark brown, characteristic of CeVO4

and revealed by XRD (Fig. 4), and a drop in the BET surface area.

Fig. 5 (A) (4000-1250 cm-1) DRIFT spectra, (B) enlarged (3800-3200 cm-1) region, and (C) enlarged (1100-900 cm-1) region 

of a) CeO2-200; b) [V1-a]; c) [V1-b]
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As shown in Fig. 5, DRIFT is used to investigate the oxidation and calcination process. 

Obviously, the absence of the ν(C−H) and δ(CHx) bands in [V1-b] indicates the total 

decomposition of the organic fragments. On the other hand, there is a notable change in the 

ν(O-H) region, highlighted in Fig. 5B. After calcination, parts of the terminal OH groups at 

3720 cm-1 (μ1-OH) that have been consumed during the grafting process are regenerated. 

Apart from the slight red shift in all kinds of hydroxyl groups, the relative intensities of μ1-

OH, μ2-OH, μ3-OH have changed. Similar features have also been observed in Chapter II. 

Moreover, new peaks have appeared around 1050-1000 cm-1 (Fig. 5C), associated with 

different (V=O) modes. Detailed assignments are provided in section 3.2. 

2.4.2 Characterization of [V1-b] by Raman spectroscopy  

 

Fig. 6 Raman spectroscopy of a) CeO2-200; b) [V1-b] 

To gain more insights in the structure of [V1-b], the material has been analyzed by Raman 

spectroscopy. As shown in Fig. 6, CeO2-200 shows no peak in the region between 600-1000 

cm-1. For [V1-b], there is a noticeable peak at 700 cm-1 and a broad peak centered at 837 cm-1, 

as reported in literature, assigned to V-O-Ce bridging modes[23,38]. The unresolved 

absorption at 1033 - 1015 cm-1 is characteristic of V=O stretching modes (monomeric and 

dimeric species) of surface-dispersed vanadium[23]. In contrast, the characteristic peaks at 

930 cm-1 (V-O-V in polyvanadate), 860 cm-1 (Ce-O-V in CeVO4) and 994 cm-1 (V=O in V2O5) 

are not observed for [V1-b], revealing that the vanadium species after calcination in [V1-b] is 

mainly composed of highly-dispersed monomeric and dimeric species.  
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2.4.3 Characterization of [V1-b] by 51V MAS solid state NMR  

51V MAS solid state NMR is a powerful method to identify surface vanadium species. In 

general, the chemical shift of vanadium(V) species is extremely large and can fall in the range 

of 1200 to -900 ppm, depending on the coordination environment. Matta and his co-

workers[39] identified different oxidized vanadium species 

(distorted octahedral V−O−V chains, distorted tetrahedral sites, V2O5, CeVO4) from the 

isotropic chemical shift by 51V NMR. The 51V MAS NMR by [V1-b] is carried out under two 

different spinning rates (7 kHz, 10 kHz) in order to localize the 51V signal of [V1-b] and 

spinning side bands. Fig. 7 reveals that the main signal (fairly broad) is situated at -576 ppm 

with a shoulder at -621 ppm. According to the literature, the nature of oxide supports, such 

ascrystal phase, and even exposed facet, can have a significant impact on the geometric and 

electrical structure of the VO4 tetrahedron[40]. For instance, monomeric vanadium (tripodal 

oxo moiety) supported on silica gives a shift at -670 ppm[41]. In titania, an isolated dimeric 

VO4 moiety in a distorted tetrahedral configuration gives a resonance at -555 ppm, and the 

shoulder at about -630 ppm is assigned to disordered octahedral V5+ ions that are significantly 

interacting with titania's surface[40]. On the other hand, VOx supported on ceria (V/Ce=0.1) 

displays a signal at -565 ppm, attributed to vanadium species in polyhedron environment with 

a C4V symmetry[42]. Thus, the observed signal at -576 ppm is tentatively attributed to isolated 

(monomeric and dimeric) and oligomeric vanadium species, respectively (see section 3.2.3 for 

detailed assignments)[14,43]. Noteworthy, CeVO4, with an expected signal at -427 ppm[39], 

and crystalline V2O5 (resonance at -610 ppm[40]) are absent from [V1-b] 51V spectrum. This 

result is consistent with those from DRIFT and Raman that [V1-b] comprises a mixture of 

different vanadium species where the major species are isolated.  

 
Fig. 7 51V MAS NMR spectra of [V1-b] under different spinning rates   
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2.4.4 Characterization of [V1-b] by X-ray photoelectron spectroscopy

Fig. 8 XPS spectra of Ce 3d (a), O 1s and V 2p (b) of the catalyst [V1-b]

As depicted in Fig. 8, the surface composition and the oxidation states of different elements in 

[V1-b] (2.1 wt% loading on vanadium supported on ceria) are analyzed by XPS. Due to the 

pairs of spin-orbit doublet and a mixed 4f Ln-1 configuration, the Ce 3d region shows ten 

features in general, consisting of Ce3+ and Ce4+. Six of these peaks are associated with Ce4+ 

labeled v, v″, v‴ (3d5/2) and u, u″, u‴ (3d3/2). Another four peaks (u0, uʹ, v0, vʹ) are attributed to 

Ce3+. According to literature[44,45], peak uʹʺ at 916.5 eV is typical for Ce4+ and absent for 

Ce3+.  The peak area and ratio of Ce3+ are estimated and shown in Table 1. The percentage of 

u‴ followed the order: CeO2-200 > [V1-b], while evidently, the Ce3+ surface concentration 

follows the reverse order. Thus, more Ce3+ is presented in the [V1-b] compared to CeO2-200. 

Such results may be caused by surface reconfiguration of cerium oxide (vanadium addition 

and thermal treatment). From Fig. 8b, the O 1s spectrum exhibits three binding energies at 

529.6, 531, and 532 eV assigned to lattice oxygen and two different kinds of surface oxygen 

(O2- hydroxide with different environment, which is related to oxygen vacancies)[46]. The 

spectrum fittings also highlight the presence of both V 2p3/2 and V 2p1/2 of V(V) with Binding 

energy values at 517 and 524 eV. This indicates that all vanadium species are present at the 

oxidation state V(V).

Table 1 Peak resulting from the deconvolution of XPS Ce 3d

Samples u‴[a] Ce3+ [a] Oα[a]

CeO2-200 [b] 14.2% 20.6% 19.1%

V1-b 12.1% 27.2% 54.2%



139

[a] %Ce3+= (Ce3+/(Ce4+ + Ce3+)

% u‴=( [u‴] )/( [u0]+[u]+[uʹ]+[u‴]+[v0]+[v]+[vʹ]+[v″]+[v‴])

%Oα = (1-(Oβ+/(Oα +Oβ+Oγ)

%V4+= (V4+/(V4+ + V5+).

[b] CeO2-200 from section 2.5 in Chapter II.

2.4.5 Characterization of [V1-b] by Electron paramagnetic resonance

Fig. 9 EPR spectra of (a) CeO2-500, (b) [V1-b]

In order to deeply investigate the paramagnetic species in the sample [V1-b], EPR analyses of 

reference CeO2-500 and [V1-b] are compared. According to previous studies, CeO2-based 

materials generally show a characteristic signal with g=1.968, which is related to the Ce3+-O--

Ce4+ types of defective sites and quasi-free electrons[35].  As Ce3+ is generally difficult to be 

directly observed by EPR, its presence is usually associated with Ce4+-O2
-· originating from 

the reaction with oxygen, in which the coordinative unsaturated Ce3+ centers are active to 

oxygen adsorption[47]. Previous investigations report that the presence of other metal ions in 

the second coordination sphere will affect the g value (ge=2.0023) of superoxide species 

attached to Ce centers by increasing the covalent character of the bond between π* orbitals of 

the superoxide and Cerium, especially in the (111) plane[48]. Nevertheless, Fig. 9 confirms 

the absence of V4+ (expected with g factor between 1.94-1.99[37]) in [V1-b] and vanadium is 

probably present in its maximum oxidation state V5+, as also suggested by XPS. It’s hard for 

V5+ to donate electrons to O2 to form superoxide radicals. The approximate parameters 

g=2.012 and g=2.002 result from the adsorption of O2 on cerium centers interacting with a 

vanadium atom.
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2.4.6 Characterization of [V1-b] by X-ray absorption spectroscopy 

 

 

Fig. 10 (A) V K edge XANES analysis of references molecular complexes VV(=O)(OtBu)3, molecular complex 

VIV(=O)SO4(H2O), VV2O5 and metallic V0. XANES profiles spectra of CeO2 supported vanadium samples [V1-b] with 

different loading (0.8 wt%, 2.1 wt%, 4.0 wt %) compared to (B) molecular complex of V(IV) and (C) V2O5 and 

VV(=O)(OtBu)3 supported on SiO2-700 

X-ray Absorption Near Edge Structure (XANES) is conducted to extract additional 

information on vanadium coordination geometry (structural environment and oxidation state). 

For vanadium, the pre-edge peak originates from the electron transitions from 1s core levels 

to the empty 3d orbitals, or 4p hybridized by the ligands[49]. Fig 10A shows V K edge 

XANES analysis of references molecular complexes VV(=O)(OtBu)3, molecular complex 

VIV(=O)SO4(H2O), VV
2O5 and metallic V0. Previous experiences have shown that V K-edge 

XANES when taking into account the intensity of the pre-edge and its absolute position may 

provide reliable data on the oxidation state and its symmetry[50]. In Fig. 10A, the XANES 
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spectrum of metallic V0 is significantly different with respect to the oxidized references. 

Moreover, there is a slight shift between tetrahedral VV molecular complex V(=O)(OtBu)3 

versus the square pyramid VV in V2O5, which means that the coordination geometry has an 

effect on the peak position. Generally, the resonance edge is considered to further determine 

the oxidation state and symmetry. The position of K-edge for vanadium (electronic transitions 

from 1s to 4p) is different in molecular complex of V(V) and V(IV). 

To clarify the structure of vanadium species, V K-edge XANES analyses of [V1-b] with 

different loading (prepared in the same manner) are compared in Fig. 10B. Unfortunately, it is 

impossible to extract the EXAFS data due to the overlap in energy with the Ce LIII-edge and 

V K-edge. Samples with different V loading give similar spectra. Compared to the given 

vanadium references (Fig. 10C), [V1-b] is situated between the isolated V(V) (molecular 

complex VV(=O)(OtBu)3) and VV
2O5, and notably far from the VIV and V0 references. Thus, 

XANES analysis suggests that the vanadium in [V1-b] is mainly constituted by V(V) species. 

However, the XANES spectrum of [V1-b] is somewhat different from those of V2O5 and 

isolated silica-supported tetrahedral VV(=O)(OtBu)3 complex after a careful comparison (Fig. 

10C). As the EXAFS data are inhibited by the presence of Ce, the XANES analysis can only 

suggest that [V1-b] comprises VV species (unique or mixture), most likely with low degree of 

polymerization of vanadium.  

In summary, the calcination of the supported dimeric vanadium precursor in [V1-a] at 500 oC 

results in [V1-b] material containing a mixture of different vanadium species, mostly in an 

isolated form (monomeric and dimeric), according to DRIFT, Raman and 51V MAS NMR 

spectroscopies. Moreover, XPS, EPR and XANES confirm that vanadium is mainly in 

oxidation state V. Hence, the grafted vanadium precursor seems to be mobile during the 

calcination process and tends to agglomerate in some extent, resulting in a mixture of 

different VOx surface species, though the majority seems present as isolated sites (monomeric 

and dimeric). This behavior is different with respect to the tungsten system described in 

Chapter II, where the calcined sample still exhibits species with a monomeric nature. The 

different behavior is most likely related to a difference in the M-O (M = V or W) bond energy 

between the metal and s surface oxygen O of the ceria surface.   
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3 Investigation of NH3-SCR Catalytic performance

3.1 Catalytic performance of [V1-b] for NO conversion and N2 Selectivity

Fig. 11 (A) NO conversion, (B) N2 selectivity and (C) cycle stability of [V1-b]

The catalytic behavior of [V1-b] (2.1 wt% loading on vanadium supported on ceria) is 

evaluated in NH3-SCR reaction. A continuous fixed-bed type reactor is used under the

following gas mixture: 350 ppm NH3, 300 ppm NO and 12% O2 in He. The reactor was 

heated from room temperature to 650 oC with a total flow of 300 mL/min, and the 

concentration of NO, NO2, N2O and NH3 are recorded by gas phase FT-IR (from a 

calibration). From Fig. 11A, bulk ceria only shows 58% NO conversion at 400 oC, while [V1-

b] exhibits an obvious enhancement of the activity and a broader operation temperature 

window (over 90% NO conversion between 300-400 oC). Also, N2 selectivity with [V1-b] is 

improved, especially in the high temperature region (> 400 oC), suggesting that the oxidation 

of NH3 is reduced after the addition of V. Furthermore, no significant change in the 

conversion profile is observed for [V1-b] after 4 consecutive cycles (catalytic test according 

to the given conditions; cooling under a flow of Ar; repeated catalytic test), indicating that the 

catalytic activity of [V1-b] is stable under the given conditions without apparent loss of 

vanadium. 

3.2 Effects of vanadium loading  

Current results are indeed encouraging. However, due to a lack of strong evidences for the 

structural description of the surface sites (notably by EXAFS) and reasonable comparison of 

the catalytic activity, it is difficult to establish a structure-activity relationship for [V1-b]. 

Hence, a series of catalysts prepared in the same manner (utilizing [V(=O)(OEt)3]2 as 

precursor), but with different vanadium loadings (0.2, 1.2 and 4 wt% vanadium) has been 

synthesized and investigated (structure and catalytic performance). 
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3.2.1 Effects of vanadium loading on catalytic activity

Fig. 12 (A) NO conversion and (B) N2 selectivity of various vanadium loading of [V1-b]

NH3-SCR activities of bulk CeO2, [0.2V1-b], [1.2V1-b], [2.1V1-b] and [4V1-b] catalysts as a 

function of temperature are presented Fig. 12A. Obviously, the series of [V1-b] catalysts 

show better catalytic performance than bulk CeO2, confirming that the addition of vanadium 

improves the NH3-SCR activity. Nevertheless, a clear tendency is observed as a function of 

vanadium loading (under the same GHSV). For instance, only 72% and 91% of NO 

conversion are obtained at 350 oC over [0.2V1-b] and [1.2V1-b], while full NO conversion 

are registered over [2.1V1-b] and [4V1-b]. Noteworthy, when the amount of V increased 

from 0.2 wt% to 4 wt %, the mainly enhancement in catalytic activities lies in the low 

temperature region. [4V1-b] exhibits the best catalytic performance before 300 oC. However, 

NO conversion starts to decay from about 400 °C, featuring a slightly lower thermal 

robustness than [2.1V1-b]. Also, [2.1V1-b] shows the broadest operation temperature window 

(>90% NO conversion in the 290-430oC temperature range). In addition, the N2 selectivity is 

promoted with the increase of vanadium loading upto [2.1V1-b]. [4V1-b] shows the lowest 

N2 selectivity, which is even inferior to that of CeO2. Referring to reports in literature, bulk 

VOx usually shows low catalytic performances at high temperatures, and gives a narrow 

operation temperature window[51]. It seems that increasing the vanadium loading will enlarge 

the supported VOx phase (or favors the polymerization degree of vanadium species), which is 

expected. The observed results also show that increasing the vanadium loading enhances the 

NH3-SCR activity at low temperature. However, [4V1-b] shows a decreased activity in a high 

temperatures domain (θ > 350°C) than [2.1V1-b], which is found to be the optimal loading for 

this system since it exhibits the best catalytic performance in both ranges of temperature. To 

shed light on the structure-activity relationship in V-oxo/CeO2 system, this series of 

vanadium-based catalysts has been submitted to further characterization studies. 
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3.2.2 Investigation of surface species by DRIFT spectroscopy 

IR spectroscopy is a sensible technique to probe local structures. Concerning the series of 

[V1-b] with different vanadium loadings, clear evolutions in the ν(O-H) and ν(V=O) regions 

are observed, as shown in Fig. 13. Upon calcination, several Ce-OH groups have been 

regenerated due to the decomposition of alkoxide ligands, most likely through V-OH 

intermediates followed by a transfer of OH-groups to the support[41]. The population of OH-

groups after calcination is dependent on the vanadium loading. μ1-type OH is hardly 

regenerated and μ2 and μ3 types Ce-OH are clearly visible. There are further two kinds of μ2 

and μ3 types Ce-OH, with bands at 3640 cm-1 (μ2) and 3501 cm-1 (μ3) that seem to be more 

persistent upon increasing the vanadium content. These results suggest that bridged hydroxyls 

are preferably regenerated after calcination. In the case of [4V1-b], more μ3-OH are found 

than μ2-OH, suggesting the formation of polymeric species. 

 

Fig. 13 (A) DRIFT spectra in region (A) 3800-3200 cm-1 and (B) 1100-950 cm-1 for catalysts: (a) CeO2-200, (b) [0.2V1-b], (c) 

[1.2V1-b], (d) [2.1V1-b], © [4V1-b] 

Important information can be extracted from the unresolved bands around 1050-1000 cm-1, 

assigned to ν(V=O), Fig. 13B. According to previous studies[23,52], absorptions in this 

region can be associated with ν(V=O) of vanadium mono oxo moieties with different degree 

of V-O-V aggregation. As increasing the degree of polymerization used to increase the energy 

of the absorption maximum. The unresolved bands are ambitiously decomposed to five peaks 

at 1046, 1039, 1032, 1024 and 1016 cm-1, attributed to surface mono-oxo O=VO3 sites of 

polymeric, oligomeric, trimeric, dimeric and monomeric structures, respectively[23]. 

Deconvolution of the ν(V=O) signals is shown in Fig. 14. Generally, the intensities increase 

with the rise of vanadium content, reflecting that more surface oxo species are formed. When 

comparing the relative intensities of the signals, it practically appears that the component at 
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1016 cm-1 is the major species in the samples with 0.2 and 1.2 wt% of vanadium. Upon 

increase of the vanadium amount, the peaks at 1032 cm-1 and 1039 cm-1 steadily grow, which 

suggests that oligomeric species are formed when adding vanadium. The polymeric vanadyl 

species only appears in the case of [4V1-b], indicating an oversaturation of the surface with 

vanadium (with respect to the surface area) results in polymeric vanadium species. The ratio 

between different species has been tentatively estimated from the deconvoluted data 

(assuming the same extinction coefficient and normalized with respect to O=VO3 groups). 

The results are shown in Table 2. Despite the rough estimation, a clear and reasonable 

tendency is observed. At vanadium loading lower than 2.1 wt%, monomeric O=VO3 is the 

major species. In the case of over-saturation, in [4V1-b], the vanadium tends to agglomerate, 

giving different surface species (from monomeric to polymeric) with the dimeric O=VO3 as 

the major species. Moreover, these results indicate that vanadium is extremely mobile on ceria 

during the calcination, as minor amounts of agglomerates are observed even for low 

vanadium loadings. 

 
Fig. 14 Decomposition of DRIFT spectra of catalysts with different V loading, (A) [0.2V1-b], (B) [1.2V1-b], (C) [2.1V1-b], 

(D) [4V1-b] 
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Table 2 Relative ratio of different vanadium species in deconvolution of DRIFT  

V loading Monomer 

(1016 cm-1) 

Dimer 

(1024 cm-1) 

Trimer 

(1032 cm-1) 

Oligomer 

(1039 cm-1) 

Polymer 

(1046 cm-1) 

0.2 68.4% 18.6% 7.5% 5.5% N 

1.2 64.9% 17.0% 11.7% 6.4% N 

2.1 59.0% 15.9% 12.9% 12.2% N 

4 6.2% 48.1% 14.6% 17.4% 13.6% 

3.2.3 Investigation of surface species by 51V MAS NMR  

 

 
Fig. 15 (A) 51V MAS NMR spectra and (B) the corresponding deconvolution of [V1-b] with different loading 

51V MAS NMR is a powerful technique to shed light on the coordinating sphere and geometry 

of supported vanadium species. He and his colleagues[27] used 51V MAS NMR to calculate 

the relative percentage of the different surface vanadium species after introduction of different 

ammonium sulfate concentration for V2O5/TiO2 catalysts. Higher degree of vanadium 

polymerization results in a shift of 51V signal towards higher fields. Thus, the series of [V1-b] 

catalysts has been analyzed by 51V MAS NMR for complementary quantifications of the 

different vanadium surface species and to correlate the spectroscopic features with the 
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structures. From Fig. 14A, it can be seen that the chemical shift of the main peak shifts 

significantly to high field with the rise of vanadium surface densities. In addition, the shoulder 

at high field becomes more pronounced. A similar shift towards higher field upon increasing 

vanadium loading has already been observed for V2O5/CeO2 and V2O5/TiO2 materials[40]. 

Applying the same assumption as for DRIFT, three components have been defined and 

associated with monomeric, dimeric, trimeric, oligomeric and polymeric vanadium species. 

The proportion of the different components can similarly be estimated after deconvolution. 

Although the absolute values obtained by 51V MAS NMR are somewhat different from those 

obtained by DRIFT. Deconvolution of the main 51V NMR signal is frequently applied in 

literature and appears to be more reliable than DRIFT. The monomeric species is the major 

one at low vanadium contents. Increasing the vanadium loading results in a gradual increase 

of dimeric and oligomeric species. Polymeric species are only found for [4V1-b].  

Table 3 Relative ratio of different vanadium species from deconvolution of 51V MAS NMR[14,40] 

V loading Monomer 

(-551 ppm) 

Dimer 

(-572 ppm) 

Oligomer 

(-615 ppm) 

0.2 63.4% 35.6% N 

1.2 35.2% 60.5% 5.8% 

2.1 33.6% 57.7% 8.7% 

4 23.6% 66.4% 10.8% 

In summary, [V(=O)(OEt)3]2 has been successfully grafted as a dimeric bipodal V(V) species 
on ceria dehydroxylated at 200 oC, characterized by Elemental analysis, DRIFT, Raman, solid 
state NMR, XPS, EPR and XANES. The grafted material [V1-a] has been calcined and 
investigated for NH3-SCR of NOx. The catalytic result is promising, showing a high 

conversion, selectivity and robustness. In order to correlate the structure-activity relationship, 
a series of vanadium-based catalysts, prepared in the same manner with different loadings 
[xV1-b, x=0.2, 1.2, 2.1, 4] have been synthesized, characterized and catalytically investigated. 

A combination of different techniques, such as Elemental analysis, DRIFT, solid state NMR, 
and XANES suggests that the calcined products always exhibit a mixture of various VV oxo 
species supported on ceria. Estimation of the quantities of the different species is done by the 

deconvolution of DRIFT and 51V MAS NMR data. The monomeric species dominate the 
mixture until the loading of 2.1 wt% V. Nevertheless, the oligomeric vanadyl species are 
constantly increasing with the loading. Polymeric vanadyl species are identified in [4V1-b]. 

Formation of different vanadium oxo species on ceria is proposed in Scheme 3. Current 
findings suggest that vanadium is rather mobile on a ceria surface under a calcination at 
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500 °C, resulting in different degrees of agglomeration, depending on the loading. 

Noteworthy, catalytic activity increases with the rise of vanadium loading, notably in the low 
temperature region. However, the catalytic performance in high temperature region decreases 
for [4V1-b]. Although it is difficult to correlate the structure-activity relationship due to the 

presence of different surface species, it is clear that polymeric vanadium species enhance the 
NH3-SCR activity in the low temperature region. The same conclusion has been recently 
reported for tungsten systems prepared by impregnation method[53]. In Chapter II involving 

tungsten-based catalysts, the isolated tungsten species is found to offer the best catalytic 
performances and structure stability. It is then reasonable to believe that isolated vanadium 
species will also give a higher-performing catalyst. As the chosen dimeric vanadium precursor 

[V(=O)(OEt)3]2 gives a mixture of different surface species after calcination, the next section 
is targeting to catalyst containing isolated monomeric vanadium species by using the 

monomeric homoleptic [V(CH2SiMe3)4] precursor to be grafted onto ceria.  
4 Preparation and characterization of V-oxo supported on CeO2 with precursor 

[V(CH2SiMe3)4] 

4.1 Preparation of [V(CH2SiMe3)4]/CeO2-200 [V2-a] 

According to literature[54], VNs4 was synthesized by the reaction of VCl4 with 4 equivalents 

of Me3SiCH2Li giving dark green crystals. Prior to the grafting reaction, ceria is pretreated by 

calcination and dehydroxylated at 200 oC, as described in the previous section. The grafting of 

the monomeric vanadium (IV) precursor [V(CH2SiMe3)4] is conducted in pentane at room 

temperature for 12 h. After washing with pentane and solvent evaporation, the resulting 

material is obtained as a grey powder, after drying under vacuum. It is mentioned as [V2-a] 

and characterized by DRIFT, SSNMR, XPS, EPR and XANES. 

 
Scheme 4 Schematic illustration of the synthesis process of [V(CH2SiMe3)4]/CeO2-200 [V2-a] 

4.2 Characterization of [V(CH2SiMe3)4]/CeO2-200 [V2-a] 

4.2.1 Characterization of [V2-a] by mass balance analyses 

The grafting of [V(CH2SiMe3)4] presumably occurs through a protonolysis, with a release of 

tetramethylsilane (TMS), qualitatively detected by GC. [V2-a] is submitted to Elemental 
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analysis, which shows 1.29 wt% of vanadium and 2.14 wt% of carbon (C/V = 7.1 (th8)).  The 

results indicate that there are still two neosilyl ligands per vanadium present on the surface of 

ceria in [V2-a]. This corresponds to a consumption of 0.51 mmol OH/g, since according to 

the surface OH groups chemical titration by Al(iBu)3, there are 0.7 mmol OH/g on the neat 

ceria (dehydroxylated at 200 °C), this means that 73% of initial surface OH groups have 

reacted upon the grafting process. A similar reactivity has been reported by S. Scott et al. for 

[V(CH2SiMe3)4] grafting reaction on SiO2-200, where only a bipodal monomeric structure, as 

proposed in scheme 4[55].

4.2.2 Characterization of [V2-a] by DRIFT spectroscopy 

Fig. 16 shows the DRIFT spectra of materials before and after the grafting of [V(CH2SiMe3)4] 

onto ceria. The most pronounced difference between the spectra after grafting is the 

appearance of aliphatic stretching vibrations ν(C−H) at 3000 – 2800 cm-1, originating from 

the neosilyl ligand on functionalized ceria surface. It should be pointed out that the surface 

reaction occurs mainly on μ1 and partially on μ2-type hydroxyl groups, while the μ3-OH 

seems to be persistent. The mechanism of the formation of bipodal species may occur on the 

presumably more reactive μ1-OH, followed by continuously reaction between the surface 

vanadium species and adjacent μ2-OH. On the basis of these results, we concluded that 

[V(CH2SiMe3)4] is successfully grafted on the surface of ceria. However, as reported in the 

case of tungsten (Chapter II), a small peak was found around 2100 cm-1 on [V2-a], attributed 

to the forbidden electronic transition from 2f5/2 to 2f7/2 of Ce3+, confirming the presence of 

Ce3+ on the surface.

Fig. 16 (A) (4000-1250 cm-1) DRIFT spectra and (B) enlarged (3800-3200 cm-1) region of a) CeO2-200; b) [V2-a]
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4.2.3 Characterization of [V2-a] by solid state NMR and EPR spectroscopies

Fig. 17 (A) 1H MAS and (B) 13C CP MAS solid state NMR spectroscopies of [V2-a]

The functionalized material [V2-a] is further investigated by solid state NMR. 1H MAS NMR 

in Fig. 17A shows a broad signal at -2.75 ppm along with two narrow peaks at 0 and 1.3 ppm. 

The broad signal may be related to the methyl (-CH2Si(CH3)3) of neosilyl ligand in the 

proximity of a paramagnetic center (Ce3+ or V4+). Such a significant shift has been observed 

in Chapter II and attributed to the presence of Ce3+. The two narrow signals at 0.01 and 1.33 

ppm are probably due to minor quantities of diamagnetic surface species V5+ bearing neosilyl 

ligand, probably obtained after oxidation during grafting (vide infra). Equally, the 13C CP 

MAS NMR spectrum shows a large signal at -3.4 ppm (Fig. 17B) and an extremely broad 

contribution centered at 55 ppm, respectively attributed to the methyl and methylene carbons 

of neosilyl ligand. These results are consistent with the presence of ν(C−H) aliphatic vibration 

bands detected by DRIFT. In order to confirm a paramagnetism of [V2-a], the sample has 

been investigated by EPR (Fig. 18).

Fig. 18 EPR spectra of (a) V(CH2SiMe3)4 diluted on Boron nitride (BN) and (b) [V2-a] recorded at room temperature (scaled 

for equivalent vanadium amounts)
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The vanadium precursor (diluted in BN), also used as a reference, V(CH2SiMe3)4/BN shows a 

broad signal centered at g=1.997, characteristic of V4+, without hyperfine structure (8 

components) resulting from a coupling of the unpaired electron with the 7/2 nuclear spin of 
51V[37]. Surprisingly, in [V2-a], no clear signal of V4+ (broad peak at g ≈ 1.997) is observed. 

Current result suggests that oxidation of vanadium has occurred during the grafting on ceria. 

Similar observations have also been observed in literature when a low amount of vanadium 

oxalate is impregnated onto ceria[56]. Hence, the oxidation state of [V2-a] has been further 

investigated by XPS and XANES. 

4.2.4 Characterization of [V2-a] by X-ray photoelectron spectroscopy 

 

Fig. 19 XPS spectra of [V1-a]: Ce 3d (A), O 1s (B), and V 2p (C) 

To further probe different oxidation states of the elements in [V2-a], XPS has been employed. 

Fig. 19 presents the XPS spectra along with a deconvolution of the main signals for Ce (3d), 

O (1s), and V (2p) in sample [V2-a]. As described in Chapter II, Ce exhibits ten characteristic 

peaks attributed to Ce3+ (3d10 4f1) and Ce4+ (Fig. 19A). Moreover, O1s spectrum comprises a 

major peak attributed to lattice oxygen (Oβ) and other two peaks for surface oxygen Oα. In the 

V 2p region, two asymmetric peaks that can be decomposed into four features can be 

associated to the 2p1/2 and 2p3/2 of V5+ and V4+, respectively[56]. Detection of a substantial 

amount of V5+ means that the initial [V(CH2SiMe3)4] precursor has been oxidized during 

grafting, as indicated by EPR and 1H MAS NMR. As the experiments are conducted under a 

controlled atmosphere, the formation of V5+ is probably due to a reduction of the ceria surface. 

Indeed, the Ce3+ and the surface oxygen content seem to have increased after grafting (Table 

4), thus suggesting a reduction of the support. Furthermore, there are lots of studies in the 

bibliography reporting a reduction of the ceria support once functionalized by a series of 

transition metals. Nevertheless, the reduction mechanism has never been investigated. 
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Table 4 Peak compositing from the deconvolution of XPS 

Sample Ce3+ [a] uʺʹ [b] Oα [c] V4+ [d] 

CeO2-200 20.6% 15.5% 19.1% N 

[V2-a] 38.4% 12.5% 34.4% 24.8% 

[a] %Ce3+= (Ce3+/(Ce4+ + Ce3+)  

[b] u‴=( [u‴] )/( [u0]+[u]+[uʹ]+[u‴]+[v0]+[v]+[vʹ]+[v″]+[v‴]) 

[c] %Oα = (1-(Oβ+/(Oα1+ Oα2 + Oβ) 

[d] %V4+= (V4+/(V4+ + V5+). 

4.2.5 Characterization of [V2-a] by X-ray absorption spectroscopy 

The hyperfine structure of [V(CH2SiMe3)4]/CeO2-200 was studied by X-ray absorption near 

edge structure. The results show that the oxidation state of vanadium is Vv. To have a good 

comparison with the following calcination products, the results are shown in section 4.4.5. 

Gathering the information from different characterization techniques, the reaction between 

[V(CH2SiMe3)4] and ceria dehydroxylated at 200 °C triggers protonolysis along with the 

release of tetramethylsilane. As Elemental analysis reveals that there are about two neosilyl 

ligands per surface vanadium, it is reasonable to propose that the structure comprises a 

bipodal attachment onto the support. However, the grafted species is practically EPR silent, 

indicating the absence of V4+. Furthermore, XPS analysis finds V5+ as the main vanadium 

component. In addition, a significant increase in the Ce3+ concentration has been observed, 

contrary to what was observed when vanadium(V) precursors were used. Thus, the grafting of 

vanadium(IV) precursor [V(CH2SiMe3)4] onto ceria causes an oxidation of vanadium and a 

reduction of the support. Although similar phenomena have already been observed in 

literature, the redox mechanism has never been clearly identified. A reasonable pathway may 

involve an electron transfer from bridged oxygen (Ce4+-O-Ce4+) to (Ce4+-O● Ce3+), followed 

by the formation of (Ce4+-O-V5+), yielding a tripodal bis-neosilyl vanadium (Scheme 5). 

 

Scheme 5 Proposed mechanism for the transformation of V4+ into V5+ upon grafting 
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4.3 Preparation of V-oxo/CeO2 [V2-b]

Scheme 6 Schematic illustration of the synthesized process for V-oxo/CeO2 [V2-b] from [V2-a]

In the second step, the pre-catalyst [V(CH2SiMe3)4]/CeO2-200, [V2-a], is calcinated under dry 

air at 500 °C for 18h in order to transform the surface organometallic fragment into stable 

vanadium oxo species on the surface of ceria. A yellow powder is recovered after this step 

and is referred as [V2-b]. Scheme 6 illustrates potential species contained in [V2-b], though 

the targeted product is a monomeric species. The resulting material is characterized by DRIFT, 

Raman, SSNMR, XPS and XANES.

4.4 Characterization of V-oxo/CeO2 [V2-b]

4.4.1 Characterization of [V2-b] by Elemental analysis and DRIFT spectroscopy

Fig. 20 (A) (4000-1250 cm-1) DRIFT spectra, (B) enlarged (3800-3200 cm-1) region, and (C) enlarged (1100-900 cm-1) 

region of a) CeO2-200; b) [V2-a]; c) [V2-b]

The results of Elemental analysis show that the resulting material contains 1.3 wt% vanadium, 

traces of silicon (0.4 wt%), and a negligible amount of carbon. This indicates that the 
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vanadium is perfectly stable during the thermal treatment process, while most of organic 

fragments were decomposed and removed. DRIFT is used to investigate the local structure 

changes after the oxidation and calcination processes. Compared to [V2-a], the signals 

corresponding to C-H stretching vibration vanished in the DRIFT spectrum of [V2-b] (Fig. 

21), which is consistent with the absence of carbon found by Elemental analysis. Besides the 

disappearance of the organic ligands, new peaks are emerging in the 3800-3600 cm-1 and 

1100 – 900 cm-1 regions. A new signal present at 3743 cm-1, different from the μ1-OH of 

CeO2, is tentatively attributed to isolated Si-OH[57]. In fact, during the calcination, neosilyl 

ligands can be converted in the presence of oxygen at elevated temperature into CO2 and 

Si(OH)4 intermediates that are deposited onto ceria. Importantly, new unresolved peaks in the 

later region, highlighted in Fig. 21, are attributed to different kinds of ν(V=O)[23,52], 

suggesting the presence of mixed vanadium surface species in monomeric, dimeric, and 

oligomeric configuration on CeO2. Estimation of the proportion of these species by 

deconvolution has frequently been proposed in literature[23]. Hence, the DRIFT signal 

between 1060 and 995 cm-1 has been deconvoluted in the same manner as for [V1-b]. The 

monomeric vanadium species is still the major species, but more oligomeric species are found 

in this case compared to [V1-b]. In addition, the small band around 2000 cm-1 corresponds to 

V=O overtone[58] as a W=O overtone signal has also been observed for the tungsten system 

(Chapter II). 

 
Fig. 21 DRIFT spectrum of [V2-b] in the (1060-995 cm-1) region with a proposed deconvolution in order to identify different 

vanadium supported specie 
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4.4.2 Characterization of [V2-b] by Raman spectroscopy 

 

Fig. 22 Raman spectroscopy of a) CeO2-200; b) [V2-b] 

As the complement of DRIFT results, Raman could display more details on vanadium oxo 

species. Fig. 22 shows the Raman spectra of sample [V2-b] and CeO2-200. The peak at 700 cm-

1 and a broader peak centered at 860 cm-1 correspond to the vibrations of V-O and V-O-V or 

V-O-Ce respectively[58,59]. A combination of several signals around 1030 cm-1 corresponds 

to the A2g stretching vibrations of V=O, suggesting a mixture of vanadium species on the 

surface of ceria. The unresolved bands in this region are evidently composed of multiple 

peaks, whereas the intensities of the two signals at lowest energies are the strongest, also 

reflecting that the dominating vanadium species comprises a monomeric nature on the surface 

of ceria.  

4.4.3 Characterization of [V2-b] by 51V MAS solid state NMR   

 

Fig. 23 51V MAS NMR spectra of [V2-b] under different spinning rates 

To further identify the vanadium species,
 51V MAS NMR is employed. The spinning 

sidebands are identified with asterisk by varying the spinning rate. (7 KHz, 10 KHz). 51V 

signal of [V2-b] is centered at -587 ppm, which is slightly shifted to the high-field region 
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compared to [V1-b]. As justified above, increasing the content of oligomeric vanadium 

species tend to shift the principal 51V NMR signal towards higher field. Thus, current 

observation indicates that [V2-b] contains more oligomeric vanadium species than [V1-b], in 

agreement with DRIFT results. However, this signal is too broad and weak to process a 

reliable deconvolution. Noteworthy, CeVO4 with a characteristic peak at -427 ppm in the 51V 

NMR spectrum is absent in [V2-b] and [V1-b]. 

4.4.4 Characterization of [V2-b] by X-ray photoelectron spectroscopy 

 

Fig. 24 XPS spectra of [V2-b]: Ce 3d (A), O 1s (B), and V 2p (C) 

XPS was used to determine the oxidation states of Ce, V, and O in [V2-b] (Fig. 24). Applying 

the same deconvolution approach as above, the ratios of different components can be 

estimated and are shown in the Table 5. After calcination, the percentage of Ce3+ is reduced 

from 38.4% in [V2-a] to 30.5% in [V2-b], possibly due to the oxidation process. In addition, 

data extracted from the V 2p peaks (located close to the O 1s spectra signal) reveal the 

presence of 24.0 % V4+ (Fig. 24C). This result suggests that the presumably VO2 phase 

(formed at the beginning of the calcination process) seems rather stable under the given 

calcination conditions, in agreement with literature reports[16,60]. Meanwhile, slightly more 

Ce3+ are observed in [V2-b] than in [V1-b]. Concerning O1s spectra, [V2-b] shows 

significantly more surface oxygen than [V1-b] which is probably associated to the presence of 

V4+. 

Table 5 Estimation of the proportion of different V surface species resulting from the deconvolution of different XPS signals 

Sample Ce3+ uʺʹ Oα V4+ 

CeO2-200 20.6% 15.5% 19.1% N 

[V2-b] 30.5% 14.0% 52.1% 24.0% 

[a] %Ce3+= (Ce3+/(Ce4+ + Ce3+)  

[b] u‴=( [u‴] )/( [u0]+[u]+[uʹ]+[u‴]+[v0]+[v]+[vʹ]+[v″]+[v‴]) 

[c] %Oα = (1-(Oβ+/(Oα +Oβ+Oγ) 

[d] %V4+= (V4+/(V4+ + V5+). 
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4.4.5 Characterization of [V2-b] by X-ray absorption spectroscopy

Additional information on the vanadium coordination geometry, structural environment, and 

oxidation state in the case of the molecular complex [V(CH2SiMe3)4], [V2-a] and [V2-b]

materials was given by X-ray absorption spectroscopy. Normalized V K-edge XANES spectra 

of different molecular complexes, [VIII(Mes)3·THF], [V(CH2SiMe3)4], [VV(=O)(OtBu)3], 

VV
2O5, [V2-a] obtained from the grafting of [V(CH2SiMe3)4] onto CeO2 and [V2-b], obtained 

from the calcination of previous one and are shown in Fig. 25. In these spectra, a prominent 

pre-edge peak is present in the 5460-5470 eV range. This pre-edge feature arises from 

electronic transitions from 1s core levels to the empty 3d levels, more or less 4p hybridized by 

the ligands of vanadium. These electronic transitions become electric-dipolar allowed in the 

absence of an inversion center. In this case, the loss of symmetry permits partial overlapping 

and mixing of the unfilled d states of the metal with the 4p orbitals of the metal. Several 

studies of the V K-edge XANES features have considered the pre-edge intensity as well as its 

absolute position to determine both the vanadium oxidation state and its symmetry[61–63]. 

The only position of the pre-edge peak is generally insufficient to evaluate accurately the 

vanadium oxidation state. Moreover, the position of the vanadium K-edge when shifted by 16 

to more than 18 eV to higher energy relative to the metal foil, is also an indication for the 

presence of V(V) compounds[61]. 

Fig. 25 XANES spectra: (a) [VIII(mesityl)3] molecular complex, (b) [V(CH2SiMe3)4] molecular complex, (c) [V2-a], (d) [V2-

b] material, (e) [VV(O)(OtBu)3] molecular complex, (f) V2O5 (the dashed line indicates the position of the pre-edge of VIV)

The position and intensity of the main pre-edge peak along with the position of the edge of 

different vanadium compounds studied are reported Table 6. For the molecular complex, 
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[V(CH2SiMe3)4] the position of the pre-edge peak at 5468.2 eV, its intensity of 0.61 and the 

edge position at 5475.2 eV are typical with those observed in other complexes or materials 

containing V(IV), while those characteristics of [V2-a] (pre-edge at 5470.3 eV, intensity of 

0.72, edge at 5481.9 eV) are typical of compounds containing V(V) in a tetrahedral 

symmetry[62,63]. This confirms that vanadium has changed its oxidation state from VIV to VV 

upon its grafting onto CeO2-200. After calcination, vanadium in [V2-b] also presents all the 

characteristic of tetrahedral VV. The XANES spectra are also characteristic of VV in a 

tetrahedral symmetry on both these CeO2 supported materials. 

Table 6 Positions and intensities of the pre-edge signal and edge positions in the V K-edge XANES of several samples. 

Sample Pre-edge signal 
positiona (eV) 

Pre-edge signal 
intensityb (a.u.) 

Edge positiona 
(eV) 

[VIII(Mes)3·THF] 5466.6 0.55 5474.2 
[V(CH2SiMe3)4] 5468.2 0.61 5475.2 
[V2-a] 5470.3 0.70 5481.9 
[V2-b] 5470.4 0.77 5483.1 
[V(=O)(OtBu)3] 5470.3 0.81 5481.9 
V2O5 5470.4 0.59 5481.4 

a Relative to a calibration with a vanadium foil (5465.1 eV); an error of ± 0.3 eV is estimated on the energy. b Intensity 

normalized to the step height of the K-edge. 

In summary, the grafting of a monomeric V(IV) precursor [V(CH2SiMe3)4] onto the 

dehydroxylated CeO2 occurs through protonolysis and results in an oxidation process where 

V4+ is oxidized to V5+, while the support is reduced (Scheme 5). The main oxidation state of 

vanadium is confirmed by XPS, EPR and XANES. Such reactivity is unprecedented and may 

involve an electron transfer from a Ce4+ bridged oxygen to a Ce center, giving Ce3+, 

accompanied by an electron transfer from V4+ to the oxygen radical, creating a V-O bond. 

Creation of a supplementary M-O-S bond (M = grafted metal; S = support) upon grafting or 

heat treatment occurs frequently in surface organometallic chemistry. However, the 

mechanism is rather a ligand transfer by the opening of a S-O-S bridge[64,65].  In this 

particular case, the formation of this new bond occurs through an electron transfer, which has 

never been described in surface organometallic chemistry before, to the best of my knowledge.  

The major species can be expressed as (≡Ce-O)3VV(CH2SiMe3)2 based on Elemental analysis, 

DRIFT, SS NMR, EPR, XPS and XANES. In the second step, after calcination, a mixture of 

vanadium-oxo species is present on the surface of ceria, comprising monomeric, dimeric and 

polymeric vanadium species. From the results of DRIFT, Raman and 51V NMR, isolated 

vanadium species (monomer, dimer) remain as major species in [V2-b], but it contains more 

oligomerized species than [V1-b]. As mentioned in the introduction, precursors at lower 
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oxidation state like VIII and VIV tend to form polymeric vanadium species.[21] These results 

again indicate that vanadium is extremely mobile on a ceria surface during calcination. Even 

starting from the monomeric homoleptic precursor [V(CH2SiMe3)4] it yields a mixture of 

vanadium species with different degrees of agglomeration after calcination (Scheme 6). The 

reason may be related to the extremely high reactivity of the grafted vanadium neosilyl 

complex towards oxygen during the calcination, causing substantial heat release and 

formation of water to accelerate the agglomeration. Recalling that calcination of 

[W(≡CtBu)(CH2tBu)3]/CeO2-200, in the same manner, gives a stable isolated tungsten species, 

probably due to the high stability of W-O bond, which is different from current observations. 

To tentatively reach the ultimate goal, the synthesis of uniquely monomeric vanadium oxo 

species supported on ceria, a monomeric vanadium(V) precursor [V(=O)(OtBu)3] is employed 

in the next section. The chosen precursor [V(=O)(OtBu)3] already contains an oxo ligand. 

Importantly, recent reports have described that the tert-butoxide ligand can be readily 

decomposed under thermolysis[41,66,67] resulting in isobutene release and formation of the 

corresponding isolated metal oxide surface fragment. 

5 Preparation and characterization of V-oxo supported on CeO2 with precursor 

[V(=O)(OtBu)3] 

5.1 Preparation of [V(=O)(OtBu)3]/CeO2-200 [V3-a] 

 

Fig. 26 (A) 1H, (B) 13C{1H}, (C) 51V NMR of [V(=O)(OtBu)3] in C6D6 

[V(=O)(OtBu)3] is synthesized from the reaction between V2O5 and tBuOH in benzene, 

followed by the solvent distillation and a purification by sublimation.[41] The 1H, 13C and 51V 

NMR spectra of [V(=O)(OtBu)3] in C6D6 are shown in Fig. 26. After purification, an intense 

signal at 1.43 ppm appeared in 1H NMR attributed to the methyl group in the tert-butoxide 

ligand. Likewise, peak at 31.8 ppm in the 13C{1H} NMR spectrum corresponds to the methyl 

group. A small signal at 86 ppm is assigned to the quaternary C of the OtBu ligand. Moreover, 
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the 51V NMR shows a signal at -642 ppm attributed to a tetrahedral vanadium species bearing 

an oxo and three alkoxide ligands[68]. CeO2 dehydroxylated at 200 oC was used as the 

support to react with [V(=O)(OtBu)3] in toluene at room temperature overnight. After the 

elimination of the solvent by filtration and drying under vacuum, a yellow material, named 

[V3-a] is recovered. A schematic illustration of this synthesis process is proposed in Scheme 

7. The resulting material is studied by Elemental analysis, DRIFT, SSNMR and Raman

spectroscopies

Scheme 7 Schematic illustration of the synthesized process for [V(=O)(OtBu)3]/CeO2-200, [V3-a]

5.2 Characterization of [V(=O)(OtBu)3]/CeO2-200 [V3-a]

5.2.1 Characterization of [V3-a] by Elemental analysis and DRIFT spectroscopy

Fig. 27 (A) (4000-1250 cm-1) DRIFT spectra and (B) enlarged (3800-3200 cm-1) region of a) CeO2-200; b) [V3-a]

Elemental analysis of [V3-a] shows the presence of 1.0 wt% V, and 1.75 wt% C, giving a C/V 

ratio of ca. 7.1, reflecting that 0.2 mmol V has been grafted on 1 g of support. This value is 

rather similar to [V2-a], featuring a bipodal structure. However, the C/V ratio is somewhat far 

from the expected value (4) for a bipodal structure. Nevertheless, taking into account the 

relative instability of 4-coordinated surface vanadium species and the strong coordination 

ability of the released tert-butanol, it is reasonable to admit that the excess carbon is 
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originated from adsorbed tert-butanol, which gives the broader ν(O-H) band around 3300 cm-1. 

Similarly to the grafting process of [V(=O)(OEt)3]2 and [V(CH2SiMe3)4], the protonolysis 

happened predominantly on terminal OH groups and partially on bridged hydroxyls (Fig. 27). 

Moreover, the resulting material exhibits aliphatic stretching ν(C−H) vibration bands at 3000-

2800 cm-1 and bending δ(CHx) vibration bands at 1500 – 1300 cm-1, attributed to the tert-butyl 

fragments grafted on the surface of ceria. This should result from the formation of bipodal 

vanadium surface species bearing one tert-butoxide and one oxo ligand with a tert-butanol 

molecule coordinated to V or strongly physisorbed onto ceria. Similar to [V1-a], a weak and 

broad contribution at 1700-1600 cm-1 is also observed. This IR band was previously assigned 

to water generated through the dehydration of released tert-butanol into isobutene and 

carbonyl compounds originating from isomerization/oxidation of tert-butanol. 

5.2.2 Characterization of [V3-a] by solid state NMR 

 

Fig. 28 (A) 1H and (B) 13C CP MAS NMR of [V3-a] 

As shown in Fig. 28, 1H MAS solid state NMR spectrum of [V3-a] exhibits a relative broad 

signal at 1.56 ppm, corresponding to the methyl group of the tert-butoxide ligand. There are 

also minor features at 5.2 and 8.1 ppm, that may originate from adsorbed isobutene (formed 

after dehydration of tert-butanol, as observed by DRIFT) and butanal (generated after 

isomerization and dehydrogenation of 1-butanol). An intense peak at 31.8 ppm shown in the 
13C CP MAS NMR spectrum is associated with the methyl groups of the ligand. Noteworthy, 

there are further two signals at 74.1 ppm and 85.5 ppm. The former is rather narrow and 

probably originated from coordinated or physisorbed tert-butanol, while the latter is weak and 

attributed to the quaternary CCH3 in [V3-a]. Noteworthy, no clear sign of paramagnetism is 

observed in the NMR spectra, thus supporting the fact that dehydration/oxidation catalyzed by 

Ce3+ of tert-butanol has taken place upon the grafting. This reaction occurred during the 

preparation of [V1-a], by using [V(=O)(OEt)3]2 as precursor. NMR results support the 
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proposition by DRIFT and Elemental analysis, in which the grafted product is a bipodal 

vanadium [(≡Ce-O)2V(=O)(OtBu)] having tert-butanol coordinated to vanadium or 

physisorbed on the surface.

5.3 Preparation of V-oxo/CeO2 [V3-b] from [V(=O)(OtBu)3]/CeO2-200 [V3-a]

Scheme 8 Schematic illustration of the synthesis process of V-oxo/CeO2 [V3-b] from [V3-a]

In the second step, the calcination process, the pre-catalyst [V(=O)(OtBu)3]/CeO2 was 

calcined under dry air at 500 °C for 18 h to form vanadium-oxo on the surface of ceria. The 

oxidation process is illustrated in Scheme 8, and the product, named [V3-b], was 

characterized by DRIFT, Raman and SSNMR. 

5.4 characterization of V-oxo/CeO2 [V3-b] 

5.4.1 Characterization of [V3-b] by DRIFT spectroscopy

Fig. 29 (A) (4000-1250 cm-1) DRIFT spectra, (B) enlarged (3800-3200 cm-1) region, and (C) enlarged (1100-900 cm-1) 
region of a) CeO2-200; b) [V3-a]; c) [V3-b]

Surface species changes during the calcination process were monitored by DRIFT (Fig. 29).

As we mentioned before, ν(C−H) and δ(CHx) vibration bands linked to aliphatic alkyls, 

located around 2800 cm-1 and 1500 cm-1 are absent in [V3-b], suggesting the removal of -

OtBu ligands during the thermal treatment. The (O-H) stretching region is highlighted in Fig. 
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29B, revealing the regeneration of certain Ce-OH groups with a slight red shift, as observed 

before for [V1-b] and [W-b]. The vanadium oxo fragments revealed by a ν(V=O) vibration 

band have been highlighted in Fig. 30. As mentioned before, different degrees of vanadium 

agglomeration are revealed in the DRIFT spectrum. After deconvolution similarly conducted 

as above, [V3-b] features the highest content of monomeric vanadium oxo species among the 

vanadium catalysts synthesized in this Chapter. Moreover, a broad peak at 995 cm-1 is 

observed, tentatively attributed to the presence of V2O5[69,70]. 

 
Fig. 30 Decomposition of DRIFT spectroscopy of enlarged region of 1050-970 cm-1 

5.4.2 Characterization of [V3-b] by Raman 

 

Fig. 31 Raman spectra of a) CeO2; b) [V3-b] 
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Raman spectroscopy is used to further clarify the surface vanadium species in [V3-b]. From 

Fig. 31, the signals at 700 cm-1 and 860 cm-1 are assigned to different vibrations of V-O-M 

(M=V, Ce), similar to the case of [V2-b] and [V1-b]. Noteworthy, a new band at 906 cm-1 

and a shoulder at 935 cm-1 are observed for [V3-b], which are tentatively attributed to the 

presence of pyrovanadate (V2O7)[23]. In the region of the A2g stretching vibrations of V=O, 

three resolved peaks are shown at 1021 cm-1, 1030 cm-1, and 1044 cm-1, assigned to the 

different polymerized vanadium species. This is consistent with the DRIFT results. 

5.4.3 Characterization of [V3-b] by 51V MAS solid -state NMR  

 

Fig. 32 (A) 51V MAS NMR spectra and (B) decomposition of [V3-b]   

51V MAS SSNMR is conducted to further investigate the coordination environment of the 

supported vanadium species. The spinning sidebands are identified by running the acquisition 

in two different conditions (7 KHz and 10 KHz spinning rates). Deconvolution of 51V NMR 

spectrum conducted similarly as mentioned before is shown in Fig. 32B, with the signal of the 

major monomeric vanadium species at -550 ppm. Noteworthy, the signal attributed to CeVO4 

is absent in [V3-b] similar to the case of [V1-b] and [V2-b], while a minor amount of V2O5 is 

detected from the 51V resonance at -610 cm-1.  

In summary, the grafting of the monomeric V(V) precursor [V(=O)(OBu)3] onto ceria gives 

the corresponding monomeric bipodal species [(≡Ce-O)2V(=O)(OtBu)] with tert-butanol 

coordinated to vanadium or adsorbed on the ceria surface. This structure is deduced from data 

based on Elemental analysis, DRIFT and solid state NMR. After calcination, DRIFT, Raman 

and 51V NMR suggest that the major part of surface species is a monomeric vanadium oxo 

species.  
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6 Effects of precursor for V-oxo/CeO2 on NH3-SCR Catalytic performance

6.1 Catalytic performance in the NO conversion and N2 Selectivity

The catalytic performance of NH3-SCR of NO is evaluated at 1 bar with a mass of 30 mg of 

catalyst and the following gas mixture: 350 ppm NH3, 300 ppm NO, 12% O2, in He. Fig. 33A

shows the NOx conversion through NH3-SCR on a series of ceria supported 1.2 wt% 

vanadium loaded catalysts. VOx/CeO2 synthesized by a conventional impregnation method 

(mentioned as IMPV-CeO2)[22] is compared to the V-oxo/CeO2 catalysts synthesized by 

SOMC approach with [V(=O)(OEt)3]2, [V(CH2SiMe3)4], and [V(=O)(OtBu)3] molecular 

precursors. The introduction of vanadium enhances the NO conversion and enlarges the 

operating temperature window compared to pure support CeO2-200. It must be noticed that 

NOx conversion with VOx/CeO2 samples synthesized by SOMC exhibit higher performances 

than the VOx/CeO2 samples synthesized by a classical impregnation. Since the vanadium 

loading is the same, current results suggest that the SOMC approach offers more active sites 

in the final catalysts. 

Fig. 33 (A) NO conversion and (B) N2 selectivity over different catalysts  

Concerning the series of catalysts prepared by SOMC, the most promising catalyst is [V1-b]

in terms of NO conversion and the operating temperature window. The slight, but notable 

difference among the SOMC catalysts is necessarily linked to the surface vanadium species. 

Recalling the results from structure characterization, there is a difference in the proportion of 

isolated (monomeric and dimeric) and oligomeric vanadium species in [V1-b], [V2-b], and

[V3-b]. Detailed analysis of Fig. 33A seems that [V3-b], containing the highest ratio of 

monomeric vanadium oxo species shows the lowest NO conversion in the low temperature 

range (<350 oC). In the high temperature region, substantial variation of the catalytic 

performance is observed. [V2-b] displays the lowest activity, and [V1-b] features a slightly 

higher activity than [V3-b].
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As described in the introduction part, there is a continuous debate on the structure-activity 

relationship on VOx supported on ceria catalysts for ammonia SCR. There are reports 

claiming that the isolated vanadium species is the main active site at low temperature, while 

other groups conclude that it is rather the oligomeric vanadium species that are active at low 

temperature. Such inconsistency prompted current investigation, using a novel approach for 

SCR catalyst synthesis, namely SOMC. The present results indicate that the isolated 

vanadium oxo sites govern the high temperature activity, while the oligomeric species exhibit 

higher activity in the low temperature region. Similar observations have also been found in 

the tungsten supported on ceria system[53]. Referring to Chapter II, where the corresponding 

tungsten system has been extensively studied, it is found that the most active catalyst 

comprises an isolated tungsten oxo supported on ceria. Interestingly, after acid/base and redox 

characterizations, it appears that the acidity and the redox capability constitute only a minor 

effect on the activity.  

6.2 Structure-reactivity relationship in NH3-SCR 

 

Fig. 34 NH3–TPD profiles of [IMPV-CeO2], [V1-b] and [V2-b] 

It is generally accepted that surface acidity and redox property are crucial in the NH3-SCR 

reaction. In order to evaluate the surface acidity, [IMPV-CeO2], [V1-b] and [V2-b] have 

been submitted to NH3-TPD analysis and the results are shown in Fig. 34. The order of the 

total calculated amount of released NH3 is: [IMPV-CeO2] (104.4 μmol/g) > [V2-b] (91.2 

μmol/g) > [V1-b] (61.7 μmol/g). The results show that VOx/CeO2 synthesized by 

impregnation method with the same loading exhibits a higher surface acidity than samples 

obtained from SOMC approach. Comparing the SOMC catalysts, [V1-b], being more active, 

shows less overall acidity than [V2-b]. This can be explained by the fact that [V2-b] contains 
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more polymeric vanadium oxo species that generate the acidity. Interestingly, the NH3-TPD 

experiments revealed that the acidity is inversely proportional to the observed activity, which 

is completely different with respect to literature reports. A similar tendency is found for the 

corresponding tungsten system. Nevertheless, taking into account that most of the vanadium 

sites present in the SOMC catalysts are isolated, the reaction mechanism may differ from 

classically proposed pathways. To gain further insights into these catalysts, the redox 

capability of the samples has been conducted by H2-TPR. 

The redox properties of bulk ceria IMPV/CeO2, [V1-b] and [V2-b] are determined by H2

temperature programmed reduction in a thermobalance. The results are shown in Fig. 35, and 

the weight loss is due to a release of oxygen from the solid and thereby reflects the 

reducibility of vanadium or of the ceria support. The total oxygen release decreases in the 

order: [IMPV-CeO2] (65 μmol/g) > [V1-b] (61 μmol/g) > [V2-b] (57 μmol/g) > CeO2-200 (44 

μmol/g). These values are rather similar and it is thereby difficult to distinguish among the 

redox properties of these catalysts. Although [IMPV-CeO2] exhibits the highest value, this 

catalyst shows the lowest performance. Reminding that the results from NH3-TPD also 

indicate that [IMPV-CeO2] has the highest acidity, it also indicates that the reaction 

mechanism for SOMC catalysts (consisting mainly in isolated supported vanadium sites) may 

be different from the classically proposed pathways.

Fig. 35 TGA patterns under H2 over CeO2-200, IMPV/CeO2, [V1-b] and [V2-b]

7 Conclusion 

In the previous chapter, surface organometallic chemistry of tungsten on ceria has been 

developed and the resulting material appears to be a highly active and stable NH3-SCR 

catalyst within a broad temperature range. Encouraged by the discovery that isolated tungsten 
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species supported on ceria possess such exceptionally high activity, this chapter is intended to 

develop similar isolated vanadium species supported on ceria. Hence Surface Organometallic 

Chemistry on ceria has been extended to the case of vanadium, which is a frequently used 

element for NH3-SCR. The targeted product is synthesized according to surface 

organometallic chemistry practices in two steps: i) grafting a suitable precursor onto a ceria 

surface previously dehydroxylated; ii) calcination of the grafted materials at 500 oC to form 

the targeted isolated vanadium-oxo species supported on ceria. The materials have been 

characterized by Elemental analysis, FT-IR, XPS, EPR, SSNMR, Raman, and XANES. As 

homoleptic VR5 type complexes are unstable, commercially available [V(=O)(OEt)3]2 has 

initially been employed as precursor. Although the calcined material possesses fairly high 

activity and selectivity for NH3-SCR, structural characterization of the catalyst by DRIFT, 

Raman and 51V MAS NMR reveals that it contains a mixture of monomeric (major species), 

dimeric and oligomeric vanadium oxo species. In the second and the third attempt, the 

homoleptic [V(CH2SiMe3)4] and [V(=O)(OtBu)3] molecular complexes have been used 

respectively. Despite these materials showing relatively high NH3-SCR activity, the structural 

characterizations also suggest that the catalysts contain a mixture of monomeric, dimeric and 

oligomeric vanadium oxo species. These experiments confirm that vanadium is extremely 

mobile on a ceria surface. To shed light on the structure-activity relationship, a series of ceria 

supported vanadium catalysts prepared from [V(=O)(OEt)3]2 with different loadings were 

prepared. Structural characterizations indicate that the degree of agglomeration of vanadium 

increases with the loading. The catalytic performances of this series of catalysts clearly show 

an enhancement in the activity at low temperature upon increasing the loading. On the other 

hand, the activity at high temperature improves by increasing the proportion of isolated 

vanadium species (low loading). The best catalyst [V1-b] has been studied by NH3-TPD and 

H2-TPR. Surprisingly, the determined acidity and redox properties were weaker than for the 

catalyst prepared by conventional impregnation which presented far lower catalytic activity. 

The generally higher activity observed for the SOMC catalysts may be related to the higher 

dispersion of vanadium species. Gathering the information in this chapter, it seems like the 

reaction mechanism for NH3-SCR is somewhat different for isolated system compared to the 

already proposed mechanism (L-H, or E-R). As the acidity and redox properties appear to 

have less influence on the catalytic activity, the dominating mechanism for isolated group V 

and VI transition state metal catalysts may involve Lewis acid/redox pair involving a new 
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elementary step during the N-N formation. Prior to proposing a new mechanism, additional 

elements (Nb, Mo) have been equally investigated in order to confirm the observed tendency.   

Table 7 Summary and comparison of the catalyst preparation and catalytic performance in this chapter 

Catalysts Loading Synthesis method Precursor  Calcination 
temperature NO conversion  

CeO2-200 N.D. N.D. N.D. N.D. 58% at 400 oC 
[0.2V1-b] 0.2 wt% SOMC [V(=O)(OEt)3] 500 oC 76% at 377 oC 
[1.2V1-b] 1.2 wt% SOMC [V(=O)(OEt)3] 500 oC T80 (295-442 oC) 
[2.1V1-b] 2.1 wt% SOMC [V(=O)(OEt)3] 500 oC T80(283-419 oC) 
[4V1-b] 4.0 wt% SOMC [V(=O)(OEt)3] 500 oC T80(272-416 oC) 
[V2-b] 1.3 wt% SOMC [V(CH2SiMe3)4] 500 oC T80(298-404 oC) 
[V3-b] 1.0 wt% SOMC [V(=O)(OtBu)3] 500 oC T80(314-423 oC) 
IMPV 1.2 wt% Impregnation NH4VO4 500 oC 80% at 370 oC 
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1 Introduction  

Fossil fuels are still the primary energy source for industries, vehicles, and ships. The 

combustion process to extract energy simultaneously emits large amounts of NOx (mainly 

including NO and NO2). The presence of such gasses in the atmosphere causes acid rain, 

photochemical pollution, and human damage[1]. Therefore, governments have started 

regulating NOx emissions. The NOx treatment methods are divided into the pretreatment, 

combustion treatment, and post-treatment[2]. The pretreatment mainly modifies the fuel with 

physical or chemical processes, such as hydrogen denitrification, washing, or coal blending 

technology to reduce the formation of nitrogen oxides. Combustion treatment reduces NOx 

production by changing combustion conditions, such as low nitrogen combustion, low oxygen 

combustion, graded combustion, etc.[2,3] However, these two methods show difficulties, high 

cost, and low efficiency in industrial production and automobile exhaust treatment. Post-

treatment, especially selective catalytic reduction (SCR) with NH3 is one of the promising 

methods to remove nitrogen oxides, which produces only N2 and H2O[4]. Although SCR units 

have been implemented in industrial plants and in recent mobile vehicles, the commercial 

catalysts still need improvements in the applicable temperature window, thermal stability, 

recycling, reuse ability, and catalytic conversion efficiency[5]. Therefore, designing a novel 

efficient NH3-SCR catalyst is essential in NOx emissions control. 

Ceria-based materials have been intensively investigated for NH3-SCR, as CeO2 possesses 

advantages like low cost, high oxygen storage capacity, acid/base and redox properties 

necessary for the reaction[6]. Nevertheless, the relatively low acidity and inefficient active 

sites limit the activity of pure CeO2[7]. Researchers have developed several methods to 

improve the catalytic activity of NH3-SCR in ceria-based catalysts. For instance, 1) 

structuring different morphology to alter the specific surface area[8]; 2) identification and 

preparation of ceria material with the more active crystal facet exposed to the surface[9]; 3) 

introduction of heteroelements (bimetallic oxide catalysts and multiplex system) to improve 

the oxygen storage capacity or enhance acidity[7,10–12]. Among these methods, the 

introduction of metal promotors has attracted more attention owing to their convenience and 

high efficiency.  

Recently, Niobium is regarded as an alternative promoter to enhance the catalytic 

performance of NH3-SCR over metal oxides-based catalysts. Zhang[13]et al. found that the 
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introduction of Niobium into CuCe mixed oxide broadens the operation temperature window 

from (180-240 oC) to (150-390 oC). They attributed the higher NO conversion at high 

temperatures (> 300 oC) to the improved acidity by niobium doping. Qu[14] et al. reported the 

abundant surface oxygen species on the surface of CeO2-Nb2O5 prepared by co-precipitation: 

Nb-OH and Nb=O, which can be regarded as the Brønsted acid site and Lewis acid site. A 

similar structure was reported by Liu[15] and his co-workers on the surface of the 15% Nb2O5 

supported on CeO2/TiO2 catalyst via impregnation of NbCl5. They performed the in-situ 

DRIFT and found that NH4
+ is the major reactive intermediate at low temperature (< 200 oC), 

and the adsorbed NH2 species become the dominating intermediate at high temperature, which 

are in agreement with the L-H mechanism at low temperature and E-R mechanism at high 

temperature. 

Even though most of the strategies enhanced the macro activity of NH3-SCR reaction, 

identifying the exact active sites and how the different active sites are associated with the 

mechanism is still challenging[5]. This information is essential in order to design a catalyst at 

atomic scale, resulting in a ceria-based NH3-SCR catalyst with improved catalytic 

performance. Reported Nb/CeO2 catalysts are synthesized by conventional methods yielding a 

mixture of different NbOx species on the surface after the preparation. Hence, it is impossible 

to attribute the role of each surface specie in the SCR reaction. On the other hand, work 

dedicated to the synthesis of single Niobium species is difficult, and the corresponding reports 

are rare. Guo[16] and his co-workers prepared single-atom niobium in graphitic layers by an 

arc-discharge method. Wu and his co-workers[17] reported 20% Tungsten and 1% Niobium 

incorporated KIT‐6 (WNb‐KIT‐6) material prepared by the one-pot sol-gel method. They 

claimed to have incorporated isolated Nb into the ordered silica material (KIT-6) and tuned 

the electronic environment by W deposition onto these sites, which resulted in enhanced 

propene yield during 2-butene+ethylene metathesis.  

Surface organometallic chemistry is a powerful approach to controllably immobilize metal 

species onto a support[18]. It is for instance an efficient strategy to prepare well-defined 

catalysts with tailored moieties on the surface, notably isolated species, which offers solid 

catalysts suitable for extensive characterization, investigation of reaction mechanisms and 

determination the structure-reactivity relationship. Yet the development of niobium-based 

catalysts prepared by SOMC is rare. Jean-Marie Basset and his co-workers[19] reported silica 

supported the tetramethyl niobium complex, [≡ (SiO)NbMe4] for the trimerization of ethylene. 



178

This catalyst is prepared in two steps: 1) grafting NbCl3Me2 on the surface of silica to form 

[(≡SiO)NbCl3Me]; 2) surface methylation between [(≡SiO)NbCl3Me] and ZnMe2. Another 

example involves the grafting of Nb(=NtBu)(CH2CMe2Ph)3 on silica leading to a catalyst for 

the imidation of ketones [(SiO2)2Nb(=NtBu)(CH2CMe2Ph)].[20] To our best knowledge, 

using the SOMC strategy for ceria support with niobium for NH3-SCR reaction is unknown.

The organometallic chemistry of NbV is rather limited due to the homoleptic NbR5 type 

complexes instability. Therefore, Nb(OEt)5 is chosen as precursor, which will simultaneously 

allow to directly compare with the results obtained with catalyst based on vanadium 

counterpart described in Chapter III. Herein, surface organometallic chemistry has been 

applied with the aim to synthesize well-defined Nb supported on ceria as NH3-SCR catalyst. 

More specifically, the targeted niobium-oxo supported on ceria is tentatively synthesized by 

grafting of Nb(OEt)5 on the surface of ceria followed by calcination, similarly to the 

vanadium system described in Chapter III. The structure of the resulting materials is 

characterized by DRIFT, Elemental analysis, XPS, SSNMR, TOF-SIMS, BET, TEM, and 

EXAFS. The NO conversion and N2 selectivity of these catalysts are also investigated with 

NH3-SCR conditions. 

Scheme 1 Illustration of the preparing niobium-oxo supported on ceria

2 Preparation and characterization of [Nb(OEt)5]2/CeO2-200

2.1 Preparation of [Nb(OEt)5]2/CeO2-200 [Nb-a]

Fig. 1 Liquid NMR (A) 1H and (B) 13C {1H} of [Nb(OEt)5]2
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The ceria support (CeO2) was treated by calcination at 500 oC under air, followed by 

hydration and dehydroxylation at 200 oC (see Chapter II section 2.1) before use. [Nb(OEt)5]2 

is commercial and purchased from Strem. The purity is confirmed by 1H and 13C{1H} NMR 

(Fig. 1), displaying the characteristic signals of the dimeric [Nb(OEt)5]2 complex without 

visible organic impurities. The grafting reaction of [Nb(OEt)5]2 on CeO2 was conducted in 

toluene at room temperature during 12 h. The resulting materials were washed three times 

with toluene and rinsed with pentane to remove unreacted precursor. After evaporation of the 

solvent and drying under vacuum, the resulting materials were obtained as light grey powder. 

The [Nb(OEt)5]2/CeO2 sample was named [Nb-a]. Then, it is characterized by Elemental 

analysis, BET, DRIFT, SSNMR.  

2.2 Characterization of [Nb-a] by Elemental analysis  

 

Scheme 2 Schematic illustration of the grafting of [Nb(OEt)5]2 on CeO2-200. 

Results of Elemental analysis of [Nb-a] show the presence of 1.8% Nb and 1.4% C, which 

correspond to 0.19 mmolNb.g-1 and 1.18 mmolC.g-1, or C/Nb = 6.2. These results suggest that 

three ethoxide ligands remain per Nb in the product, which means two equivalents of ethanol 

have been produced during the protonolysis process. Therefore, 0.38 mmol OH/g of 

hydroxyls on the surface of ceria have been consumed. According to the chemical titration of 

OH groups in CeO2 dehydroxylated at 200 oC, 0.7 mmol OH∙g-1 is found on the surface of 

CeO2-200, meaning that around 54% of initial surface O-H has reacted when [Nb(OEt)5]2 is 

grafted onto the surface of CeO2. Unfortunately, the released ethanol is difficult to be 

quantified. According to the literature, there are examples demonstrating that dimeric 

complexes can be cleaved upon grafting, notably onto a polar support, giving monomeric 

grafted species[21]. Based on our previous experiences (Chapter II and III) and Elemental 

analysis, the structure of [Nb(OEt)5]2/CeO2-200 is tentatively proposed to be a monomeric 

bipodal species (expected C/V = 6), expressed as [( CeO)2Nb(OEt)3] (Scheme 2). There is a 
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notably different reactivity between [Nb(OEt)5]2 and [V(=O)(OEt)3]2 with ceria (Scheme 3). 

In this case, the final structure appears to be a monomeric bipodal species containing 0.19 

mmol Nb per gram of support. While in Chapter II, the final structure is rather described by a 

dimeric species containing 0.42 mmol V per gram of support. The difference in reactivity can 

be related to the diameter of the transition metal, as Nb is larger and may therefore be 

monomeric in toluene. Conversely, vanadium is smaller and may keep a dimeric nature for 

stabilization.  

 
Scheme 3 Resulting species after grafting of dimeric vanadium (right) or niobium (left) ethoxide precursors on ceria. 

2.3 Characterization of [Nb-a] by DRIFT spectroscopy 

 

Fig. 2 (A) (3800-1200 cm-1) DRIFT spectra and (B) specific enlargements (3800-3200 cm-1) for the attribution of ν(O-H) 

stretching vibration bands of a) CeO2-200 and b) [Nb-a]. 

As shown in Fig. 2, DRIFT spectroscopy is used to examine the grafting process. Pronounced 

changes are observed in the (OH), (CHx), and δ(CH) regions. In fact, the appearance of 

bands at 3000-2700 cm-1 and 1500-1200 cm-1 (Fig. 2A) is attributed to aliphatic ν(CHx), and 

δ(CHx) vibrations of the ethoxy ligands bonded to Nb on the surface of CeO2. Enlarged 

infrared spectra in the (O-H) region are shown in Fig. 2B. After grafting, the terminal μ1-OH 

totally disappeared. On the other hand, the μ3-type OH (3527 cm-1) seems to be less reactive. 
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Importantly, the DRIFT spectrum in this region is rather dominated by a broad peak, 

indicating the presence of interactions between remaining Ce-OH groups and the grafted 

surface organometallic fragment. Similar features are observed when [V(=O)(OEt)3]2 and 

[W(≡CtBu)(CH2tBu)3] are grafted on the surface of ceria. Thus, the results of DRIFT confirm 

the successful grafting of [Nb(OEt)5]2 onto the surface of ceria. 

2.4 Characterization of [Nb-a] by Nitrogen adsorption-desorption isotherm 

measurements 

 

Fig. 3 Nitrogen physisorption isotherms and corresponding pore size distribution (BJH during desorption, inset) of (a) CeO2-

200 and (b) [Nb-a]. 

Nitrogen adsorption-desorption isotherm measurement for CeO2 and [Nb-a] are employed to 

evaluate the effects of the grafting on the textural properties of the material. The physisorption 

isotherms and the pore size distribution is depicted in Fig. 3 and its inset. CeO2 and [Nb-a] 

exhibit the same type of adsorption/desorption isotherms, classified as type IV according to 

IUPAC nomenclature and show a H2-type hysteresis loop. [Nb-a] has a specific surface area 

of 175 m2·g-1, which shows a marginal decrease with respect to bulk CeO2 (188 m2·g-1). In 

addition, [Nb-a] shows a similar pore size distribution to bulk ceria, as depicted in the inset of 

Fig. 3. These observations suggest that the functionalization with [Nb(OEt)5]2 of the surface 

of ceria has limited impact on the textural properties of CeO2. 

2.5 Characterization of [Nb-a] by solid state NMR 

Solid state NMR (1H and 13C) is used to characterize the nature of organic moieties in the 

grafting material [Nb-a]. As depicted in Fig. 4A, a main 1H signal at 1.2 and a shoulder 
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around 4.6 ppm are observed, assigned to (-OCH2CH3) and (-OCH2CH3) respectively. 

Furthermore, 13C CP MAS NMR spectrum features significantly broader peaks at 19 and 67 

ppm, attributed to (-OCH2CH3) and (-OCH2CH3) respectively. In addition, there are also two 

narrower components at 17 and 63 ppm, tentatively attributed to strongly adsorbed ethanol on 

the surface[22]. Furthermore, there is a small shoulder at 72 ppm characteristic of bridged 

ethoxide ligands. The latter indicates that [Nb-a] comprises mainly a monomeric species with 

minor amounts of dimeric species. Noteworthy, no broadening or shift in the NMR spectra is 

observed, suggesting the absence of paramagnetism. Based on these results, grafting 

[Nb(OEt)5]2 onto ceria gives mainly an isolated bipodal Nb species bearing three ethoxide 

ligands.  

 

Fig. 4 (A) 1H MAS NMR and (B)  13C CP MAS NMR of [Nb-a]. 

3 Preparation and characterization of Nb-oxo supported on CeO2 

3.1 Preparation of Nb-oxo/CeO2 [Nb-b] 

The grafted material [Nb-a] is calcined under dry air for 18 h to obtain niobium-oxo species 

on the surface of ceria. The resulting material is mentioned as [Nb-b], and is characterized by 

DRIFT, Tof-SIMS, XPS, TEM, and EXAFS.  

3.2 Characterization of [Nb-b] by Elemental analysis and DRIFT spectroscopy 

The Nb content in [Nb-b] is found to be 1.8 wt% from Elemental analysis, confirming no loss 

of Nb during the calcination process. Moreover, no carbon is detected, indicating that the 

organic ligands are completely removed. FT-IR analysis is further carried out to follow the 

surface structure upon calcination. As shown in Fig. 5, the initially presented ν(CHx) and 

δ(CHx) vibrations of the ethoxide ligands in [Nb-a] are absent in Nb-oxo/CeO2, [Nb-b], 

which suggests that organic fragments have totally decomposed during the calcination process. 

Moreover, several hydroxyl groups are regenerated with a slight red shift with respect to the 
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initial ceria material, suggesting a re-distribution of hydroxyls on the surface occurs during 

the calcination process, similar to the W and V systems on ceria described in the previous 

Chapters. Another pronounced change in the DRIFT spectrum is in the 900-1100 cm-1 region, 

which corresponds to the frequency of Nb=O stretching modes. Fig. 5C highlights this region 

where three bands can be identified at 976 cm-1, 969 cm-1, and 955 cm-1, and assigned to 

different Nb=O species[23,24].  

 

Fig. 5 DRIFT spectra in different region (A) 4000 cm-1-1000 cm-1; (B) 3800 cm-1-3200 cm-1; (C) 1100 cm-1-900 cm-1 over 

samples: a) CeO2-200; b) [Nb-a]; c) [Nb-b]. 

3.3 Characterization of [Nb-b] by Time-of-flight secondary ion mass spectrometry 

To further investigate the population of different Nb oxo species on the surface, Time of 

Flight Secondary Ion Mass Spectrometry is applied to [Nb-b]. A. Benninghoven was the first 

to propose this method to discriminate different surface species[25]. When the primary ion 

dose is applied to the surface, different surface fragments will be extracted from the material 

and analyzed by MS. The ion dose used to be low to minimize the destruction of chemical 

bonds[26]. Mass spectrometry analysis of the chemical composition of these fragments 

provides access to the surface composition of the material. Therefore, this is a powerful 

technique to determine the presence of different Nb species (monomeric, dimeric, oligomeric) 

in [Nb-b]. According to the observed mass distributions (Fig. 6), there are mainly monomeric 

species (Nb+, NbOx
+/-, CeNbOy

+/-), minor amounts of dimeric species (Nb2O5
-, Nb2O6

-, 

CeNb2O6
+, Ce2Nb2O7

+, Ce3Nb2O9
+) and importantly no oligomeric species in [Nb-b]. These 

results indicate that most of the species observed in Time of Flight Secondary Ion Mass 

Spectra are monomeric along with smaller amounts of dimeric species, which is consistent 

with the observation in EXAFS (vide infra). 
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Fig. 6 Mass distribution of clusters released from Tof-SIMS irradiation 

3.4 Characterization of [Nb-b] by X-ray photoelectron spectroscopy and EDX Mapping 

The distribution of different elements on [Nb-b] is visualized by STEM/EDX (energy-

dispersive X‐ray spectroscopy) mapping. Transmission electron microscopy is a general 

technique to determine the presence of foreign clusters or nano particles on a support. 

However, due to the high atomic weight of Ce, eventual particles of Nb are expected to be 

masked. Nevertheless, large particles of Nb or NbOx, even supported on ceria, can be 
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revealed by STEM/EDX. Fig. 7 displays a STEM image and the corresponding EDX mapping 

of an object. The expected elements (Ce, Nb, O) are equally distributed throughout the object, 

indicating the Nb is well dispersed on the surface of ceria. In addition, the oxidation state of 

surface Ce in [Nb-b] is analyzed by XPS. As shown in Fig. 7E, 10 characterized peaks can be 

identified, originating from Ce3+ and Ce4+ on the surface. Peaks labeled v, v″, v‴ (3d5/2) and u, 

u″, u‴ (3d3/2) are assigned to the Ce4+, while u0, uʹ, v0, vʹ are attributed to Ce3+. Based on the 

formula %Ce3+ = 100*[Ce3+/(Ce4+ + Ce3+)], the ratio of Ce3+ is estimated to be 29.5% which 

shows a significant increase with respect to bulk CeO2-200 (20.6%). An increase in Ce3+

concentration after the introduction of a hetero element has previously been observed for 

tungsten (Chapter II) and vanadium (Chapter III). This result thus confirms the presence of 

Ce3+ in [Nb-b]. Unfortunately, the oxidation state of Nb is not analyzed by XPS. However, 

the oxidation state of [Nb-b] is determined by XANES in the next section.

Fig. 7 STEM (A, B, C, D) and XPS € spectra of Ce 3d of the catalyst [Nb-b]

3.5 Characterization of [Nb-b] by X-ray Adsorption spectroscopy

The sample with a Nb loading of 1.8 wt% was studied by X-ray absorption spectroscopy in 

order to precise the structure of the supported species. The XANES results (Fig. 8) suggested 

that the Nb species on the cerium oxide surface, with a spectrum showing an important pre-

edge signal, are in a tetrahedral environment.
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Fig. 8 Niobium K-edge XANES for sample with 1.8 wt% Nb loading (down blue) compared with known crystal where Nb is 

in coordination 4 ([4], tetrahedral), 5 ([5], square based pyramid) or 6 ([6], octahedral)

The parameters extracted from the fit of the EXAFS (Fig. 9 and Table 1) of the 1.8 wt % 

loaded sample are in agreement with a (O)3Nb(=O) structure, with ca. one oxygen atom at 

1.74(2) Å, attributed to an oxo ligand and ca. three oxygen atoms at 1.997(12) Å, attributed 

most probably to two surface oxide ligands and one hydroxyl ligand. The fit could be also 

improved by adding a further layer of back-scatterers, with only ca. one cerium atom at 3.50(2) 

Å and ca. two oxygen atoms at 2.56(4) Å. The inclusion of niobium as a second neighbor was 

not statistically validated. Therefore, this EXAFS study is in agreement with the (O)3Nb(=O) 

tetrahedral structure of an isolated site as the one represented below in Fig. 10, with one Ce 

atom from the surface as a second neighbor.

Fig. 9 Niobium K-edge k3-weighted EXAFS for [Nb-b] (left) and corresponding modulus and imaginary part of the Fourier 

transform (right). Solid lines: experimental; dashed lines: spherical wave theory
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Table 1 EXAFS parameters for the niobium species at the surface of cerium oxide a

Type of neighbor
Number of

neighbours
Distance (Å)    σ2 (Å2)

  Nb=O 0.8(3) 1.74(2) 0.0051(22)

  Nb-OCex or Nb-OH 2.8(3) 1.997(12) 0.0043(14)

–b--Os 2.3(7) 2.56(4) 0.0148(59)

  Nb-O-Ce 1.1(4) 3.50(2) 0.0052(24)

a The errors generated by the EXAFS fitting program “RoundMidnight” are indicated in parentheses. aΔk: [2.1-14.3 Å-–] - ΔR: 

[0.4-3.6 Å]); S02 = 0.92; ΔE0 = 1.2 ± 1.4 eV; Fit residue: ρ = 8.6 %; (Δ )2/ν = 2.84 with ν = 13/26

Fig. 10 Structure in agreement with the fit of the EXAFS (distances in blue or green are deduced from the fit, distances in 

black are those of the CeO2 crystal)

4 Catalytic performance investigation

4.1 Catalytic performance (NO conversion and N2 selectivity) of [Nb-b] 

Fig. 11 (A) NO conversion and (B) N2 selectivity performance of CeO2 and Nb-oxo/CeO2 at different temperatures
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Bulk CeO2 and [Nb-b] were evaluated for the NH3-SCR reaction in a continuous flow reactor. 

The temperature dependencies of the NOx conversion and N2 selectivity are shown in Fig. 11. 

The catalyst [Nb-b] synthesized by SOMC shows more than 90 % conversion of NOx 

between 300 to 400 °C, while a maximum 58 % was observed at 350 °C for CeO2. It was 

obvious that niobium improved the NOx conversion. Moreover, the selectivity for N2 is 

outstandingly increased with the addition of Niobium onto ceria.

4.2 Effect of Nb loading on catalytic performance over [xNb-b] (x=0.2 wt%, 0.5 wt%, 1.0 

wt%, and 1.8 wt%)

Fig. 12 (A) NO conversion and (B) N2 selectivity performance of different loading of [xNb-b](x=0.2 wt%, 0.5wt%, 1.0wt%, 

1.8wt%)

The prepared series of [xNb-b] catalysts with various niobium loadings (x, wt%), (x=0.2 wt%, 

0.5 wt%, 1.0 wt%, and 1.8 wt%) as a function of temperature are presented in Fig. 12. 

Obviously, the catalytic conversion of NO increases with the niobium loading using the same 

GHSV. [0.2Nb-b] exhibits 60% NO conversion at 350 oC, which is similar to bulk CeO2, 

while 71% and 86% NO conversions are obtained over [0.5Nb-b] and [1.0Nb-b]. Noteworthy, 

full NO conversion and the broadest operation temperature window were provided by [1.8Nb-

b]. Additionally, N2 selectivity in Fig. 12B is also improved by increasing the niobium 

loading. These results confirm the positive effect provided by the addition of isolated niobium 

centers on ceria. Increasing the Nb loading as mostly isolated sites also expands the operating 

temperature window in the NH3-SCR reaction.

5 Comparison of different group V and VI transition metals supported on ceria   

5.1 Structure of catalysts based on CeO2 supported metals (M=V, Nb, Mo, W) 
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Inconveniences with conventional NH3-SCR catalysts lie in the preparation methods, as 

described earlier, which inevitably lead to a mixture of different surface species. Such 

complex surfaces are difficult to characterize at molecular level and make it impossible to 

associate the role of each specie in the catalytic reaction. A prerequisite to develop novel 

catalysts exceeding the performance of the state-of-the-art catalysts is to determine the 

structure-reactivity relationship. In addition, an alternative synthetic method for such catalysts 

needs to be introduced, featuring unique and controllable active sites. This thesis is targeted 

towards ceria supported monomeric transition metals (Group V and VI) species. Such 

transition metals modified ceria have already been reported to be promising catalysts for NH3-

SCR. Furthermore, monomeric species have recently been postulated to be the real active sites 

of classically known metal-oxide catalysts in industrially important reactions[27–30]. The 

employed synthetic method is surface organometallic chemistry, which after judicious choice 

of the organometallic precursors and pre-treatment of the support may provide uniquely 

isolated sites. Evidently, a thorough characterization and determination of the optimal 

pretreatment conditions are extremely important prior to the grafting process. 

 

Fig. 13 (A) Attribution of (CeO-H) stretching vibration bands in this thesis; (B) DRIFTS spectra in the hydroxyl stretching 

region for a) Al2O3-300, b) Al2O3-500, c) Al2O3-700; (C) structures of the main hydroxyl sites and their spectroscopic features 

(values shown for Al2O3-500); (D) Calculated hydroxyl group configurations and their relative energies, for the partially 

hydroxylated (110) surface of γ-Al2O3 with θ = 0.7 OH/nm2 

As discussed in Chapter II, the surface of CeO2 dehydroxylated at 200 oC contains 0.7 mmol 

OH∙g-1 after calculation by a chemical titration using Al(iBu)3. The DRIFT spectrum of CeO2-

200 exhibits different hydroxyl groups (μ1-OH, μ2-OH, and μ3-OH), as shown in Fig. 13A. 
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Similar types of hydroxyls are reported to the surface of Al2O3 (Fig. 13B)[31] . Based on a 

DFT calculation, Merle et al. proposed four kinds of hydroxyl group configurations after 

water adsorption on either an (Al atoms in trigonal symmetry) site or an AlT (Al atoms in 

pseudo-tetrahydro symmetry) surface site. Combining the information from experimental 

studies (selective reaction with HCl and CO2), characterization (high-field 1H and 27Al solid

state NMR, IR spectroscopy), and DFT calculations, they proposed the structure-property 

correlations (Fig. 13D). Similar to Al2O3, various hydroxyls on ceria surface may possess 

different reactivity, and the co-presence of Ce3+ and Ce4+ makes the surface even more 

complex than the surface of Al2O3. 

Fig. 14 (A) Schematic illustration of the general approach used in this thesis to prepare the catalytic materials; (B) structure 

of metallic molecular complexes and corresponding materials obtained after the grafting reaction

The target of this thesis is to develop single site NH3-SCR catalysts based on group V and VI 

transition metal oxo supported on ceria. The development of such beyond state of the art 

catalysts requires research efforts in the synthetic methodology, characterization and 

fundamental comprehension of the ceria support. The chosen synthetic approach, namely 

surface organometallic chemistry, is based on judicious choice of the organometallic 

precursor and controlled treatment of the support. Selected organometallic precursors of 

group V and VI transition metal (M=W, V, Nb) have been grafted onto ceria dehydroxylated 

at 200 oC followed by calcination under air at high temperature, giving catalytic materials for 

NH3-SCR investigation. A schematic illustration of the synthesis process is depicted in Fig. 

14A. The resulting materials are characterized by Elemental analysis, FT-IR, XPS, EPR, 

SSNMR, Raman, and XAS. Concerning the grafting step, the following organometallic 
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complexes have been applied: [W(≡CtBu)(CH2tBu)3], [V(=O)(OEt)3]2, [V(=O)(OtBu)3], 

[V(CH2SiMe3)4], and [Nb(OEt)5]. Fig. 14B summarizes the main surface species obtained 

after the grafting of the corresponding precursors in toluene at room temperature. In most 

cases, the grafting reaction yields bipodal monomeric metal species (for 

[W(≡CtBu)(CH2tBu)3], [V(=O)(OtBu)3], and [Nb(OEt)5]). Exceptions are found for 

[V(=O)(OEt)3]2, which gives monopodal dimeric species after the grafting reaction, and 

[V(CH2SiMe3)4], which after a unique reactivity involving Ce-O-Ce bridge opening through 

electron transfer and oxidation of vanadium (IV), presumably gives tripodal vanadium species. 

These results suggest the complexity of the surface of ceria support and that the structure of 

the resulting surface species is strongly related to the nature of the organometallic ligand and 

the polarity of ceria support.

Fig. 15 Illustration of the structure of (A) tungsten-oxo, (B) niobium-oxo, and (C) vanadium-oxo supported on ceria

In the second step, the grafting materials were calcined under air at high temperatures. In the 

case of tungsten-oxo (Fig. 15A), calcination of grafted species provides a mixture of isolated 

tungsten mono-oxo (70%) and tungsten bis-oxo species (30%), which is confirmed by Raman, 

FT-IR, and EXAFS. Moreover, the calcination of [Nb(OEt)5]/CeO2-200 gives an isolated Nb-

oxo site described as  [(≡CeO)2Nb(=O)(OH)] with a proposed structure shown in Fig. 15B. As 

for the case of vanadium, even though the goal was to get isolated vanadium species, a 
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mixture of monomeric (major species), dimeric and oligomeric vanadium-oxo species 

supported on ceria were always observed after calcination, independently of the precursor 

used, (Fig. 15C). These results suggest that vanadium surface species are extremely mobile on 

a ceria surface under the calcination conditions. The mobility of an element on an oxide 

surface may be related to the dissociation energy of M-O as well as the formation energy of 

M-O-M self-assembly. As no database gathering the dissociation energy of M-O bond (M = V, 

Nb, W) in M-O-Ce fragment exists, the general dissociation bond energy may give an 

indication. The bond dissociation energy of V-O is 644 kJ/mol, while that of W-O is 653 

kJ/mol and Nb-O needs 753 kJ/mol. This may explain the enhanced mobility of vanadium 

with respect to niobium and tungsten. 

5.2 Comparison of the NH3-SCR performance over Metal-oxo/CeO2 (Metal=W, Mo, Nb, 

V) catalysts 

Metal oxides and ion-exchanged zeolites are the most widely investigated catalyst for the 

NH3-SCR reaction. Ceria has attracted great attention to the NH3-SCR reaction due to its 

oxygen storage ability. The oxides of groups V and VI (VOx, NbOx, WOx, and MoOx) are 

widely used as promoters for ceria-based catalysts and exhibit high SCR activity. However, 

metals from group VIII are usually regarded to be the active site in ion-exchanged zeolites. 

Even though both metal oxides and ion-exchanged zeolite catalysts require acidity and redox 

ability, they could take part in the different NH3-SCR mechanisms due to their difference in 

catalyst composition and structure.  

 
Fig. 16 Schematic illustration of the NH3-SCR mechanisms 

Based on the proposed mechanisms in literature, there are two dominating pathways, known 

as the E-R and L-H mechanisms[32]. Common features of both proposals involve surface 

acidity and redox properties (as shown in Fig. 16). Concerning the acidity, there is an ongoing 



  

193 

 

debate about the importance of Lewis and Bronsted acidity. Several reports claim that the 

Lewis acidity is the most essential for the reaction, while other works show that it is rather the 

Bronsted sites that are involved in the reaction. Moreover, it has also been proposed that both 

acidities may act differently at low and high temperatures during the NH3-SCR of NO. Since 

ceria has less Lewis acid sites, the adsorption and activation of NH3 are usually reported to 

take place on Lewis acidic sites (M=O) and Brønsted acidic sites (M-OH) to form various 

NHx(x=1, 2, 3, 4). Due to the unique oxygen storage ability of ceria support, NO is more 

likely to be adsorbed and activated on the ceria support to form active NOx (gaseous NO, 

bridge nitrite, bidentate nitrate, monodentate nitrite)[6,33–36]. Then, the adsorbed or active 

species NHx and NOx react to form intermediates comprising N-N bond (NHNO[37], 

NH2NO[15,38,39], NH4NO2[34,37], NH4NO3[39,40]), which decompose to N2 and H2O. At 

the end, the reduced catalytic sites are regenerated by oxidation with O2 present in the feed. 

Therefore, the controversies in NH3-SCR reaction over ceria-based catalysts are on i) the 

active sites (M=O or M-OH) and surface species (NHx and NOx) after activation by NH3/NO; 

ii) restructuration of the adsorbed/gas phase species to create the N-N bond, followed by 

decomposition pathways of the intermediates and N2 release. The pursued debate is associated 

to the structure-reactivity relationship which is difficult to establish from conventional 

catalysts comprising a mixture of different surface species. However, the SOMC prepared 

catalysts offer this opportunity as the final catalysts are well-defined and generally contain 

isolated metal sites. In the series of the prepared materials, vanadium-based catalysts showed 

a tendency to agglomerate upon calcination and resulted in a mixture of different surface 

species, though the monomeric species remain the major ones. Conversely, niobium and 

tungsten give monomeric species, even after calcination.  

The series of prepared M-oxo/CeO2 (M=W, Mo, Nb, V) comprising the same metal loading 

(0.2 mmol metal per 1g ceria) has been tested for NH3-SCR on NO and compared to bulk 

ceria catalysts prepared by classical method with the same metal loading. The NO conversion 

and N2 selectivity are shown as functions of temperature in Fig. 17. All M-oxo/CeO2 catalysts 

exhibit better catalytic performance than bulk ceria and the corresponding catalysts prepared 

by classical method, and the order of their activity follows: W-oxo/CeO2 > Nb-oxo/CeO2 > 

Mo-oxo/CeO2 > V-oxo/CeO2. There is an agreement in literature that acidity and redox 

properties are essential to complete the catalytic cycle of NH3-SCR.  
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Fig. 17 (A) NO conversion and (B) N2 selectivity of bulk ceria, tungsten-oxo, molybdenum-oxo/CeO2, vanadium-oxo, and 

niobium-oxo supported on ceria

A general observation of all SOMC catalysts is the isolated (at least the major species) nature 

of the sites and the presence of Ce3+, forming the crucial acid/redox pair which is proposed to 

be the active site for the reaction. The W-oxo/CeO2 is found to be the most active catalyst, 

owing to an exceptionally high thermal stability with a single site nature. Nb-oxo/CeO2 shows 

slightly lower performances than the tungsten system. Noteworthy, there is a remarkable 

difference on the NO conversion, particularly for the high temperature region between the 

W/Nb and Mo/V systems. Both Mo-oxo/CeO2 and V-oxo/CeO2 exhibit a dramatic drop in the 

NO conversion around 350 °C. Moreover, these catalysts show a decrease in the N2 selectivity 

at higher temperatures. The latter phenomenon can be explained by the oxidation of ammonia, 

which causes an inhibition of the NH3-SCR reaction and lower N2 selectivity. In fact, both 

vanadium and molybdenum can undergo thermal reduction at this temperature, resulting in a 

reduced oxide specie active in oxidation reactions. For example, vanadium(IV) is reported to 

catalyze ammonia oxidation to nitric oxide.[41] The enhanced activity of transition metal 

functionalized ceria is attributed to the enhanced acidity. For instance, NH3-TPD has been 

conducted for W-oxo/CeO2 and V-oxo/CeO2 in Chapter II and III respectively. No Bronsted 

acidity was found and no significant difference between the total amounts of acid sites was 

observed between these catalysts. Hence, the introduction of isolated V, Nb, Mo or W oxo 

species on ceria causes additional Lewis acidity, in agreement with the proposed structures, 

boosting the NH3-SCR activity over the Lewis acid/redox pair. The fact that W-oxo/CeO2 is 

the most active is probably related to the exceptionally stable tungsten single site in reaction 

conditions with a high Lewis acidity. The fact that Nb-oxo/CeO2 also shows promising overall 
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performances may indicate that a stable d0 system is also preferred. Ongoing DFT studies may 

explain the observed tendency as well as the mechanism. 

6 Conclusion  

A ceria-based catalyst comprising isolated niobium-oxo is reported using surface 

organometallic chemistry. This methodology involves two steps: the grafting of [Nb(OEt)5] 

on ceria by a protonolysis reaction with OH groups, offering a firmly bonded surface 

organometallic fragment with high dispersion; calcination of the latter material leads to 

isolated niobium-oxo-hydroxy as major species. The products in each step were characterized 

by FT-IR, SSNMR, EXAFS, and Tof-SIMS to disclose the major surface species, monomer, 

accompanied with a minor quantity of dimeric species. The catalytic investigations show 

promising activity and selectivity. Finally, the catalytic performances of the series of SOMC 

catalysts based on W, Mo, V and Nb with the same metal loading (molar) have been 

compared. It appears that the W-oxo/CeO2 is the most active catalyst among the synthesized 

materials in the low temperature region, as well as in the high temperature region. Recalling 

all the characterization data, the exceptionally high activity of W-oxo/CeO2 is attributed to the 

highly dispersed Lewis acid/redox pair formed during the preparation and the high stability of 

tungsten during the operating conditions. 

Table 2 Summary and comparison of the catalyst preparation and catalytic performance in this chapter 

Catalysts Loading Synthesis method Precursor  Calcination 
temperature NO conversion  

CeO2-200 N.D. N.D. N.D. N.D. 58% at 400 oC 
[0.2Nb-b] 0.2 wt% SOMC [Nb(OEt)5] 500 oC 60% at 350 oC 
[0.5Nb-b] 0.5 wt% SOMC [Nb(OEt)5] 500 oC 72% at 350 oC 
[1.0Nb-b] 1.0 wt% SOMC [Nb(OEt)5] 500 oC T80(301-374 oC) 
[1.8Nb-b] 1.8 wt% SOMC [Nb(OEt)5] 500 oC T80(279-451 oC) 
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General conclusion  

NOx emission is a fact that needs to be addressed. The most efficient way is a post treatment, 

and NH3-SCR appears to be the most promising. Although such a system has already been 

integrated in industrial plants and recent mobile vehicles, the commercial catalysts still need 

improvements, notably in the stability, efficiency and a broader operating temperature 

window. Moreover, the current commercial catalyst, being a mixed vanadium tungsten oxide 

supported on titania suffers from V2O5 emission (toxic) at high temperature. Therefore, the 

choice and design of novel efficient NH3-SCR catalysts are imminent. Apart from TiO2, CeO2 

has been demonstrated to be a promising support material for NH3-SCR, due to its superior 

oxygen storage, thermal stability, and acidity. The most common strategy to increase the 

activity of ceria is to introduce another element in order to increase the acidity and to create 

the necessary acid/redox pair, proposed as active site for this reaction. However, the classical 

methods used for the preparation of catalysts based on ceria usually provide an uncontrolled 

mixture of surface species. Obviously, such materials are unsuitable for mechanistic studies, 

determination of the active site and eventually distinguishing the catalytic role of each 

element. Recently, single-site catalysis attracts a lot of attention due to a higher atom 

efficiency and since it is more suitable for active site probing and mechanistic studies. As all 

sites are supposedly accessible, the activity per metal is expected to increase. 

The aim of this thesis is to develop novel ceria-based single-site catalysts using new synthetic 

approaches for the reduction of nitrogen oxides by ammonia. Surface organometallic 

chemistry on ceria has been investigated for the first time and exemplified by using 

organometallic complexes based on metal from groups V and VI as precursors. Stable metal-

oxo supported on ceria are obtained by grafting of selected organometallic precursors on ceria 

dehydroxylated at 200 °C followed by controlled calcination. The resulting materials are well-

characterized and evaluated in a continuous flow reactor for NH3-SCR reaction. Based on the 

well-understanding of surface species, the structure-activity and mechanisms are discussed. 

Prior to the grafting reaction, CeO2, with different pretreatments has been thoroughly 

characterized by DRIFT, XPS, XRD, BET, and solid state NMR (1H, 17O). Furthermore, 

chemical titration with Al(iBu)3 has been conducted in order to quantify the concentration of 

surface OH-groups of the support calcined at 500 °C and dehydroxylated at 200 °C (this 

appears to be the optimal pretreatment conditions). W-oxo supported on ceria is obtained in 
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two steps by grafting of W(≡CtBu)(CH2tBu)3 through protonolysis reaction followed by a

calcination under air at 600 °C. The grafting process offered a firmly bonded surface 

organometallic fragment with high dispersion on support ceria, [W-a]. The grafted species is 

characterized by Elemental analysis, FT-IR, XPS, EPR, SSNMR, and XAFS, offering a 

precise structure expressed as [(≡CeO)2W(≡CtBu)(CH2tBu)]. The grafted species [W-a]

appears to be an isolated, bipodal tungsten complex bearing a neopentyl and neopentylidyne 

ligand. Moreover, paramagnetism, probably due to substantial amount of Ce3+ is present 

according to the results of EPR and XPS, and has notably perturbed the solid-state NMR 

signals. 

Fig. 1 (A) NO conversion of tungsten and molybdenum catalysts prepared by SOMC and impregnation method on ceria and 

silica for comparison; (B) Recycling studies of [W-b] in NH3-SCR; (C) Proposed structure of [W-b]

In the second step, [W-a] is calcined to form the supported tungsten-oxo species, [W-b]. The 

nature of [W-b] is discovered to be composed of a mixture of isolated tungsten mono-oxo and 

tungsten bis-oxo species using the aforementioned spectroscopic methods. Additionally, XPS 

demonstrates the presence of Ce3+ in [W-b], confirming the presence of the required acid 

redox pair, which is likely to be the active site for NH3-SCR. [W-b] exhibited high catalytic 

activity with full conversion between 250 and 450 °C and exceptionally high thermal stability 

during several experimental cycles under typical deNOx conditions (with 12% O2). 

Surprisingly, the determined acidic properties by NH3-TPD were lower than for the catalyst 

prepared by conventional impregnation. However, [W-b] shows higher NOx conversion than

WOx/CeO2 prepared by classical impregnation. This result suggests that the catalytic 

performance is not directly associated with the amount and strength of acid sites present on 

the surface. The extraordinarily high activity of [W-b] can be related to a systematic 

formation of Lewis acid/redox pair being highly dispersed throughout the surface. For 

comparison, Mo(≡CtBu)(CH2tBu)3 has been grafted onto ceria in the same manner and tested 

in NH3-SCR. The conversion profile is basically the same as [W-b] at low temperature until 
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about 300 °C before the curve drops rapidly. Simultaneously, the N2 selectivity decreases. 

This is due to a thermal reduction to MoV which is active in ammonia oxidation, as reported 

in literature. The essential findings are summarized in Fig. 1. 

The previously described method is extended to vanadium. Different vanadium precursors 

([(V(=O)(OEt)3)]2, [V(CH2(SiMe3)3)4] and [(V(=O)(OtBu)3)] have been employed to be 

grafted onto a ceria previously dehydroxylated at 200 °C. Interestingly, the resulting 

structures of the grafted species are different, as revealed by Elemental analysis, DRIFT, 

NMR and EPR. For the first time, a unique Ce-O-Ce bridge opening mechanism has been 

proposed, involving an electron transfer from oxygen to vanadium, accompanied by oxidation 

of vanadium (IV), yielding a tripodal bis-neosilyl vanadium(V) species. This structure is 

confirmed by XANES (Scheme 1). 

Scheme 1 Proposed mechanism for the transformation of V4+ to V5+ upon grafting

Calcination of all these grafted species yield the corresponding vanadium oxo species on ceria

([V1-b], [V2-b]and [V3-b]) and were characterized by DRIFT, Raman, 51V NMR, EPR and 

XANES. Compared to tungsten, where a monomeric tungsten oxo species is obtained, the 

resulting vanadium oxo species always contain a mixture of different vanadium species on the 

surface (Fig. 2A), extending from monomeric to oligomeric, as determined by DRIFT and 51V 

NMR. Although monomeric vanadium oxo species constitute the main fraction of the mixture, 

these results show that vanadium is extremely mobile on a ceria surface under the calcination 

conditions (500 °C under air). The catalytic performance in NH3-SCR is investigated for this 

series of catalysts and compared to a vanadium-based catalyst prepared by classical 

impregnation. Catalysts prepared by SOMC exhibit higher NO conversion than the catalyst 

synthesized by impregnation. Otherwise, the catalytic performances among the SOMC 

prepared catalysts are similar, with a fairly high conversion in the range of 300-400 °C and 

high selectivity in N2 (Fig. 2B). Above 400 °C, the conversion and selectivity drop, probably 

due to a partial reduction to vanadium (IV) known to be active in the oxidation of NH3. [V1-b]

(prepared from [V(=o)(O]t)3)]2) seems to show slightly better performances. For the 

vanadium system, a series of catalysts with different loadings (0.2, 1.2, 2.1 and 4.0 wt%) has 
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been prepared in the same manner using [V(=o)(O]t)3)]2 as precursor. A structural tendency is 

the increase of the number of oligomeric species with the loading. The catalytic results show a 

gradual increase in the NO conversion in the low temperature region as the loading increases. 

On the other hand, the catalytic performances of the highest loaded catalyst are lower in the 

high temperature region (Fig. 2C). This result indicates that there may be two different 

mechanisms involved in the NH3-SCR reactions. In the low temperature region, NO 

conversion is favored by the presence of oligomeric vanadium species, while in the high 

temperature region it is favored by the presence of isolated vanadium species.  

Fig. 2 (A) NO conversion of Vanadium catalysts prepared by SOMC and impregnation method on ceria a for comparison; (B) 

NO conversion of [V1-b] with different loading; (C) Proposed structure of vanadium-based catalysts supported on ceria

prepared by SOMC

To further extend the surface organometallic chemistry approach for the preparation of highly 

active NH3-SCR catalyst, the corresponding niobium system has been investigated, using 

[Nb(OEt)5]2 as a precursor. The same grafting procedure is adapted and the resulting material 

is characterized by Elemental analysis, DRIFT and solid state NMR, revealing a bipodal 

structure bearing four ethoxide ligands as the major surface species. Calcination of the latter 

species gives an isolated niobium [Nb-b] bearing an oxo and a hydroxyl ligand (Fig. 3B) as 

the major surface species, as suggested by DRIFT, TOF-SIMS and EXAFS. The catalytic 

performances of [Nb-b] are rather promising with high conversion and selectivity in a broad 

temperature window (Fig. 3A). Similar to the series of vanadium, a series of [Nb-b] with 

different loadings (0.2, 0.5, 1.0 and 1.8 wt%) has been prepared and tested in NH3-SCR. 

Obviously, the catalytic conversion of NO increases when the niobium loading increases 

under the same GHSV. These results confirm the positive effect provided by the addition of 

isolated niobium centers on ceria. Increasing the Nb loading, mostly as an isolated form, also 

expands the operating temperature window for the NH3-SCR reaction.
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Fig. 3 (A) NO conversion of [Nb-b] with different Nb loadings; (B) Proposed structure of the niobium catalyst supported on 

ceria prepared by SOMC; (C) NO conversion obtained with different metal-oxo catalysts prepared by SOMC and with ceria

for a comparison

Finally, the catalytic performances of the series of prepared M-oxo/CeO2 (M=W, Mo, Nb, V) 

comprising the same metal loading (0.2 mmol metal per 1g ceria) is compared (Fig. 3C). All 

M-oxo/CeO2 catalysts exhibit better catalytic performances than bulk ceria and corresponding 

catalysts prepared by classical methods. The order of their activity follows: W-oxo/CeO2 > 

Nb-oxo/CeO2 > Mo-oxo/CeO2 > V-oxo/CeO2. A general observation of all SOMC catalysts is 

the isolated (at least for major species) nature of the presumed catalytic sites and the presence 

of Ce3+, forming the crucial acid/redox pair which is proposed to be the active site for the 

reaction. The W-oxo/CeO2 is found to be the most active catalyst, owing to the exceptionally 

high thermal stability, high dispersion and the single-site nature. Noteworthy, there is a 

remarkable difference in the NO conversion, particularly in the high temperature region,

between W/Nb and Mo/V systems. Both Mo-oxo/CeO2 and V-oxo/CeO2 exhibit a dramatic 

drop in conversion around 350 °C. Moreover, these catalysts show a decrease in the N2

selectivity at higher temperature. The latter phenomena can be explained by the oxidation of 

ammonia, which causes an inhibition of the NH3-SCR reaction and a lower N2 selectivity. In 

fact, both vanadium and molybdenum can undergo thermal reduction at this temperature, 

resulting in reduced pieces active for the oxidation reaction of ammonia to nitric oxide. The 

fact that W-oxo/CeO2 is the most active is probably related to the exceptionally stable 

tungsten single site possessing a Lewis acid/redox pair. 

This thesis has assembled important elements for a novel generation of NH3-SCR catalysts. 

For the first time, single site catalyst has been addressed to this reaction, and the results are 

encouraging. Particularly, the tungsten system, comprising only single-site species, shows to 

be the most active, selective and stable catalyst among the series of synthesized materials. The 

exceptionally high activity of this catalyst is attributed to the high thermal stability, high 
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dispersion and the single site nature of tungsten supported on CeO2. These properties are 

prerequisites to obtain highly active NH3-SCR catalyst for early transition state metal (group 

V and VI) supported on ceria. As ceria supported single-site catalysts of groups V and VI are 

disclosed, next investigations may be directed to a systematic study of the mechanism over 

such catalysts. Ongoing DFT studies may explain the observed tendency as well as the 

mechanism. Moreover, specific in-operando experiments can be envisaged. For instance, in-

operando XAS experiment may provide the oxidation state and structural changes upon the 

catalytic reaction. In-operando DRIFT may probe different intermediates formed during the 

reaction. In-operando EPR may shed light on oxidation state under the reaction conditions. 

Moreover, reactivity studies using isotopic labelled reactants may further reveal intermediates 

by using solid state NMR.  
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1 General Procedure 

All syntheses were performed under pure and dry argon, using the standard Schlenk 

techniques and a glove box. Solvents were purified and dried according to standard 

procedures. 

2 Preparation of materials  

2.1 Chapter II: Surface Organometallic Chemistry of [W(≡CtBu)(CH2tBu)3] on CeO2 for 

the development of highly active NH3-SCR catalysts 

2.1.1 Treatment of support CeO2 

Ceria (CeO2) HAS-5 ACTALYS 922 from Solvay (Rare Earth La Rochelle) was used as the 

original support. In the investigation of effect of calcination temperature on the support, ceria 

was respectively calcined at 300 oC, 400 oC, 500 oC, 600 oC for 16 h. After evacuated under a 

vacuum at a high temperature, it was kept in the glovebox. 

The typical support used in this study for grafting various molecular complexes is synthesized 

as follow: ceria (CeO2) HAS-5 ACTALYS 922 from Solvay (Rare Earth La Rochelle) was 

calcined for 16 h at 500 oC under a dry airflow and then evacuated under a vacuum at a high 

temperature. After rehydration under reduced pressure at 100 oC, ceria was partially 

dehydroxylated at 200 oC under a high vacuum (10-5 mbar) for 16 h to give a yellow solid, 

noted as CeO2-200. 

2.1.2 Preparation of [W(≡CtBu)(CH2tBu)3] 

 

Scheme 1 Preparation of the molecular complex [W(≡CtBu)(CH2tBu)3] 

Tungsten complexes W(≡CtBu)(CH2tBu)3[1] were prepared according to scheme 1. Solution 

of 2,6-diisopropylphenol (7.5 mL) in toluene (25 mL) was transferred by cannula into WCl6 

(5 g, 12.6 mmol) pre-dissolved in toluene (60 mL) to form a dark red solution which is kept 

on stirring for 12 h. The solution was filtered, and the filtrate was distilled under a vacuum. 

The residue W(OAr)3Cl3 was properly dried on the high vacuum line to obtain dark blue 
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powders. Yield = 89%.  

Neopentyl magnesium chloride was synthesized by mixing and excess of Mg and neopentyl 

chloride in diethyl ether. The reaction was initiated by 1,2 dibromoethane Br-(CH2)2-Br and 

left for reflux at 45-50 oC for 12 h. Then, the solution was allowed to settle down and filtered 

by cannula. Then the concentration of Neopentylmagnesium chloride in the resulting solution 

was determined by 0.5M 2,6-diisopropylphenol (THF solution).  

6.42 g (7.2 mmol) of W(OAr)3Cl3 was dissolved in diethyl ether (50 mL). 

Neopentylmagnesium chloride (6 eq.) was gradually injected into the solution at -5 oC. Then, 

the mixture was kept stirred for 12 h at room temperature. The resulting solution was light 

yellow with an abundant white precipitate. The solvent in the resulting solution was distilled, 

and pentane was added to extract the product. Then the solution was filtered over Celite  and 

distilled under a vacuum. The resulting products were sublimated at 100 oC to obtain yellow 

powders, which were stored in the freezer in the glovebox.  

The 30% labeled W(≡CtBu)(CH2tBu)3 was synthesized by substituting 30% 

Neopentylmagnesium chloride for labeled Neopentylmagnesium chloride in the above 

procedure, which is prepared according to the literature [3], as shown in Scheme 2.   

 

Scheme 2 Schematic illustration of forming 13C labeled complex NpMgCl 

2.1.3 Preparation of [W(≡CtBu)(CH2tBu)3]/CeO2-200 [W-a] 

A mixture of [W(≡CtBu)(CH2tBu)3] (300 mg) and CeO2–200 (2 g) was stirred in pentane 

(MBraun SPS, Carlo Erba, 99%) for 4 h at room temperature. The 

[W(≡CtBu)(CH2tBu)3]/CeO2–200 material was washed three times with pentane via filtration–

condensation cycles. Then, all the volatiles were condensed into a 6 L vessel to quantify 

neopentane evolved during the grafting reaction. After evaporation of the solvent, the 

resulting grey powder was dried under high vacuum (10-5 mbar). 
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2.1.4 Preparation of W-oxo/CeO2 [W-b] 

[W(≡CtBu)(CH2tBu)3]/CeO2–200 [W-a] was calcined under dry air with a gas flow rate of 45 

mL min-1 at 600 oC for 16 h. High vacuum was applied directly after the calcination process at 

600 oC to avoid the adsorption of water. Then the sample was transferred and kept in the 

glove box. 

2.1.5 Preparation of WOx/CeO2 by impregnation method  

The impregnated catalyst based on tungsten (W) supported on ceria was prepared by 

conventional wet impregnation using ammonium metatungstate hydrate(Aldrich, 99.99%) as 

precursor. According to the analysis by TGA (4.20% loss until 82 oC, 7.54% loss until 214.93 
oC, 8.17% loss until 608 oC), there are 2.37% H2O contains inside ammonium metatungstate 

hydrate (Ca. (NH4)6H2W12O40*4H2O). In a typical reaction, at room temperature, a water-

based solution of ammonium metatungstate hydrate (95 mg in 5 mL of water) was added to 2 

g of ceria. The suspension was stirred overnight at room temperature, and then water was 

evacuated in a rotary evaporator at 50 oC. The material obtained was then calcined under dry 

air at 500 oC for 16 h.  

2.1.6 Preparation of Mo-oxo/CeO2  

[Mo(≡CtBu)(CH2tBu)3] was synthesized according to literature[2]. A mixture of 

[Mo(≡CtBu)(CH2tBu)3] (180 mg) and CeO2–200 (2 g) was stirred in pentane (MBraun SPS, 

Carlo Erba, 99%) for 4 h at room temperature. The [Mo(≡CtBu)(CH2tBu)3]/CeO2–200 material 

was washed three times with pentane via filtration–condensation cycles. After evaporation of 

the solvent, the resulting grey powder was dried under high vacuum (10-5 mbar). To obtain 

Mo-oxo/CeO2, [Mo(≡CtBu)(CH2tBu)3]/CeO2–200 was calcined under dry air with a gas flow 

rate of 45 mL min-1 at 600 oC for 16 h. High vacuum was applied directly after the calcination 

process at 600 oC to avoid the adsorption of water. Then the resulting yellow sample was 

transferred and kept in the glove box. 

2.2 Chapter III: Novel vanadium supported on CeO2 catalysts prepared by SOMC: 

Effect of precursors and amounts of vanadium on the activity of NH3-SCR reaction 

2.2.1 Preparation of [V(CH2SiMe3)4] 

Vanadium Complex V(CH2SiMe3)4 was prepared according to the described procedures [4]. 

VCl4 (10 mmol) in 50 ml of diethyl ether was added dropwise to a hexane solution of 
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Me3SiCH2Li (40.00 mmol) at 20 °C over one hour. The resulting green reaction solution was 

filtered out from LiCl, and the solvents were removed under a vacuum. The residue was 

solved in 30 ml of pentane, and recrystallized at -78°C, giving dark green crystals of 

V(CH2SiMe3)4 (m.p. 42 °C).  

2.2.2 Preparation of [V(=O)(OtBu)3] 

[V(=O)(OtBu)3] was prepared according to the literature [5]. Typically, [V(=O)(OtBu)3] was 

synthesized by combining the 20 g of V2O5 (Aldrich) and 165 ml tBuOH in benzene (300 ml) 

in two steps. Schlenk line was used throughout the entire preparation process, completed in an 

inert environment. The water from the reaction and the reflux condenser was collected using a 

Dean-Stark trap. The temperature was raised to approximately 100 oC for 48 hours. Following 

the reaction, the solution changed its color from red to orange. Unreacted V2O5 was removed 

by filtration from the solution. After the solvent was distilled, white crystals were seen. The 

crystals were purified by sublimation after being dried in a high vacuum line. Following 

purification, the compound was identified by the presence of two signals in the 13C{H} NMR 

spectrum, one at 31.4 ppm for the protons of CH3, and the other at 86 ppm for the quaternary 

C of the tert-butoxide ligand.  

2.2.3 Preparation of [V(=O)(OEt)3]/CeO2 [xV1-a] (x= 0.2%, 1.2%, 2.1%, 4%) 

A given amount of [V(=O)(OEt)3]2 and CeO2-200 (2 g) in toluene (20 mL) was mixed at 25 °C 

for 4 h. After filtration, the solid [V(=O)(OEt)3]2/CeO2-200 was washed three times with 10 ml 

of toluene and 10 mL of pentane. The resulting powder was dried under vacuum (10−5 Torr) 

and was kept in the glovebox. The saturated materials present 2.1 wt% V and 2.36 wt%. 

Different amounts of [V(=O)(OEt)3]2 were loaded on the support CeO2-200 without washing. 

The resulted materials named [xV1-a] (x=0.2 wt%, 1.2 wt%, 2.1 wt%, 4 wt%) according to 

the vanadium weight.  

2.2.4 Preparation of [V(CH2SiMe3)4]/CeO2, [V2-a] 

A slight excess of [V(CH2SiMe3)4] (250 mg) and CeO2-200 (2 g) in pentane (20 mL) was mixed 

at 25 °C for 4 h. After filtration, the solid [V(CH2SiMe3)4]/CeO2-200 was washed three times 

with pentane. The resulting powder was dried under vacuum (10−5 Torr). This material 

presents a saturation of the vanadium precursor with 1.29 wt% V and 2.14 wt% C on the 

surface of ceria.  
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2.2.5 Preparation of [V(=O)(OtBu)3]/CeO2 [V3-a] 

CeO2-200 (2 g) and [V(=O)(OtBu)3] (250 mg) were combined in pentane (10 mL) and stirred at 

25 °C for four hours. After filtration and washed 3 times, the resultant powder was vacuum-

dried (10-5 mbar). Elemental analysis: V 1.0 wt% and C 1.75 wt%. 

2.2.6 Preparation of V-oxo/CeO2, [xV1-b] (x= 0.2%, 1.2%, 2.1%, 4%) 

The grafting material [V(=O)(OEt)3]2/CeO2-200 was calcined under dry air with the gas flow 

rate of 45 mL min-1 at 500 oC for 16 h. Vacuum was applied after the calcination process to 

avoid water adsorption. Then the sample was transferred and kept in the glove box. The [xV1-

b](x=0.2 wt%, 1.2 wt%, 2.1 wt%, 4 wt%) were obtained by calcining the corresponding 

[V(=O)(OEt)3]2/CeO2-200. 

2.2.7 Preparation of V-oxo/CeO2, [V2-b], [V3-b] 

The material [V(CH2SiMe3)4]/CeO2-200 [V2-a] and [V(=O)(OtBu)3]/CeO2-200 [V3-a] were 

respectively calcined under dry air with a gas flow rate of 45 mL/min at 500 oC for 16 h. 

Vacuum was applied after the calcination at 500 oC to avoid water adsorption. Then the 

obtained materials were called [V2-b] and [V3-b] and kept in the glove box. 

2.2.8 Preparation of VOx/CeO2 by impregnation method, IMPV-CeO2 

Typically, a water-based solution of ammonium metavanadate (Aldrich, 99.99%) NH₄VO₃ 

(29.6 mg in 10 mL of water) was added to 1 g of CeO2. Oxalic acid was added to accelerate 

the dissolution according to the molar ratio NH₄VO₃: Oxalic acid =1:3. The suspension was 

stirred overnight at room temperature, and then water was evacuated in a rotary evaporator at 

50 oC. VOx/CeO2 was obtained after calcination under dry air at 500 oC for 16 h, which is 

named IMPV-CeO2 

2.3 Chapter IV: Selective Catalytic Reduction of NOx with NH3 over niobium supported 

on CeO2 prepared by Surface Organometallic Chemistry 

2.3.1 Preparation of [Nb(OEt)5]2/CeO2-200 [Nb-a] 

A slight excess of [Nb(OEt)5] (350 mg) and CeO2-200 (4 g) in toluene (20 mL) was mixed at 

25 °C for 4 h. After filtration, the solid [Nb(OEt)5]2/CeO2-200 was washed three times with 10 

ml of toluene and 10 mL of pentane. The resulting powder was dried under vacuum (10−5 

Torr). This material presents a saturation of the vanadium precursor with the accessible 
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hydroxyl groups of the ceria surface (1.8 wt% Nb). 

2.3.2 Chapter IV Preparation of Nb-oxo/CeO2 [Nb-b] 

The material [Nb(OEt)5]/CeO2-200 was calcined under dry air with the gas flow rate of 45 mL 

min-1 at 500 oC for 16 h. Vacuum was applied right after calcination process at 500 oC to 

avoid water adsorption. Then the sample was transferred and kept in the glove box. 

3 Characterization methods 

3.1 Mass balance  

Elemental analyses were performed at Mikroanalytisches Labor Pascher (Remagen, 

Germany). Gas-phase analyses were performed on a Hewlett Packard 5890 series II gas 

chromatograph equipped with a flame ionization detector and KCl/Al2O3 column (30 m2, 0.32 

mm).  

3.2 Diffuse reflectance infrared spectra 

Diffuse reflectance infrared spectra were collected in a Nicolet 6700 FT-IR spectrophotometer 

at a resolution of 4 cm-1. An airtight IR cell with CaF2 windows was employed and the final 

spectra comprise 64 scans. The in-operando DRIFTS-GC/MS experiments were carried out in 

an integrated system comprising mass flow controllers (Brooks), FT-IR adapted high 

temperature reaction chamber (Harrick Scientific) and online GC/MS (Agilent GC 6850 MS 

5975C). The reaction chamber was equipped with ZnSe windows and fitted into the Praying 

Mantis optical unit also provided by Harrick. In the glove box, the sample was placed onto a 

porous stainless-steel frit in the reaction chamber. A selected gas (argon, nitrogen oxide or 

synthetic air) was continuously flowing through the sample. FT-IR spectra were recorded in a 

Nicolet 6700 spectrophotometer with a MCT detector and 4 cm-1 resolution. The final spectra 

were obtained after subtraction with KBr spectra taken at the same temperature (and same 

heating rate) as the background.  

3.3 Raman 

Raman spectra were acquired using the 532 nm line of an Ar-ion laser (Melles Griot). The 

excitation beam was focused on the sample by a 50X working distance microscope and the 

scattered light was analyzed by an air-cooled CCD (Labram HR, Horiba Jobin Yvon). The 

fluorescence was subtracted from the spectra for clarity. Spectra were performed in the ex situ 
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mode at room temperature in ambient air. A 500 s acquisition time was used for each spectrum 

and spectra were accumulated from 550 to 1250 cm−1 

3.4 NMR 

Solution NMR spectra were recorded on an Avance 300 Bruker spectrometer. All chemical 

shifts were measured relative to residual 1H or 13C resonances in a deuterated solvent: C6D6 

(7.15 ppm for 1H, 128 ppm for 13C). 1H and 13C solid state NMR spectra were recorded on a 

Bruker Avance 500 spectrometer with a conventional double-resonance 4 mm CP-MAS probe. 

The samples were introduced under argon in a zirconia rotor (4 mm), which was then tightly 

closed. In all the experiments, the rotation frequency was set to 10 kHz. Chemical shifts were 

given concerning tetramethylsilane (TMS) as an external reference for 1H and 13C NMR. The 
51V MAS NMR spectrum was acquired in a Bruker DSX 300 spectrometer (51V: 78.9 MHz) 

using a single pulse excitation. The signal was optimized with crystalline V2O5 (δ= - 609 ppm) 

as external standard with a pulse angle of π/2. Two spinning rates were used in order to 

determine the isotropic chemical shift (7 kHz and 10 kHz). 

3.5 X-ray diffraction 

X-ray diffraction was performed on a Siemens D8 diffractometer at Bragg–Brentano 

geometry (ISA, Villeurbanne). The instrument is equipped with a Cu tube (l = 1.5406 Å). 

Diffractograms were collected in 10-70° 2θ range by ethanol dispersion over Silicon support 

and treated using DIFFRAC.EVA Bruker software. 

3.6 X-ray absorption spectra 

For the tungsten containing materials, the extended X-ray absorption fine-structure (EXAFS) 

spectra were acquired at ELETTRA, using the XAFS beamline (experiment code: 

20145422)55 at room temperature at the tungsten LIII-edge. A pair of Si(111) crystals were 

used as the monochromator and the harmonics were rejected by the detuning of the second 

crystal. The spectra were recorded in the transmission mode between 9.9 and 11.43 keV. 

Three scans were collected for each sample. Each dataset was simultaneously collected with a 

W metal foil reference (11206.7 eV), and it was later aligned according to that reference 

(maximum in the first derivative of the first peak of the W foil). The W-supported samples 

were packaged within a nitrogen-filled glovebox in a double airtight sample holder equipped 

with Kapton windows. The data analyses were carried out using the "Athena" program and 

the EXAFS fitting "RoundMidnight" program, from the "MAX" package, using spherical 
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waves. The FEFF8 program was used to calculate the theoretical files for phases and 

amplitudes based on model clusters of atoms. The scale factor, S0
2 = 0.94, was evaluated from 

[W(≡CtBu)Np3] molecular complex diluted in BN and conditioned as a pellet (one carbon at 

1.76(1) Å, with three carbon atoms at 2.10(1) Å in the first coordination sphere, and one 

carbon atom at 3.25(3) Å and three carbon atoms at 3.34(3) Å in the second coordination 

sphere). The refinements of the fits were carried out by fitting the structural parameters Ni, Ri, 

σI for each path and the energy shift,   � E0 (the same for all shells), using "RoundMidnight". 

X-ray absorption near edge structure (XANES) spectra were acquired at ESRF on BM23 

beam-line, at room temperature. At the vanadium K edge a double Si(111) crystal was used as 

monochromator and a system based on a total reflection through a double X-ray mirror with 

an incidence angle variable from 2 to 5 mrad allowed harmonic rejection to a level better than 

10-5. The spectra were recorded in the transmission mode between 5.3 to 6.44 KeV at room 

temperature (295 K). Each data set was collected simultaneously with a V metal foil reference 

and was later aligned according to that reference (first maximum of the derivative of the V 

foil spectrum set at 5465.1 eV). The molecular complexes and vanadyl sulfate were 

homogeneously mixed with dry BN and the supported V samples were packaged as pellets 

within an argon filled glovebox in a double air-tight sample holder equipped with kapton 

windows. The data analyses were performed by standard procedures using in particular the 

program "Athena". 

3.7 X-ray Photoelectron Spectroscopy (XPS) 

The XPS analyses were performed using a Kratos Ultra DLD spectrometer. The 

monochromatized Al Kα radiation (1486.6 eV) was used as the excitation source, run at 12 

kV and 15 mA and CAE analyzer mode. The sample powders were analyzed, mounted on 

double-sided adhesive tape (conductive carbon). The pressure in the analysis chamber was in 

the range of 5·10−9 Torr during data collection. The binding energies (BE) of the different core 

levels were referred to the Ce uʹʺ component associated to the Ce 3d3/2 component set at 916.7 

eV. Ce 3d region has been recorded in the first place to reduce the effects of X-ray irradiation 

on the sample (12 scans/1490 s). Analyses of the peaks were performed using the software 

CasaXPS LTD. Curve-fitted using a Shirley background with a fixed Lorentzian-to-Gaussian 

ratio of 30%. Atomic concentrations were calculated from the peak area using Relative 

Sensitivity Factors (R.S.F) provided in the software.  
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3.8 Electron Microscopy: TEM, STEM and EDX

Scanning Transmission Electron Microscopy-High Angle Annular Dark Field (STEMHAADF) 

images were obtained in a probe-corrected Titan ETEM G2 (FEI) with a working voltage of 

300 kV, coupled with a HAADF detector at CLYM (IRCE Lyon). 

X-ray Energy Dispersive Spectra (EDS) were obtained with an EDAX detector. The samples 

were dispersed in toluene and a small amount of solution was deposited on a Cu-carbon grid.

4 Catalytic tests

The NH3-SCR catalytic evaluations were performed in a quartz fixed-bed reactor. A total gas 

flow rate of 300 mL min-1 (Hourly space velocity: 318 000 h-1) at atmospheric pressure,

typically composed of 300 ppm NO (air-liquid, crystal grade), 350 ppm NH3 (air-liquid, 

crystal grade), 10 vol% O2 (air-liquid, crystal grade), and 5% H2O (when used), was sent 

through 30 mg of the presented catalyst diluted with 500 mg of silicon carbide to ensure a 

volume of 1 cm3. The reactor equipped with an internal thermometer was heated from room

temperature to 600 oC at a heating rate of 10 oC min-1. The system was maintained at 600 oC 

for 10 min before cooling down. Analyses of the gas concentrations of NO, NO2, N2O, and

NH3 were conducted using Antaris IGS FTIR (Thermo Fisher) equipped with a gas cell of 200 

mL. N2 selectivity was evaluated assuming that the outlet gas contains no N compounds other

than NO, NO2, N2O, and NH3. The catalytic activity and N2 selectivity were calculated 

according to reference [6].

    

5 Temperature programmed analysis 

5.1 NH3-TPD

Ammonia temperature-programmed-desorption (NH3-TPD) was carried out in quartz reactor 

connect to an Antaris IGS FTIR (Thermo Fisher) for ammonia quantification. The catalyst (50 

mg) was charged into the quartz reactor, and NH3 was flushed through the reactor for 2 h at 

room temperature. Then, the reactor was extensively purged under argon before the 

temperature was increased from room temperature to 600 °C at a rate of 10 °C min−1 under a 

flow of Ar (20 ml/min), and then the reactor cooled down. 
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5.2 NH3 Adsorption detected by microcalorimetry 

The adsorption experiments were performed at 110 °C in a heat flow microcalorimeter (Tian-

Calvet type, C80 from Setaram) linked to a conventional volumetric apparatus and equipped 

with a Barocel capacitance manometer (Datametrics) for pressure measurements. Prior to the 

SO2 or NH3 adsorption, the samples were treated overnight at 400 °C (1 °C/min) under air and 

outgassed 1 h also at 400 °C. 

The differential heats of adsorption were measured as a function of coverage by repeatedly 

sending small doses of probe molecule over the powders until an equilibrium pressure of 

about 67 Pa was reached [7]. The samples were then outgassed for 30 min at the same 

temperature and a second adsorption was performed (still at 110 °C) until an equilibrium 

pressure of about 27 Pa was attained in order to calculate the amount of irreversible 

adsorption at this pressure. The difference between the amounts of gas adsorbed at 27 Pa 

during the two adsorption runs corresponded to the number of strong adsorption sites. 

5.3 H2-TGA 

Hydrogen temperature-programmed-reduction was carried out in the TGA, using a 

PerkinElmer instrument (Pyris Diamond TG/DTA analyzer). The catalyst (around 50 mg) was 

charged into TGA, and H2 was pulsed into the reactor to purge until the sample mass was 

stable. Then, the temperature was increased from room temperature to 1000 °C at a rate of 

10 °C min−1 under a flow of H2 (5 ml/min), and then the reactor was cooled down. The mass 

difference was calculated assuming loss of oxygen.  
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RESUME en français 
L’objectif de cette thèse est de préparer de nouveaux catalyseurs à base de métaux des groupes V et VI supportés sur oxyde 
de cérium pour la réduction sélective des oxydes d’azote (NOx) par l’ammoniac (NH3-SCR). La chimie organométallique de 
surface a été utilisée pour obtenir des sites isolés de type métal oxo, hautement actifs, en utilisant des précurseurs 
moléculaires de V, Nb et W à ligands alkyls ou alcoolates. Un catalyseur à base de tungstène oxo a été obtenu en deux étapes. 
La première consiste en une réaction de protonolyse entre le complexe [W(≡CtBu)(CH2tBu)3] et les groupes hydroxyles 
d’une cérine traitée à 200 oC pour former une espèce supportée bipodale unique, [(≡CeO)2W(≡CtBu)(CH2tBu)], caractérisée 
par DRIFT, analyse élémentaire, XPS, RMN du solide, BET et EXAFS. La seconde, une calcination contrôlée du matériau 
sous air, permet d’accéder à un mélange d’espèces oxo-tungstène caractérisées par DRIFT, analyse élémentaire, XPS, Raman, 
RPE, RMN, BET, NH3-TPD, H2-TPR, TEM et EXAFS. Les spectroscopies Raman et EXAFS montrent la formation de deux 
espèces : mono-oxo, [(≡CeO)4W(=O)] et bis-oxo, [(≡CeO)2W(=O)2], dans un rapport 70/30. Avec [Nb(OEt)5]2 comme 
précurseur, cette nouvelle approche a été étendue à la préparation d’un site isolé de structure [(≡CeO)2Nb(=O)(OH)], révélée 
par DRIFT et EXAFS. Contrairement aux cas du tungstène et du niobium, pour le vanadium cette approche a conduit à un 
mélange d’espèces surfaciques monomères, dimères, oligomères et à un dépôt de V2O5, ceci du fait de la mobilité du 
vanadium à la surface de la cérine et cela quel que soit le précurseur moléculaire utilisé, ([V(=O)(OEt)3]2, [V(CH2SiMe3)4] ou 
[V(=O)(OtBu)3]). La concentration des espèces obtenues à la surface de la cérine a été déterminée par analyse quantitative 
des spectres infrarouge et RMN 51V. Les résultats montrent que la proportion en site isolé diminue lorsque la teneur en 
vanadium augmente. Les performances catalytiques en NH3-SCR de ces nouveaux matériaux ont été évaluées entre 50 et 
600 °C dans un réacteur sous flux continu (300 ppm NO, 360 ppm NH3, 12% O2, He). Comparé aux catalyseurs à base de 
métaux-oxo du groupe V (V, Nb) supportés sur cérine, le catalyseur à base de tungstène oxo présente une haute activité dans 
une large gamme de température et montre une stabilité remarquable après plusieurs cycles catalytiques. Pour justifier cette 
plus forte activité du tungstène oxo supporté sur cérine, comparée à celles du niobium ou vanadium oxo, des explications 
fondées sur les propriétés intrinsèques du tungstène sont avancées. 

Keywords: DeNOx, Ammoniaque, catalyseurs supportés, tungstène-oxo, vanadium-oxo, niobium-oxo, cérine, XAS  

RESUME en anglais 

The aim of this thesis is to prepare new catalysts based on metal oxo of groups V and VI supported on cerium oxide for the 
selective reduction of NOx by NH3. Surface organometallic chemistry has been employed in this work to obtain highly active 
isolated metal oxo sites by using organometallic precursors of V, Nb, and W bearing alkyls or alkoxide ligands. For instance, 
tungsten oxo-based catalyst has been achieved in two steps. The first step consists of protonolysis reaction of the complex 
[W(≡CtBu)(CH2tBu)3] with ceria dehydroxylated at 200 oC, giving a well-defined bipodal species expressed as 
[(≡CeO)2W(≡CtBu)(CH2tBu)], characterized by DRIFT, Elemental analysis, XPS, SS NMR, BET and EXAFS. Controlled 
calcination of this surface species under air results in a mixture of tungsten oxo species characterized by DRIFT, Elemental 
analysis, XPS, Raman, EPR, SS NMR, BET, NH3-TPD, H2-TPR, TEM and EXAFS. Notably, Raman and EXAFS 
spectroscopies revealed the formation of a mixture of tungsten mono-oxo [(≡CeO)4W(=O)] and tungsten bis-oxo 
[(≡CeO)2W(=O)2] surface species in a ratio of 70/30. Using [Nb(OEt)5]2 as precursor, this new approach has been extended 
to the preparation of isolated Nb oxo site expressed as [(≡CeO)2Nb(=O)(OH)], revealed by DRIFT and EXAFS. Contrary to 
the tungsten and niobium systems, this novel synthetic approach gives a mixture of surface species composed of monomeric, 
dimeric, oligomeric and even V2O5, independent on the nature of the applied organometallic precursors ([V(=O)(OEt)3]2, 
[V(CH2SiMe3)4] et [V(=O)(OtBu)3]), due to the mobility of vanadium on ceria surface. The concentration of these species on 
the ceria surface has been determined by quantitative analysis of IR and 51V MAS NMR data, showing that the percentage of 
isolated sites decreases upon increasing the vanadium loading. The catalytic performance in NH3-SCR of these new catalysts 
has been evaluated between 50 – 650 °C in a continuous flow reactor containing 300 ppm NO, 360 ppm NH3 and 12% O2 in 
He. Compared to metal oxo of group V transition state metal supported on ceria, the tungsten oxo-based catalyst presents 
high activity within a broad temperature window and exhibits exceptional stability after multiple catalytic test cycles. 
Tentative to explain the high activity of tungsten oxo supported on ceria, compared to niobium oxo and vanadium oxo, 
associated with the intrinsic properties of tungsten have proceeded. 

Keywords: DeNOx, Ammonia, single site, Ceria, XAS spectroscopy, tungsten-oxo, vanadium-oxo, niobium-
oxo 

Intitulé et adresse de l’unité ou du laboratoire 
Catalyse, Polymérisation, Procédés et Matériaux (CP2M) ; UMR 5128, 43 Blvd du 11 Novembre 1918, PO BOX 

2077, 69616 Villeurbanne Cedex, France 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


