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The present doctoral thesis is set within the scope of the current energy 

transition, which considers the progressive substitution of non-renewable 

fossil sources by renewable feedstocks for the production of chemicals and 

fuels. In this context of gradual transition, and according to recent energy 

outlooks, fossil sources (especially natural gas) and biomass feedstocks 

will play a key role during the shift. 

A study on the use of metal oxides (based on tungsten bronzes or nickel 

oxides) as catalysts for different reactions has been conducted. 

Particularly, they have been studied as catalytic materials for: i) the 

transformation of biomass-derived feedstocks: glycerol transformation 

into acrolein/acrylic acid, and the transformation of short-chain 

oxygenates present in aqueous effluents (derived from extraction 

processes of pyrolysis bio-oils) into fuels; and ii) the valorization of natural 

gas components, i.e. the transformation of ethane into ethylene by 

oxidative dehydrogenation. The work is presented from a materials 

chemistry perspective, emphasizing the physicochemical characteristics of 

the different catalytic systems by using conventional and in situ 

characterization techniques and model reactions (gas phase methanol and 

ethanol transformation); with the aim of understanding the specific 

catalytic functionalities present in each case. 

For both gas phase glycerol transformation and the valorization of short-

chain oxygenates aqueous mixtures, catalysts based on tungsten oxide 

bronzes have been used. The compositional and structural versatility of 

this structural types (with the subsequent control of their functional 

properties) will be highlighted. 

In this sense, the acid-redox properties of W-V-O catalysts can be 

modulated by controlling the crystalline phase composition in the 

materials (i.e. hexagonal and monoclinic polymorphs of tungsten oxide) at 

a fixed V concentration. This effect has been studied by using the gas-

phase aerobic transformation of methanol as a surface test reaction. The 

concentration of the hexagonal and monoclinic polymorphs in the catalysts 
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has also an important influence in the gas-phase transformation of glycerol 

into acrylic acid. 

Also, it is possible to control the Brönsted/Lewis acid nature of the surface 

by the isomorphic substitution of Nb for W in WO3-Nb2O5 system. On the 

one hand, catalysts showing a higher proportion of Brönsted acid sites are 

more effective in the glycerol dehydration to acrolein. On the other hand, 

materials with a higher concentration of Lewis acid sites display high 

yields to condensation products in the aqueous phase valorization of short 

chain oxygenates. 

Additionally, the differences between W-V-O and W-Nb-O catalysts 

prepared by both reflux and hydrothermal methods have been studied. 

Also the effect of adding a mesoporous KIT-6 silica as support on the 

catalytic performance in the gas-phase transformation of ethanol and 

glycerol will be underlined. 

Considering the transformation of natural gas components, nickel oxide-

based materials were chosen (either supported on different oxides and/or 

promoted with different metals) to perform the oxidative dehydrogenation 

(ODH) of ethane. In this case the study has been focused on elucidating 

the effects of both promoters and supports on the nature and 

physicochemical features of nickel oxide, which lead to a drastic change 

in the catalytic behavior of these materials. This way, it has been observed 

that by the modification of the reducibility and the chemical nature of 

nickel oxide, it is possible to transform an apparently non-selective catalyst 

in the ODH of ethane (like NiO, showing a selectivity to ethylene of ca. 

30 %) into one of the most selective catalysts reported in the literature 

(presenting a selectivity to ethylene of ca. 90 %). 
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La presente tesis doctoral se sitúa en el marco de la actual transición 

energética, que plantea la sustitución progresiva de materias primas de 

origen fósil por fuentes renovables, tanto para la obtención de productos 

químicos como para la producción de combustibles. En este contexto de 

transición paulatina a las renovables, y teniendo en cuenta los últimos 

pronósticos, las fuentes fósiles (fundamentalmente gas natural) y 

derivados de la biomasa, jugarán un papel fundamental durante el cambio. 

Se ha llevado a cabo un estudio sobre el empleo de óxidos metálicos 

(basados en bronces de wolframio o en óxido de níquel), como 

catalizadores para: i) la transformación de derivados de biomasa: de 

glicerol a acroleína/ácido acrílico; y de compuestos oxigenados de cadena 

corta presentes en efluentes acuosos (procedentes de tratamientos de 

extracción de bio-aceites de pirolisis) a combustibles; y ii) la 

transformación de componentes del gas natural, concretamente la 

obtención de etileno a partir de etano, mediante deshidrogenación 

oxidativa. El trabajo se presenta desde una perspectiva de la química de 

materiales, haciendo hincapié en las propiedades fisicoquímicas de los 

distintos sistemas catalíticos, empleando técnicas de caracterización 

convencionales e in situ, además de reacciones modelo (transformación de 

metanol y etanol en fase gaseosa), con el objetivo de entender las funciones 

catalíticas presentes en cada caso.  

Tanto para la transformación de glicerol en fase gas, como para la 

valorización de mezclas acuosas de compuestos oxigenados de cadena 

corta, se han utilizado catalizadores basados en bronces de wolframio. Se 

ha tratado de poner de manifiesto la gran versatilidad composicional y 

estructural (con el consiguiente control de las propiedades funcionales), 

que presentan este tipo de materiales.  

En este sentido, las propiedades ácidas y redox de catalizadores W-V-O 

pueden ser moduladas, para una misma concentración de vanadio, 

mediante el control de la relación de fases cristalinas (hexagonal y 

monoclínica) del óxido de wolframio. Este efecto se ha estudiado 

empleando la transformación aeróbica de metanol como reacción “test”, y 
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tiene una gran influencia en la deshidratación oxidativa de glicerol a ácido 

acrílico. 

A su vez, mediante la sustitución isomórfica de wolframio por niobio (en 

el sistema WO3-Nb2O5) es posible controlar la relación de centros ácidos 

de tipo Brönsted y Lewis en la superficie de los materiales. Por un lado, 

los catalizadores con una alta relación Brönsted/Lewis se han mostrado 

más efectivos en la deshidratación de glicerol a acroleína, mientras que los 

catalizadores con altas concentraciones de centros de tipo Lewis presentan 

altos rendimientos a productos de condensación de compuestos 

oxigenados de cadena corta. 

Adicionalmente se han estudiado las diferencias entre catalizadores (bien 

óxidos mixtos W-V-O o W-Nb-O) preparados mediante un método 

hidrotermal o mediante reflujo, así como el efecto de la utilización de un 

soporte mesoporoso inerte (KIT-6), sobre sus propiedades catalíticas en la 

transformación aeróbica en fase gaseosa de etanol y glicerol.   

Finalmente, en lo que concierne a la transformación de componentes del 

gas natural, se han empleado materiales basados en óxido de níquel 

(soportado sobre distintos óxidos y/o promovido con distintos metales) 

como catalizadores para la deshidrogenación oxidativa de etano. En este 

caso el estudio se ha centrado fundamentalmente en dilucidar los efectos 

de promotores y soportes en la naturaleza y propiedades fisicoquímicas del 

óxido de níquel, los cuales dan lugar a un cambio drástico en sus 

propiedades catalíticas. Así, se ha observado que modificando la 

reducibilidad y las características superficiales del óxido de níquel es 

posible transformar un catalizador muy poco selectivo en la 

deshidrogenación oxidativa de etano (como es el NiO, con una selectividad 

a etileno del 30 %) en uno de los catalizadores más selectivos para llevar 

a cabo esta reacción (con una selectividad a etileno del 90 %). 
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Aquesta tesi doctoral es situa dins del marc de l’actual transició 

energètica, la qual planteja la substitució progressiva de les primeres 

matèries d’origen fòssil per fonts renovables, tant per a l’obtenció de 

productes químics com per a la producció de combustibles. En aquest 

context de transició gradual a les renovables, i tenint en compte els últims 

pronòstics, les fonts fòssils (principalment el gas natural) i els derivats de 

la biomassa, exerciran un paper fonamental durant aquest canvi. 

S’ha dut a terme un estudi sobre la utilització d’òxids metàl·lics (basats 

en bronzes de wolframi o en òxid de níquel), com a catalitzadors per a: i) 

la transformació de derivats de la biomassa: de glicerol a acroleïna/àcid 

acrílic; i de compostos oxigenats de cadena curta presents en efluents 

aquosos (procedents de tractaments d’extracció de bio-olis de la piròlisi) 

a combustibles; i ii) la transformació de components del gas natural, 

concretament l’obtenció d’etilè a partir d’età, mitjançant la 

deshidrogenació oxidativa.  

El treball es presenta des del punt de vista de la química de materials, 

posant l’accent en les propietats fisicoquímiques dels diferents sistemes 

catalítics, utilitzant tècniques de caracterització convencionals i in situ, a 

més de reaccions model (com per exemple, la transformació de metanol i 

etanol en fase gasosa), amb l’objectiu d’entendre les funcions catalítiques 

presents en cadascun dels casos.  

Tant per a la transformació del glicerol en fase gasosa com per a la 

valorització de les mescles aquoses de compostos oxigenats de cadena 

curta, s’han utilitzat catalitzadors basats en bronze de wolframi. S’ha 

intentat posar de manifest la gran versatilitat de composicions i 

estructures (amb el conseqüent control de les propietats funcionals) que 

presenten aquest tipus de materials. 

En aquest sentit, les propietats àcides i redox dels catalitzadors de W – V 

– O poden ser modulades, per a una mateixa concentració de vanadi,

mitjançant el control de la relació de fases cristal·lines (hexagonal i 

monoclínica) de l’òxid de wolframi. Aquest efecte s’ha estudiat utilitzant 
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la transformació aeròbica de metanol com a reacció “test”, i presenta una 

gran influència en la deshidratació oxidativa de glicerol a àcid acrílic.  

Al mateix temps, mitjançant la substitució isomòrfica de wolframi per 

niobi (en el sistema WO3 – Nb2O5), és possible controlar la relació de 

centres àcids de tipus Brönsted i Lewis en la superfície dels materials. 

Per una part, els catalitzadors que presenten una relació Brönsted / Lewis 

alta s’han mostrat més efectius en la deshidratació de glicerol a acroleïna, 

mentre que els catalitzadors amb unes altes concentracions de tipus 

Lewis presenten alts rendiments a productes de condensació de 

compostos oxigenats de cadena curta. 

Addicionalment, s’han estudiat les diferències entre catalitzadors (ja 

siguin òxids mixtos W-V-O o W-Nb-O) preparats mitjançant un mètode 

hidrotermal o mitjançant un mètode de reflux, així com l’efecte que 

presenta la utilització d’un suport mesoporós inert (KIT-6), sobre les 

seves propietats catalítiques en la reacció de transformació aeròbica en 

fase gasosa d’etanol i glicerol. 

Finalment, pel que fa referència a la transformació de components del 

gas natural, s’han utilitzat materials basats en òxid de níquel (suportat 

sobre diferents òxids i/o promoguts amb diferents metalls) i catalitzadors 

per a la deshidrogenació oxidativa d’età. En aquest cas, l’estudi s’ha 

focalitzat principalment en dilucidar els efectes de promotors i suports en 

la naturalesa i propietats fisicoquímiques de l’òxid de níquel, els quals 

impliquen un canvi dràstic en les seves propietats catalítiques. Així 

doncs, s’ha observat que modificant la reductibilitat i les característiques 

superficials de l’òxid de níquel és possible transformar un catalitzador 

molt poc selectiu en la deshidrogenació oxidativa de l’età (com és el cas 

del NiO, amb una selectivitat a l’etilè del 30%) en un dels catalitzadors 

més selectius per portar a terme aquesta reacció amb una selectivitat a 

l’etilè del 90%. 
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1.1. The energy transition to renewables 

The Nobel laureate in physics Richard P. Feynman pointed out in his 

public speech “The Value of Science” in 1955: “Our responsibility is to do 

what we can, learn what we can, improve the solutions, and pass them on. 

It is our responsibility to leave the people of the future a free hand” [1]. In 

the near future, one of the central challenges that our species will need to 

face is the search for more efficient and sustainable energy forms. The 

responsibility to improve the solutions lies again with scientific 

community.   

The history of human being have gone hand in hand with the continuous 

discovery and exploitation of new energy sources and raw materials [2-7]. 

During the last 200 years, two energy transitions took place, which have 

shaped the whole human society, prompting and leading to technological, 

economic, social and environmental changes (Fig. 1.1) [4]. 

Figure 1.1. Global energy supply in percentages from 1830 to 

2007. Source: Reference [4]. 
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The transition from wood to coal drove the emerging industrial revolution 

in 19th century, meanwhile coal to oil transition paved the way for the 

development of a vast variety of industries (automobile, polymer, 

pharmaceutical, etc.). This had a capital importance in the creation of the 

modern world and welfare state in developed countries. During the 20th 

century, refining and petrochemical industries have been the main fuels 

and consumption goods suppliers in our societies. Driven, among others, 

by the exponential population growth, low price and the expansion of the 

consumer society, an overexploitation of fossil resources took place in the 

second half of the last century. For instance, considering all non-renewable 

energy sources in 1990 (i.e. coal, oil and natural gas), they represented an 

approximated share of 80 % of the global energy supply (Fig. 1.1) [8].  

Promoted by environmental issues associated with global gas emissions 

and climate warming (i.e. the greenhouse effect), the World is now 

immersed in the next energy transition, which will consist on the way from 

non-renewable fossil sources to renewables [2-5]. Focusing on energy 

shifts occurred along the human history, it is obvious that they were not 

addressed swiftly, being closely linked with social and technological 

advances and breakthroughs. For example, the shift from wood to coal as 

the main energy supplier was extended along approximately 100 years, in 

unison with the development of the steam engine and transportation [2, 5]. 

This can be extrapolated to coal to oil transition in 20th century, closely 

associated with the development of gasoline and diesel engines and 

refining industry, in which catalysis science played a central role [9]. 

Accordingly, the overcoming energy transition will take place gradually, 

with fossil feedstocks playing a key role during the transition. In fact, even 

in fast transition scenarios, recent energy outlooks forecast an increase of 

production and consumption of both renewables and natural gas by 2040-

2050 (Fig. 1.2) [7, 8, 10-12]. If these predictions hold true, natural gas will 

surpass coal in the mid 2020´s and will converge on oil by 2040, arriving 

to an unseen situation, in which the World will move to a highly diversified 

energy mix, i.e. coal, oil, natural gas and non-fossil sources will provide 

ca. a 25 % of global energy needs (Fig. 1.2). In addition, biomass, as 
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renewable source of fuels and chemicals, is expected to play and important 

role during and after the energy transition to non-fossil sources [13, 14]. 

As in the case of refining industry in the past century, catalytic science is 

forecasted to be essential to drive the transition [9]. 

 

 

Figure 1.2. Shares of primary energy by feedstock with projection to 2040. 

Source: Reference [8]. + Non-fossils: nuclear, hydro and renewables. 

 

1.2. Current industrial production of olefins: steam-cracking 

Considering recent energy outlooks, it is predicted that the non-combusted 

uses of oil and natural gas will increase by 2040-2050, particularly as 

feedstock for petrochemicals [8, 10-12]. This is not surprising, since the 

chemical richness of both resources is clearly wasted when they are 

burned. For instance, in the U.S. only the 2 % of oil went for petrochemical 

uses in 2017, being gasoline, jet-fuel and fuel oil the majority products (ca. 

85 wt.%) [15]. 

Among all the chemical products provided by the petrochemical industry, 

olefins can be considered the most important ones. Particularly, ethylene 
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is one of its key compounds, with an annual production of 150 million tons 

in 2015, displaying a growth rate of ca. 3.5 % per year [16]. It is used 

directly as building block in the production of polyethylene resins (70 

MT/year), which constitute the basis of polymer industry. It is also a basic 

feedstock for the production of commodity chemicals such as vinyl 

chloride, ethylene oxide or styrene [17-19].  

The main industrial route for the production of ethylene (and, in part, 

propylene) is steam cracking, which accounts for the 72 % of total 

production of olefins [20-23]. This technology has been applied for more 

than 50 years, and consists in the high temperature treatment of 

hydrocarbons in the presence of steam. Interestingly, feedstocks have been 

changing over the years. Naphtha used to be the main raw material for the 

production of ethylene through this process, although the current trend is 

moving to ethane as feedstock for two main reasons: i) favorable 

production costs of ethane crackers and; ii) increasing available amounts 

of ethane derived from shale gas extraction. Furthermore, ethane leads to 

a lower formation of byproducts than naphtha in steam cracking units [8, 

10, 23]. In spite of being a well stablished technology, steam cracking is 

probably the most intensive process in terms of energy consumption (the 

reaction is carried out in the 700-850 ºC temperature range) and CO2 

emissions (ca. 1.2 kg CO2/kgethylene) [20-22, 24]. Aligned with the 

increasing annual demand of olefins, the search for alternative and more 

sustainable methods for their production is a recurring topic in catalysis 

science.  

In the last decades, several approaches have been proposed to face this 

issue, like maximizing the selectivity to olefins in current processes like 

FCC [25]. Other approximations to the problem consist in the production 

of either the olefin or their derived commodity chemicals by other routes, 

using cheaper or renewable biomass-derived feedstocks [26, 27].  

Both natural gas (cheap and abundant) (Fig. 1.3) and biomass (renewable) 

(Fig. 1.4) constitute ideal raw materials for the development of new 

chemical routes to olefins and derivatives, meeting the requirements of the 
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green and sustainable chemistry. Natural gas is a major energy source in 

the planet, accounting for 21% of the World’s energy supply in 2010. It 

consists mainly of methane (ca. 70-90%) but contains also small amounts 

of C2-C4 hydrocarbons (ethane, propane and butane; ca. 0-20%), and 

nonhydrocarbon gases [28]. On the other hand, biomass refer to any 

organic material that comes from animals and/or plants. In the case of 

plants, they store solar energy in a chemical form, by the so-called 

photosynthesis process. It can be considered a renewable feedstock for the 

production of fuels and chemicals [29, 30], although its transformation to 

fuels is more extended. For example, biomass provided ca. 5 % of the total 

primary energy in the U.S. in 2017 [31].   

 

 

 

Figure 1.3. Proposed pathways for the valorization of natural gas via oxidative 

processes. Source: reference [27]. 
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Figure 1.4. Proposed routes for the production of olefins from biomass. Adapted from 

reference [26]. 

 

The present doctoral thesis will provide some examples of how materials 

chemistry can help us to understand and develop new catalysts for the 

transformation of both type of feedstocks in valuable chemical 

commodities and fuels.  

 

1.3. Oxidative dehydrogenation (ODH) of ethane as an alternative to 
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Figure 1.5. Reaction scheme of the oxidative dehydrogenation of ethane. 

 

Three catalytic systems have shown promising results in the ODH of 

ethane: i) Vanadium oxide-based materials [34, 35]; ii) Nickel oxide-based 

materials [36-39] and; iii) Multicomponent MoVTe(Sb)NbO mixed metal 

oxide bronzes with an orthorhombic structure, the so-called M1-type phase 

[40-43] (Fig. 1.6). 

 

 

Figure 1.6.  a) Supported vanadium oxide; b) NiO with a sodium chloride-type structure 

viewed along [111] direction; c) Mo-V mixed oxide with an M1-type structure viewed 

along [001] direction. 
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All these systems are able to transform ethane to ethylene by oxidative 

dehydrogenation. However, the variation of the selectivity to ethylene with 

ethane conversion strongly depends on the characteristics of the catalyst.  

Thus, only MoVTe(Sb)NbO mixed metal oxides show very high yields to 

ethylene (up to 75%) [40]. We must indicate that both Mo-V-O and NiO-

based catalysts can maintain a high selectivity to ethylene at increasing 

ethane conversions, i.e. up to 80% ethane conversion for MoVTe(Sb)NbO 

mixed metal oxides, or up to 40% ethane conversion in the case of NiO-

based catalysts; which leads to possible technological applications [44-48].  

The catalytic behavior of these materials in ODH reactions follows a Mars-

van Krevelen (MvK) redox mechanism (Fig. 1.7), which is generalized for 

most of gas-phase partial oxidation reactions [49]. According to this 

mechanism, O2- nucleophilic species on the catalyst surface are 

responsible for the partial oxidation of the substrate, leading to the 

formation of partial oxidation products, or the olefin and water in the case 

of ODH.  

 

 

Figure 1.7. Schematic representation of the Mars-van Krevelen redox mechanism during 

the oxidative dehydrogenation of alkanes.  
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Particularly, these lattice surface oxygen species are responsible for the 

activation of the hydrocarbon C-H bond, and are incorporated into the final 

products, or into water molecules generated during the oxidative 

dehydrogenation of the alkane. Subsequently, a surface oxygen vacancy 

(associated with a reduced metal center) is left behind after each catalytic 

cycle. Then, these anionic vacant sites are replenished by molecular 

oxygen, with the consequent reoxidation of the metal center. The 

reoxidation of the catalyst usually implies migration of the aforementioned 

vacancies near the surface, with the associated transport of O2- species into 

the bulk of the material. In turn, partial oxidation reaction (i.e. the 

reduction of the catalysts) implies O2- transport from the bulk to the 

surface.  

This mechanism is widely reported in the literature, and has been 

demonstrated by using isotopic labeled 18O2 in the feed [50, 51]. Reactivity 

tests under these conditions show that only 16O atoms are inserted into the 

final products. This means that only lattice oxygen is taking part in the 

oxygen insertion during partial oxidation by this mechanism. Only at long 

reaction times 18O is detected in the products, due to a partial substitution 

of original 16O species in the catalysts.  

Assuming this partial oxidation mechanism, two very important variables 

arise, which have a pivotal role in the catalytic behavior in partial oxidation 

and ODH, i.e. the strength of the surface metal-oxygen bond, and the 

stability of reactants and products. In the first case, M-O should be weak 

enough to liberate surface oxygen, but strong enough in order to avoid total 

oxidation [52]. On the contrary, very strong M-O bond would lead to 

inactive materials. These assumptions are in line with the classical 

Sabatier´s principle for catalytic phenomena.  

The stability of reactants, partial oxidation and/or ODH products 

constitutes another key aspect in these reactions. The stability can be 

estimated from the dissociation enthalpies of the weakest C-H or C-C 

bonds in both reactants and products [49]. This way, when the weakest 

bond of the reactant is stronger that the weakest one in the product of 
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interest, we can achieve high yields in partial oxidation and ODH 

reactions. Otherwise, products are prone to consecutive reactions and 

overoxidation to carbon oxides, especially at high alkane conversion. 

Hence, the highest yields to the olefin in the ODH of short chain alkanes 

have been found in the transformation of ethane to ethylene. This is not 

surprising, since both compounds (i.e ethane and ethylene) are the only 

ones that meet these requirements, being the dissociation energy of the 

weakest C-H bond for ethane and ethylene, 419.5 and 444 kJ/mol 

respectively [49]. On the other hand, both propylene and butene present an 

allylic C-H bond which is weaker that the weakest C-H bond of their 

corresponding alkane. Consequently, they tend to give consecutive 

reactions, and it is more difficult to obtain high yields to the olefin in ODH 

processes.    

 

1.4. Bio-fuels and chemicals from biomass. The bio-refinery concept 

Biomass can be considered as the main renewable carbon source in planet 

Earth, at least assuming CO2 neutrality in the production-consumption 

cycle (in an optimistic way) [53-55]. Then, the use of biomass derivatives 

in substitution of fossil feedstocks for the production of commodities 

stands as a good alternative to drive the energy transition to renewables. 

Despite this, the use of biomass for the production of consumer goods 

raises a number of ethical problems beyond energy and gas emissions 

issues [56]. In this sense, sustainability assessments of the use of bio-

resources as raw materials have to take into consideration not only the 

energy equilibrium and net emissions, but also the type of crop, and social 

and environmental issues related with the use of land. 

Nowadays biomass sources can be classified in three groups or 

generations, depending on its origin [57, 58]. First generation biomass 

includes standard crops, such as corn, sugar cane or soy. Its utilization is 

mainly focused on the production of bio-fuels, like bio-ethanol (by 

fermentation processes) or biodiesel (by transesterification of vegetable 

oils), which are already available for consumers. The use of such crops 
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generated several ethical problems, since they strongly compete with food. 

Conversely, second generation sources are centered in the exploitation of 

non-edible crops, lignocellulosic biomass, agricultural waste and other 

residues (like, for example, cooking oil or animal fats). The third 

generation would be based on the utilization of algae as raw material, 

which are able to generate more energy per crop unit area that in the case 

of terrestrial biomass. For example, the production rates of triglycerides 

from algae is 45-220 times higher than in the case of conventional crops 

[29]. First and second generation biomass already have technological 

applications, meanwhile the applicability of third generation biomass is 

still under development. The work related with biomass transformation 

presented in this doctoral thesis is focused on the valorization of waste 

streams generated during thermal and chemical treatments of second 

generation biomass. The valorization of waste effluents is closely 

connected with the integrated bio-refinery concept, as it is discussed 

below. 

The production of either fuels or chemicals from biomass-derived 

feedstocks has been widely addressed in literature in the last decades [29, 

30]. Nevertheless, the integrated bio-refinery concept is envisaged to be 

the most sustainable way to carry out biomass conversion into valuable 

products. Unlike more restricted conceptions, in which a specific bio-

refinery would be dedicated to the production of specific consumer goods 

(like for example, fuel-driven or chemical-driven bio-refineries), an 

integrated bio-refinery would include: innovative plant resources 

(genetically modified biomass), fuels, chemicals, and bio-power 

production [53]. In fact, this will imply a multidisciplinary approach based 

on the collaboration between biochemists, chemical engineers and 

fundamental and materials chemists. The production of such a variety of 

valuable products helps to minimize both the risk associated with price 

fluctuations and the operational costs of each process [59]. Moreover, in 

an integrated conception of a bio-refinery, the valorization of residues will 

be an important step in the global process, since it appears very difficult to 
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avoid waste generation when dealing with such a complicated and 

heterogeneous raw material as biomass [53]. 

Currently, there exist a huge number of available strategies for the 

transformation of biomass into value added products, which comprise 

thermal and chemical processes [55]. General schemes of the 

transformation of lignocellulosic biomass and vegetable oils are depicted 

in Figure 1.8 and Figure 1.9, respectively. Since it is out of the scope of 

this work, we will not get into a detailed description of each route, and we 

will pay attention to the production of biodiesel from vegetable oils and 

animal fats; and bio-oils by lignocellulosic biomass fast pyrolysis. 

Specifically, this thesis deals with the catalytic transformation of waste 

streams derived from both processes, i.e. glycerol and short chain 

oxygenates respectively, and the discussion hereafter will be focused on 

how those residues are generated. 

Both vegetable and fast pyrolysis oils, although presenting different 

chemical nature, share a common point, i.e. they show undesirable 

physicochemical properties that prevent their direct use as fuels in 

combustion engines. Therefore, upgrading approaches are necessary in 

both cases, in order to make them suitable for their utilization as 

automotive fuels [58, 60, 61].  

 

 

Figure 1.8. General scheme of primary treatments of lignocellulosic biomass. 
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Figure 1.9. General scheme the transformation of triglycerides into chemicals and fuels. 
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provoked the obsolescence of the traditional technology for the production 

of glycerol from propene [59]. Nevertheless, according to the volumes 

generated by biodiesel industry, which are expected to reach ca. 3.6 MT in 

2020 [63], there are still high amounts of glycerol which are discarded 

[64]. 

 

Figure 1.10. Scheme of the transesterification of triglycerides in basic media. 

 

Thereby, this available low-price glycerol stock has generated an 
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acrylic resins or superabsorbent polymers like sodium polyacrylate 

(annual production of 1.9 MT in 2010) [64, 69].  

 

 

Figure 1.11. Different strategies for glycerol transformation into valuable chemicals 
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separated second step [63] (Fig. 1.13). This multi-reactor approach would 

present higher costs, since two reactors are needed two perform the double-

step process. A more elegant approach to attack the problem would be to 

incorporate both acid and redox functions able to work under the same 

reaction conditions in the same crystal phase (Fig. 1.13). In this respect, 

metal oxide bronzes constitute an excellent matrix to incorporate different 

functionalities, as it will be explained in section 1.6.       

 

 

Figure 1.12. Scheme of glycerol dehydration to acrolein on Brönsted acid sites. 

 

 

Figure 1.13. Schematic representation of glycerol transformation on acid, redox and on 

multifunctional acid-redox catalysts. 
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1.4.2. Upgrading aqueous solutions derived from fast pyrolysis of 

lignocellulosic biomass 

Considering bio-oils, obtained by fast pyrolysis of lignocellulosic biomass 

(thermal treatments in the absence of oxygen), they also display undesired 

physicochemical properties for their direct use as fuel, like high viscosity, 

low pH and high corrosiveness [60, 73]. Moreover, in this case these 

features also prevent their storage for long-term uses. Thus, their 

application is mostly limited to their combustion in boilers and furnaces 

for electricity and heat generation [74, 75].  Its composition resembles that 

of biomass rather than petroleum oils. In fact, it could be defined as a 

mixture of depolymerization products of biomass constituents, i.e. 

cellulose, hemicellulose and lignin [60, 76]. In particular, the obtained 

pyrolytic oil displays an extremely heterogeneous composition, which 

highly depends on the type of biomass used, and pyrolysis conditions [77]. 

In general, they show a high content of carboxylic acids, responsible for 

their low pH (pH = 1-3), water (15-30 wt.%) and light oxygenates (C1-C4, 

10-40 wt.%); apart from oligomers, phenols, sugars, etc. [77-79]. 

Accordingly, this implies a high oxygen content in the bio-oil. Due to this, 

upgrading approaches are mandatory in order to extend their application 

as transportation fuels.  

The most extended upgrading strategy is based on hydrotreating, which 

implies bio-oil treatment at high temperatures and high hydrogen pressures 

(> 60 bar) in the presence of a catalysts (generally CoMo, NiMo and/or 

NiW-based materials) [80-82]. Supported on HDS, hydrogenation and 

hydrocracking technologies, which are well stablished in conventional 

refineries, it has experimented a fast development during the last years [83-

85]. Hydrodeoxygenation (HDO), hydrocracking and hydrogenation 

reactions improve those physicochemical features of the bio-oil (decrease 

its acidity, oxygen content or corrosiveness), allowing their blending with 

conventional fuels [60, 86]. Nonetheless, these approach presents other 

drawbacks, like a high hydrogen consumption or relatively low atom 

economy (most of the short-chain compounds are transformed into gases) 

[87]. 
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In the recent years, a new upgrading approach has raised increasing interest 

in both academia and industry, which consist in the phase separation by 

water addition [85, 88-90]. Instead of considering the presence of high 

water contents as a disadvantage, the addition of water to the bio-oil can 

promote phase separation into an aqueous and an organic phase. Short 

chain oxygenates (acids, ketones, alcohols, etc.) are displaced within the 

aqueous phase, whereas the organic fraction can be further upgraded by 

conventional methods to obtain a bio-oil which meets the requirements for 

blending with fossil fuels [85, 88, 91]. It is worth noting that the aqueous 

phase would remain as a waste stream in this case. Then, the valorization 

of this mixture would help to increase the efficiency of the global process. 

Most of the literature on this topic deals with the transformation of model 

compounds through ketonization and/or aldol condensation reactions, 

obviating the high water content or the presence of different organic 

functions in the mixture [92-98]. Accordingly, a more realistic 

approximation to the problem would be to carry out the valorization of the 

whole aqueous mixture in one-pot [99]. Assuming high water contents and 

low pH (high acetic acid concentration) of the aqueous residue, the 

transformation must be performed using water and acid-resistant catalysts.  

 

1.5. Heterogeneous catalysis as a tool to meet green chemistry 

principles 

In the late 90´s Paul Anastas and John Warner introduced the twelve 

principles of Green Chemistry, which are summarized in Figure 1.14 [100, 

101]. Leaving aside terminological discussions about the meaning of green 

or sustainable chemistry, catalysis can be considered as the meeting point 

at which most of these principles converge. Despite catalysis is only 

mentioned in terms of using “catalytic reagents rather than stoichiometric 

ones”, it is closely related with most of the Green Chemistry principles, 

which in fact were not new. For example, the concept “atom economy” is 

nothing but selectivity in catalysis science; or “design for energy 

efficiency” is closely linked with catalytic activity.  
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Figure 1.14. The 12 principles of Green Chemistry as listed by Anastas et al. 

Source: reference [100].  

 

The paradigmatic case of butane oxidation to maleic anhydride underlines 

this connection between catalysis (in particular heterogeneous catalysis) 

and the development of “greener” or more sustainable processes for the 

production of chemicals [102-105]. The industrial process starting from 

benzene was substituted about 30 years ago by the one using butane as raw 

material (Fig. 1.15), which presented substantial improvements: i) Two 

carbon atoms are lost in the case of benzene-based technology; ii) carbon 

oxides and small amount of acetic acid are the only by products in butane-

based process and; iii) toxicity issues related to the use of benzene and the 

generation of higher amounts of residues in the case of the former 

technology [104]. 
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Figure 1.15. Reaction scheme of partial oxidation of n-butane to maleic anhydride. 

Adapted from reference [106]. 

 

The partial oxidation of n-butane to maleic anhydride (with yields of ca. 

70 %) is the only process based on the partial oxidation of a light alkane 

that has been industrially implemented, and fully meets the pillars of Green 

Chemistry: the process uses non-toxic reagents and presents an improved 

atom economy, minimizing waste formation. In fact, most of the 

worldwide production of maleic anhydride is currently carried out by this 

method. More importantly, this industrial shift towards a more sustainable 

production was driven by the development of vanadyl pyrophosphate 

(VPP) based catalysts (Fig. 1.16) [107], which is able to perform the 

multistep reaction selectively (Fig. 1.15). 

Specifically, it can carry out the abstraction of eight H, the insertion of 

three O atoms and the transfer of 14 e- (Fig. 1.15), with high activity and 

selectivity [102, 105]. Indeed, this catalytic system meets all the 

requirements proposed by Grasselli as “the seven pillars of oxidation 

catalysis” (Fig. 1.17) which can be summarized in: i) the presence of 

nucleophile lattice oxygen; ii) redox properties; iii) a structurally stable 

host structure; iv) phase cooperation; v) multifunctionality; vi) active site 

isolation and; vii) M-O bonds with an intermediate strength (Sabatier´s 

principle) [52, 108]. 
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Figure 1.16. Crystal structure of vanadyl pyrophosphate (VPP) viewed along [010] 

(A) and [100] (B) directions. Blue tetrahedra and red octahedra correspond to [PO4]Td 

and [VO6]Oh units respectively. 

 

 

Grasselli´s seven pillars point out the importance of catalyst design, which 

allows to deal with such complicated reaction pathways. In fact, they could 

be considered as the rationalization of the fundamentals of solid catalyst 

design for the specific case of oxidation reactions. These fundamentals can 

be summed up in: the design of functional /multifunctional materials with 

well-defined catalytic properties, in which the active sites are located at 

interatomic distances and preferably in the same crystal structure. 

Particularly, this thesis work is focused on the use bulk and supported 

tungsten oxide bronzes and nickel oxide as host structures. 
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Figure 1.17. Schematic representation of Grasselli´s seven pillars of oxidation catalysis. 

Adapted from reference [106]. 
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1.6. Metal oxide bronzes: multifunctional materials 

First reported by Wohler in the first quarter of 19th century, the term metal 

oxide “bronze” derives from the brilliant and colored crystals (reminding 

metal alloys) that were obtained after treating sodium tungstate in 

hydrogen at high temperature [109]. The term is usually generalized to 

describe oxides with the general formula of AxMOn, being A an 

electropositive element (classically alkaline or alkaline-earth metals) [110, 

111] and M a transition metal (M: W, Mo, Ti, Ta, Re, etc.) [112]. In 

addition, other types of A cations can be inserted in the oxide framework, 

rare earths [113, 114], also transition metals [115, 116] and metals [117-

119], and even ammonium ions [120], pointing out their compositional 

richness. Moreover, the partial substitution of M by other transition metals 

is also possible [112, 121, 122].  

Formally, they can be understood as intercalation compounds, in which 

Am+ cations are incorporated within the MOn oxide matrix [123, 124]. This 

fact implies a partial reduction of Mn+ cations in the pristine MOn oxide. 

Due to this, they can be also classified as partially reduced phases. 

Thereby, it is also possible to obtain the corresponding materials with no 

A element incorporated, by selecting the appropriate precursors and heat 

treatments under reducing, inert or oxidative conditions. These changes in 

the average oxidation state of M gives rise to structural modifications 

leading to new crystal phases [125].  

This structural versatility is exemplified by the whole family of Magneli 

phases (with the presence of Wadsley defects) (Fig. 1.18 a) [126, 127], 

and the observation of rotational faults, with the formation of tunnel 

structures (Fig. 1.18 b) [128, 129], which correlate different structural 

types along these oxide bronze systems. As far as these defects get ordered, 

new crystalline materials are obtained. All this features are found in the 

tungsten oxide system, which is shown in Figure 1.19.  

It is worth noting the key role of the oxygen content in the crystals, which 

has a great influence on the structural type obtained after synthesis (Fig. 

1.19). By performing typical solid state reactions at high temperatures 
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under controlled atmospheres (reducing, inert or oxidant), and by selecting 

the appropriate precursors (metals, metal salts or metal oxides), it is 

relatively easy to modulate the specific oxidation states in the final 

materials. This determines metal/oxygen ratio and, consequently, the final 

structural type. On the other hand, the ability to control these variables is 

not so evident when alternative synthesis methods are used, like 

hydrothermal or slurry methodologies. 

 

 

Figure 1.18. a) Representation of the formation of the Magneli phase 

W20O58 through the generation of crystallographic shear planes (ordered 

Wadsley defects) by loss of oxygen. Source: reference [127]. b) Scheme 

of the rotational fault generated in ReO3-type tungsten oxide phase 

which correlates its structure with the tetragonal tungsten bronze (TTB) 

polymorph. Source: reference [128]. 
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a
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Figure 1.19. Representation of some of tungsten oxide crystal phases in the system WO2-

WO3, highlighting their oxygen/tungsten ratio, related with the proportion of W4+, W5+ 

and W6+ in the structure. 

 

Because of their extremely adaptive features (i.e. compositional and 

structural versatility, that in fact allows the modulation of their functional 

properties), metal oxide bronze-based materials have aroused a great 

interest in diverse fields, including magnetic materials [130], conductors 

[131], superconductors [132], optical materials [133] or gas sensors [134]. 

However, their catalytic applications were somehow limited, especially 

due to their extremely low surface areas derived from high temperature 

synthesis methods. It was not until the development of synthesis 

procedures based on “soft chemistry” or “chimie douce” that it was 

possible to obtain mixed oxide bronzes with interesting catalytic properties 

[135]. 

Several reported examples suggest that in situ formation of 

polyoxometalates (POM´s) could play a key role during the preparation by 

this soft methods (especially by hydrothermal synthesis), being 

responsible for providing the building blocks that generate the oxide 

framework [136-140]. For instance, this aspect has been demonstrated by 

Ueda et al. for the synthesis of Mo-V-O bronzes under hydrothermal 

conditions, in which a [Mo72V30] POM provides the [Mo6O21]
6- pentagonal 

units characteristic of the M1-type phase [139] (Fig. 1.20).   

W5O14

WO2 W32O84 W3O8 W18O49      W17O47 W5O14 W25O73 h-WO3-δ WO3
P21/c         Pbma C222         P2/m            P2/m          P421m P2/c          P6/mmm P21/n

2             2.625         2.665         2.72             2.765          2.800           2.920

Rutile-type
ReO3-type

O/W at. ratio

W32O84 W25O73

W6+W4+
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Figure 1.20. Scheme of the formation mechanism of a Mo-V oxide with a M1-type 

structure under hydrothermal conditions. Source: reference [139].  

 

This M1-type structure presents 6 and 7-member ring channels in which 

we can introduce other elements [141]. Moreover, it also admits the 

isomorphic substitution in the octahedral matrix. In fact, this material is 

isostructural with MoVNbTe(Sb)O catalysts for the ODH of ethane and 

the partial oxidation/ammoxidation of propane [142]. In the latter case, 

Te/Sb atoms are located within the 6-member ring channels of the 

structure, while the pentagonal units are formed by [Nb6O21]
12- clusters 

[143, 144]. This catalyst exemplifies the importance of both structure and 

location of the active sites in bronze-type materials [145, 146]. On the one 

hand, blocking the hexagonal channel (by the incorporation of Te4+ or 

Sb3+) and introducing [Nb6O21]
12- bipyramids in the framework increases 

the degree of active site isolation (V-O sites in the 7-member ring channel) 

[147, 148]. On the other hand, it is suggested that the mere existence of 

those 7-member channels could stabilize the reaction intermediates in the 

ODH ethane via van der Waals interactions, acting as an active “hole” for 

ethane activation [149, 150]. 

Another example of oxide bronzes with interesting catalytic properties is 

the case of hexagonal tungsten bronze-based materials (HTBs) (Fig. 1.21). 

As in the case of Mo-V based oxides, they can be obtained by 

hydrothermal synthesis [151-154]. Also the incorporation of different 

functionalities can be carried out by the selection of the appropriate 

precursors to effectively substitute W atoms in h-WO3 lattice, or by 

inserting additional elements inside the hexagonal tunnels [155]. Recently, 

[Mo72V30] “Building blocks” Mo-V oxide (M1 phase)
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it was demonstrated that the incorporation of V within HTB matrix in 

octahedral coordination gives rise to a multifunctional acid-redox material, 

able to transform glycerol into acrylic acid in one-pot (Fig. 1.22) [151]. 

Subsequent studies showed that the incorporation of Nb or Mo within this 

host structure have effects in their structural and catalytic features, leading 

to the modulation of their acid-redox properties, which give rise to higher 

acrylic acid yields (up to 50 % yield) [153, 154]. The technological interest 

of this family of materials is illustrated by the several number of patents 

published in the last years [156-159]. 

 

Figure 1.21. Representation of the hexagonal tungsten bronze structure (also known HTB 

or h-WO3) along [010] (A) and [001] (B) directions. 

 

 

 

Figure 1.22. Simplified reaction scheme of the gas-phase transformation of glycerol on 

a multifunctional acid-redox hexagonal tungsten bronze-based catalyst. 

glycerol acrolein acrylic acid

Acid Redox



Chapter 1. Introduction 

30 

 

1.7. Nickel oxide-based materials for the ODH of ethane 

As it was commented in section 1.3, besides Mo-V-based catalysts, nickel 

oxide-based materials present also an outstanding catalytic performance in 

the ODH of ethane [33]. Both systems show the ability to maintain the 

selectivity to ethylene in a wide range of ethane conversions. In the case 

of the best NiO-based catalysts, a selectivity to ethylene of ca. 90 % is 

observed up to ethane conversions of approximately 40 % [160, 161]. This 

feature makes them able to achieve high ethylene yields in the ODH of 

ethane (up to 30-40 %). Interestingly these catalysts do not show the 

formation of CO (or at least it is not detected in the output stream), fact 

that is not observed in the case of supported V2O5 catalysts. This can be 

explained because ethylene formed is less reactive than ethane [34]. 

Despite unmodified NiO can activate ethane molecule in the presence of 

oxygen, it displays a low selectivity to ethylene (ca. 30 %), being CO2 the 

main reaction product. In their pioneering work in the field, Lemonidou´s 

group observed that the incorporation of Nb5+ into nickel oxide framework 

drastically shifted the selectivity towards ethylene formation [160, 161]. 

This way, it was possible to transform an apparently total oxidation 

catalyst in one of the most selective materials for the oxidative 

dehydrogenation of ethane, presenting an ethylene selectivity of ca. 90 %. 

The case of Nb-doped catalysts observed by Lemonidou was not an 

isolated case. During the last decade several examples of NiO promoted 

by other elements have been reported. Interestingly when the metal 

promoter shows a high valence, like in the case of Nb5+, W6+, Ce4+, Sn4+, 

Al3+ or Ta5+ [36, 37, 162-167], the selectivity to ethylene notably increases. 

On the other hand, when the promoter displays a low valence, like Li+ or 

K+ [36, 37], the selectivity to ethylene is unaltered, or even decreases. This 

observation has been explained in terms of the specific oxygen and nickel 

species present in each type of catalyst. It has been suggested that the 

incorporation of elements in a high oxidation state would push Ni to the 

lowest oxidation state (i.e. Ni2+), decreasing NiO non-stoichiometry, i.e. 

by the elimination of Ni3+ species [168, 169]. This Ni3+ provides positive 
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holes (h+) that are associated with the presence of electrophilic oxygen 

species (O2- + h+  O·-) responsible for deep oxidation of the alkane (Fig. 

1.23). The correlation between electrical conductivity, which is dependent 

on h+ concentration, and the selectivity to ethylene, goes in line with these 

assumptions [170]. In addition, not only the number of electrophilic 

oxygen species decreases when high valence dopants are used, but also 

their lability is substantially reduced, preventing total oxidation reactions 

[37].  

 

Figure 1.23. Schematized reaction pathway on undoped and Nb-doped NiO 

catalysts during the ODH of ethane. Adapted from reference [171]. 

 

Interestingly, the use of specific supports also changes drastically the 

catalytic properties of NiO in the ODH of ethane. In this sense, similar 

shifts in the selectivity profiles are observed in comparison to promoted-

NiO catalysts. Specifically, the use of Al2O3 [38], porous clay 

heterostructures (PCH) [39] and TiO2 [172] as NiO supports increases the 

selectivity to ethylene to levels comparable to the best promoted catalysts 

(ethylene selectivity in the range 80-90 %). The main difference between 

both types of materials (i.e. supported and promoted) lies in the amount of 

active phase found in optimized catalysts. While the selectivity to ethylene 

achieved in both cases is comparable (ca. 90 %), promoted catalysts 

present an optimum amount of NiO of 90-95 at. % (i.e. a promoter 

concentration of 5-10 at. %) [160, 161, 166, 167], whereas the optimum 
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amount found for supported catalysts lies between 5-50 wt.% NiO loading 

[39, 172]. In this sense, the specific concentration of active phase in 

supported catalysts has been reported to be very dependent on the surface 

area of the specific support [172] (Fig. 1.24).  

Figure 1.24. Selectivity to ethylene in the ODH of ethane at 400 ºC as a 

function of NiO loading for a series of TiO2-supported catalysts presenting 

different support surface areas. Symbols: () 11 m2 g-1 TiO2; () 55 m2 g-

1 TiO2; () 85 m2 g-1 TiO2. Adapted from reference [172]. 

In general, an inverse correlation between the reducibility of the catalyst 

(measured by means of temperature-programmed reduction experiments) 

and the selectivity to ethylene is observed in both promoted and supported 

materials [165-167, 172]. Accordingly, the lower the reducibility of Ni 

species in the catalysts, the higher the selectivity to ethylene achieved. 

Nevertheless, in some cases this is not so direct, for instance Nb-promoted 

catalysts show some discrepancies in this respect [160]. A similar 

correlation has been found with particle size of NiO catalysts, showing 

increasing ethylene selectivity trends when NiO particle size decreases 

[36, 165]. This suggest that the dispersion of NiO particles (and their 

crystal sizes) strongly influences the catalytic behavior. 
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Particularly, the assumption that a decrease in the non-stoichiometry of the 

catalysts is the only factor affecting the catalytic behavior of the catalyst 

(mainly the shift in the selectivity to ethylene) could be debated. Non-

stoichiometry degree of NiO depends fundamentally on the amount of Ni3+ 

and cation vacancies, which determines the final oxygen content in the 

material. Unfortunately, the characterization of these variables is not a 

trivial task, and differences in the concentration of defects depending on 

the applied technique are reported in the literature [173-175]. For example, 

it is surprising that the elimination of such electrophilic species, associated 

with Ni3+, whose concentration is assumed to be very low (2-4 at. %), may 

give rise to such an increase in the selectivity to ethylene (from ca. 30 % 

to 90 %).  

 

1.8. Objectives 

The present doctoral thesis falls within the scope of the current energy 

transition to renewables, in which both fossil (like natural gas) and 

renewable (i.e. biomass) sources will play pivotal roles. Specifically, it can 

be divided in two parts: i) the development of tungsten bronze-based 

materials for the valorization of biomass feedstocks and, ii) nickel oxide-

based materials for the oxidative dehydrogenation (ODH) of ethane. The 

results will be presented from the materials chemistry point of view, trying 

to link materials properties and catalytic behavior. 

A study of the incorporation of V and Nb into h-WO3 framework by 

hydrothermal and reflux methods will be presented in the first chapters of 

this thesis. Insights on the effect of supports, atomic and phase 

composition into structural and catalytic properties are given. Examples of 

the use of methanol and ethanol as model reactions for the characterization 

of the acid-redox properties of these materials are also presented. 

Considering catalytic applications, tungsten bronze based materials have 

been studied as catalysts for the valorization of biomass-derived waste 

streams; i.e. glycerol, and aqueous mixtures of short chain oxygenates. In 

the case of glycerol, the use of acid and multifunctional acid-redox 
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materials to obtain acrolein and acrylic acid is proposed. An in-depth 

characterization study of WO3-Nb2O5 system has been also performed in 

order to extend its application to the valorization of an aqueous mixture of 

short-chain oxygenates via C-C bond formation reactions. 

The second part of this work deals with gaining further insights into the 

catalytic properties of nickel oxide-based materials for the ODH of ethane. 

With this purpose, series of promoted and supported nickel oxides 

presenting low, intermediate and high selectivity to ethylene in the ODH 

of ethane have been prepared, which were subsequently characterized by 

a wide variety of physicochemical techniques. The results include time-

resolved in situ measurements of redox kinetics under oxidative and 

reducing conditions by in situ X-ray Absorption Spectroscopy. In the case 

of supported catalysts, the specific coordination environment of nickel 

species has been studied by analyzing the EXAFS region in XAS spectra. 
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2.1. Catalyst synthesis 

The preparation of the catalysts reported in this doctoral thesis has been 

carried out by several synthetic approaches. In the case of W-based oxides, 

hydrothermal and reflux methods were mainly undertaken. On the other 

hand, regarding the preparation of NiO-based catalysts for the ODH of 

ethane, evaporation (for promoted NiO materials) and wet-impregnation 

(for supported-NiO catalysts) were the selected methods. The different 

synthetic procedures are commented in more detail below. 

2.1.1. Materials 

In the case of W-based catalysts, the following precursors were used in the 

synthesis: ammonium metatungstate hydrate (Sigma-Aldrich; ≥ 85 wt% 

WO3 basis); tungstic acid (Sigma-Aldrich; 99 %), vanadium (IV) oxide 

sulfate hydrate (Sigma–Aldrich; ≥97%); vanadyl acetylacetonate 

(Sigma–Aldrich, 99.98%); niobium oxalate (ABCR); ammonium 

chloride (Sigma–Aldrich, 99.998%, Sigma–Aldrich);  ammonium 

sulfate (Sigma–Aldrich, 99.0 %); ammonium acetate (Sigma–Aldrich, 

98%); and aqueous ammonia (Panreac, 25 %).  

In the case of Ni-based catalysts, the following precursors were 

considered: Ni (II) nitrate hexahydrate (Sigma-Aldrich, 99.999 % trace 

metal basis), oxalic acid (Sigma Aldrich); lanthanum (III) oxalate 

(Sigma Aldrich), tin (II) oxalate (Sigma-Aldrich) and ammonium 

niobate (V) oxalate (Sigma Aldrich). 

2.1.2. Hydrothermal synthesis of W-Nb-O and W-V-O mixed oxides 

The hydrothermal method refers to chemical reactions that take place in 

an aqueous media at relatively high temperature and pressures, at 

supercritical or near-supercritical conditions. It is highly extended in 

materials science, since it allows the synthesis of a high number of 

metastable phases that are not accessible under conventional preparation 
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methods, like solid-state reactions. In addition, it allows the preparation of 

well-ordered crystalline phases with small particle size and high surface 

areas, what constitutes an interesting fact for catalytic applications. Indeed, 

hydrothermal conditions can substantially increase the solubility of metal 

precursors that, under ordinary conditions would be insoluble. This favors 

chemical transport and dissolution-recrystallization processes that 

otherwise would not be achieved [1].  

In our case, the method consists in the preparation of an aqueous gel 

containing the selected transition metal salts (mono or bi-component 

mixtures) (Figure 2.1 A). The gel is transferred into a Teflon-lined 

stainless steel autoclave equipped with a set of valves to introduce a 

selected atmosphere if necessary (mainly air, or N2 in the case that an inert 

atmosphere is required) (Figure 2.1 B). Then the autoclave is heated-up to 

the desired temperature during a selected time. When the reaction is 

completed, the autoclave is cooled down to room temperature and 

outgassed, and the resulting solid is filtered, washed with deionized water 

and dried overnight. Finally, the dried solid is activated at high temperature 

in air and/or N2 flow. In this doctoral thesis, materials from the ternary 

systems W1-xVxO3-δ (x = 0.2) and W1-xNbxO3-δ (x = [0-1]), have been 

synthesized by this hydrothermal method.  

Considering W1-xVxO3-δ (x = 0.2) system, oxides with a ReO3-type (i.e. the 

monoclinic phase of tungsten trioxide, m-WO3) and hexagonal tungsten 

bronze-type structures (HTB or h-WO3) were obtained (see Chapter 3). 

By selecting the appropriate W- and V-containing precursors, mixtures 

with a different proportion of the abovementioned structural types have 

been prepared, what will have important catalytic implications. In a typical 

formulation, an aqueous solution containing a tungsten (ammonium 

metatungstate or tungstic acid), vanadium (vanadium (IV) oxide sulfate or 

vanadyl acetylacetonate) and/or an ammonium precursor (selected from 

ammonium chloride, ammonium sulfate; ammonium acetate; or aqueous 

ammonia) was kept at 80 ºC for 10 min under magnetic stirring.  
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Figure 2.1. A) Synthesis gel of W-V-O oxide prepared by hydrothermal method. B) 

Stainless steel autoclave for selected atmosphere hydrothermal synthesis. 

The synthesis mixture was introduced in a Teflon-lined stainless steel 

autoclave, which was purged with N2 for 5 min (PN2 = 1 bar). Then, the 

autoclave was heat-treated at 175 ºC for 48 h, and the resulting solid was 

filtered, washed with deionized water, and then dried at 100 ºC for 16 h. 

Finally, the dried solid was firstly heat-treated at 200 ºC in static air for 2h, 

and further heat-treated 2h at 600 ºC in N2 flow (15 mL min-1 gcat
-1). 

In the case of W1-xNbxO3-δ (x = 0 - 1) series, HTB´s and pseudocrystalline 

(i.e. ordered just along [001] crystallographic direction) oxides were 

mainly obtained by this hydrothermal method (see Chapter 4). In an 

analogous preparation procedure, a Niobium oxalate solution was heated-

up to 80 ºC during 10 min. This solution was added dropwise to an 

ammonium metatungstate aqueous solution, and the mixture was kept 10 

min at 80 ºC. Then the mixture was introduced in a Teflon-lined stainless 

steel autoclave, which was purged and filled with N2 (PN2 = 1 bar); and 

then heat-treated at 175 ºC for 48 h. Finally, the autoclave was cooled 

down to room temperature, degassed, and the resulting solid was filtered, 

washed with deionized water and dried at 100 ºC for 16 h. The dried solids 

were then heat-treated 2h at 550 ºC under N2 flow (15 mL min-1 gcat
-1). 

A B
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2.1.3. Reflux synthesis of W-Nb-O and W-V-O mixed oxides. 

Preparation of supported catalysts. 

A reflux method for the synthesis of Nb- and V-containing tungsten 

bronzes (W-Nb-O and W-V-O) has been developed (see Chapter 5). In a 

general way, an aqueous solution containing stoichiometric amounts of the 

corresponding metal salts, i.e. ammonium metatungstate hydrate, niobium 

monooxalate adduct and vanadium (IV) oxide sulfate hydrate, was kept 

under reflux at 150 ºC for 48 h (Figure 2.2).  

Figure 2.2. W-V-O oxide prepared by reflux 

synthesis. 

In the case of W-Nb oxide, the gel formed was directly rotary evaporated 

at 60 ºC and subsequently heat-treated for 2h at 400 ºC in N2 flow (15 mL 

min-1 gcat
-1).  

For W-V-O oxide, the gel was filtered and washed with deionized water 

in order to eliminate remaining vanadium species in solution. The resulting 

solid was then dried at 100 ºC overnight and subsequently heat-treated at 

500 ºC for 2 h in N2 (15 mL min-1 gcat
-1).  
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In addition, this synthetic approach has allowed us to prepare supported 

tungsten bronze catalysts. The oxides were supported on KIT-6 

mesoporous silica, which has been synthesized following the procedure 

reported by Ryoo et al. [2]. For supported W-Nb-O catalyst, KIT-6 support 

was directly added to the synthesis gel after reflux treatment, and kept 2 h 

under magnetic stirring at ambient temperature. Then the solvent was 

eliminated in a rotary evaporator and the solid was heat-treated at 400 ºC 

in N2 flow (15 mL min-1 gcat
-1). Regarding KIT-6-supported W-V-O 

catalyst, as-filtered and washed solid was suspended in 50 mL of deionized 

water under stirring. Then KIT-6 mesoporous silica was added, and the 

suspension was kept under magnetic stirring for 2 hours at 25 ºC.  

Finally, the solvent was rotary evaporated, and the resulting solids were 

heat-treated at 500 ºC for 2h in N2 flow (15 mL min-1 gcat
-1). 

2.1.4. Synthesis of promoted and supported NiO-based catalysts 

Promoted and supported NiO-based catalysts have been synthesized by 

evaporation and wet impregnation methods respectively.   

Unpromoted and Metal-promoted NiO oxides (Metal= La, Sn, Nb) were 

prepared by the evaporation (T= 60 ºC) of a solution of Ni (II) nitrate 

hexahydrate; oxalic acid; and the corresponding salts of the promoters: 

lanthanum (III) oxalate, tin (II) oxalate and ammonium niobate (V) 

oxalate. The oxalic acid/Ni molar ratio was remained constant to 3, 

whereas the amount of promoter added to the mixture was ca. 8 at. % (i.e. 

Ni (Ni/(Ni+Metal) molar ratio of 0.08), which is close to the optimal value 

reported to get the highest selectivity to ethylene in the ODH of ethane [3, 

4]. The fresh materials were the dried overnight at 100 ºC and subsequently 

heat-treated 2h at 500 ºC under static air. 

Supported NiO catalysts were prepared by the wet impregnation method, 

i.e. different supports were added to the abovementioned ethanolic Ni(II) 

nitrate/oxalic acid solution. The mixture was then evaporated at 60 ºC and 
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the solids were dried at 120 ºC overnight. Finally, the solids were calcined 

at 500 ºC for 2 h in static air.  

Some specific supports were used in the study: a commercial silica (SiO2), 

a Porous Clay Heterostructure with SiO2-TiO2 pillars (PCH-Ti, which its 

synthesis is reported in ref. [5]), pure anatase TiO2 (Sigma-Aldrich) and a 

high surface area TiO2 (Degussa P25). The characteristics of these 

supports are included in Table 2.1. 

Table 2.1. Characteristics of metal oxide supports. 

Support Commercial  Crystalline phase a Surface area b 

(m2 g-1) 

SiO2 Sigma-Aldrich Amorphous 200 

PCH-Ti Home-made Amorphous 562 

TiO2-ana Sigma-Aldrich Anatase   10 

TiO2 Degussa P25 Anatase, rutile   55 

a Determined by X-ray diffraction. b Obtained by BET method from N2 adsorption 

isotherms. 

2.2. Catalyst characterization 

The materials reported all along this work have been characterized by 

several physicochemical techniques. In this section we will briefly 

underline the main physical principles behind each method. For further 

insights in the physics related to these techniques, the reader is referred to 

the references cited along the section. 

2.2.1. Powder X-Ray Diffraction  

Powder X-Ray diffraction (XRD) analyses were carried out to identify the 

crystalline phases present in the catalysts, and also to estimate their 
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average particle size. XRD experiments were carried out in a Panalytical 

X´pert PRO diffractometer equipped with an X´Celerator detector in a 

Bragg-Brentano geometry, and using Cu Kα1 radiation (λ = 1.5406 Å). 

X-ray diffraction is a non-destructive method based on the elastic 

scattering of X-ray photons by atoms disposed in a periodic lattice [6, 7]. 

Diffraction can be considered as an interference phenomenon, in which a 

constructive interference occurs between the incident (i.e. transmitted) 

beam and the scattered beam. This is observed when the path difference 

between both waves is an integer of the wavelength of the radiation, i.e. 

when Bragg´s law is satisfied (Equation 2.1) (Fig. 2.3): 

 

 

Figure 2.3. Graphical scheme of diffraction phenomena 

dictated by Bragg´s Law : (𝑛 𝜆 =  2𝑑ℎ𝑘𝑙  𝑠𝑒𝑛 𝜃). 

 

𝑛 𝜆 =  2𝑑ℎ𝑘𝑙  𝑠𝑒𝑛 𝜃 

Equation 2.1. Bragg´s Law. 

 

where n is the integer, λ is the wavelength of the radiation, dhkl is the 

interplanar distance of planes with h, k and l Miller indices, and θ is the 

diffraction angle. Any material will present its own diffraction pattern, 

which can be used to analyze their crystal structure and atom distribution 

all along the crystal lattice. In addition, not only structural information can 
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be extracted, but also information about morphology and microstructure. 

In this sense, it is possible to determine the average particle size by 

analyzing the line broadening of diffraction peaks for a particular 

polycrystalline sample, by using Scherrer´s equation: 

𝐷 =
λ

βcosθ
 

Equation 2.2. Scherrer´s equation. 

where D is the average size of the crystallites, λ is the wavelength of the 

radiation, θ is the diffraction angle of a specific diffraction line, and β is 

the line broadening at half maximum intensity after extracting the 

instrumental broadening. 

 

2.2.2. Scanning electron microscopy (SEM) 

SEM images were collected in a field-emission ZEISS Ultra-55 electron 

microscope at an accelerating voltage of 2 kV. The microscope was 

equipped with an Oxford LINK ISIS X-rays detector for energy-dispersive 

X-ray spectroscopy (XEDS) measurements. Counting time for XEDS 

spectra was 100 s.  

Electron microscopy in general is a very versatile technique in which a 

primary beam of electron interacts with a sample, giving rise to a multitude 

of signals that can be analyze to extract a great amount of information (Fig. 

2.4) [8, 9]. In particular, scanning electron microscopy (SEM) is 

performed by probing an electron beam all over a surface, detecting 

secondary or backscattered electrons. Images are formed by contrast, 

which has it origin in the orientation of the particles, i.e. surface zones that 

face directly the detector will appear brighter than zones pointing away 

from the detector. Regarding imaging, secondary electrons give better 

results, since they are mainly originated from the surface of the samples, 

while backscattered electrons come from deeper in the sample, giving 

visual information about the composition. In this sense heavier elements 
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will look brighter in the images than lighter ones, when dealing with 

backscattered electrons. 

Figure 2.4. Types of signals generated when an electron beam 

interacts with a specimen (adapted from ref. [9]). 

2.2.3. Transmission electron microscopy (TEM) 

Transmission electron microscopy (TEM) images were obtained in 

different high-resolution electron microscopes. Images of catalysts W1-

xNb1-xO3 series (see Chapter 4) were obtained in a JEOL JEM300F 

electron microscope operating at 300 kV, with a point resolution of 0.17 

nm. The microscope was equipped with an X-ray microanalysis system 

(ISIS 300, Oxford Instruments, with a LINK “Pentafet” detector) to 

perform crystal by crystal compositional analysis by energy-dispersive X-

ray spectroscopy (XEDS). Analysis by selected area electron diffraction 

(SAED) on W1-xNb1-xO3 were also performed in this microscope.  

The rest of TEM images presented in this doctoral thesis were collected in 

a JEOL JEM-2100F microscope working at an accelerating voltage of 200 

kV, which was equipped with a high-angle annular dark-field (HAADF) 
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detector, and a X-Max 80 detector (Oxford Instruments) for XEDS 

analysis. STEM images in both bright and dark-field modes were also 

collected. The samples were ultrasonically dispersed in n-butanol and 

subsequently deposited on a polymer coated copper grid, which was placed 

into the sample holder.  

When a high energy electron beam goes through a thin sample, a great part 

of those electrons are transmitted and dispersed by the material [8, 9]. A 

transmission electron microscope (TEM) uses diffracted and transmitted 

electrons to form an image, which can be focalized in a charge-couple 

device (CCD) screen or a fluorescent film. Its operation can be compared 

with an optical microscope that makes use of electrons instead of visible 

light as light source, what implies a higher resolution due to the lower 

wavelength of electrons. However, it is not able to reach the maximum 

resolution that theory predicts, as in the case of optical microscopes, since 

TEM uses magnetic lenses to guide electrons. Aberrations that this type of 

magnetic lenses produce make the use of aberration-corrected microscopes 

mandatory to achieve atomic resolution (less than 1 Å). It is also possible 

to perform selected area electron diffraction experiments (SAED). 

Electrons, considered as waves, can interact with a crystalline material as 

if it were a diffraction grating, thus diffracting, and generating a diffraction 

pattern (in the reciprocal space) of the selected crystallographic 

orientation. The pattern is composed by spots that represent a family of 

planes in the crystal structure. By analyzing angles, distribution and 

distances in the reciprocal space it is possible to extract a lot of structural 

information about the space group, lattice parameters or presence of 

defects.  

Scanning-transmission mode (STEM) allows the illumination of higher 

areas of the sample (by rastering electron beam along the sample), what is 

optimal for Z-contrast analysis (high angle annular dark field mode, 

HAADF) and XEDS compositional mapping. In HAADF mode, the image 

is formed by scattered electrons at high angles, that are larger than those 

where Bragg diffraction takes place. This way the image contrast is 

directly related to the weight of the elements in the sample, thus generating 
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a brighter contrast for heavier elements. Scanning-transmission mode is 

the best configuration to elucidate the phase distribution in the catalysts. 

 

2.2.4. Energy-Dispersive X-ray spectroscopy (XEDS) 

As stated above, all the microscopes used during this doctoral thesis had 

X-ray detectors attached to perform XEDS measurements. This technique 

has been applied to determine catalyst compositions, either the average (by 

performing 10-20 analyses at low magnification), or crystal by crystal 

composition (by performing point by point analyses on selected crystals at 

high magnification). In addition, some XEDS maps has been carried out 

to elucidate the phase distribution of specific catalysts. 

XEDS microanalysis exploits the information that derives from the 

inelastic interaction of electrons with matter, in which energy exchange 

takes place [9]. This way, the electron beam interacts with core-level 

electrons, and transfers a specific amount of energy, which promotes a 

core-electron to an unoccupied state over the Fermi-level (i.e. the atom is 

in an excited state). The atom can decay back to the ground state by 

transferring an electron from the outer shell to the hole that the promoted 

electron left.  

 

Figure 2.5. Ionization process which leads to Kα X-ray emission (adapted 

from ref. [9]). 
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This phenomenon can be accompanied by the emission of either X-rays 

(Fig. 2.5) or Auger electrons, that can be detected. Since the energy of 

those emitted X-rays are element-specific, we can use them to detect and 

quantify the concentration of metal species in the catalysts. 

 

2.2.5. X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) measurements were performed to 

study the chemical nature of the surface of the catalysts. XPS analyses 

were carried out in a SPECS spectrometer which was equipped with a 

Phoibos 150 MCD-9 detector. In general, the measurements were carried 

out using a non-monochromatic Al Kα (1486.6 eV) X-ray source. 

However, in the case of V-containing samples, a monochromatic Al Kα X-

ray source was used, in order to avoid the overlapping with O1s satellite 

peak. Spectra were recorded at high-vacuum (10-9 mbar) at an analyzer 

pass energy of 50 eV and an X-ray power of 200 W. Data-treatment was 

performed with CasaXPS software, referencing the binding energy (BE) 

values of all the acquired spectra to C1s (284.5 eV). 

X-ray photoelectron spectroscopy (XPS) is based on photoelectric effect, 

i.e. a sample irradiated with X-rays emits photoelectrons [6, 8, 10, 11]. It 

has attracted wide interest in catalysis science due to its high selectivity to 

the analysis of the top few layers of materials. The method consists in the 

irradiation a sample with X-rays (generally Al Kα, 1486.6 eV; or Mg Kα 

radiation, 1253.6 eV), which promote core-level electrons over the Fermi 

level (EF). The energy necessary to promote an electron from an inner 

orbital to EF is called binding energy (Eb), which is characteristic of each 

element in the periodic table. It is possible to calculate this Eb by 

monitoring the kinetic energy of the emitted photoelectrons according to 

the equation: 

𝐸𝑏 = ℎ𝜈 − 𝐸𝑘 −  𝜙 

Equation 2.3. Binding energy (Eb). 
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where Eb is the binding energy of emitted electrons, hν is the energy of 

incident X-ray photons, Ek is the kinetic energy of emitted photoelectrons, 

and ϕ is the work function of the instrument.  

Photoelectron peaks are named considering the specific orbital from which 

the electron is ejected. This way, an electron presenting an orbital angular 

momentum l (0, 1, 2, 3… for s, p, d, f … orbitals respectively) and a spin 

angular momentum s will present a total momentum j = l + s.  For orbital 

momentum l ≥ 0 there exists multiplicity of states (j = l + s, for s values ± 
1

2
 ), what gives rise to doublets in XPS spectra of p, d and f core-levels. For 

example, XPS spectrum of W 4f core-level spectrum will show a doublet 

corresponding to W 4f7/2 and W4f5/2. Both peaks present the same full half 

width at half maximum (FWHM) and shape, but different area, due to 

degeneracy of final states (2j+1; (Af5/2/Af7/2) = 0.75). The binding energies 

and doublet separations are well reported in bibliography and collected in 

several databases like the National Institute of Standards and Technology 

(NIST) [12] or La Surface [13].  

An XPS spectrum can be interpreted in terms of initial and final state 

effects. Initial state effects comprise mainly the charge on the atom subject 

of study, in which electron binding energies can substantially vary due to: 

i) oxidation state of the element, or ii) chemical environment. Thus, the 

metal species in a different chemical environment will give rise to different 

chemical shifts. In general, higher oxidation states display higher binding 

energy values, i.e. the electrons are more attracted by the nucleus. In the 

same way, bonded electron attractor species will promote shifts to higher 

binding energies, while electron donors will follow the opposite trend, 

shifting the signals to lower binding energies. However, the most intricate 

part of XPS is related with the interpretation of final state effects, which 

occur after photoemission process, and are factors that affect the atom once 

the core-electron has left, or that affect the photoelectron while leaving the 

atom. These effects comprise relaxation processes, hole screening, shake-

up or shake-off processes, etc. In addition, important differential charging 

effects are observed when working with insulators or semiconductors, due 

to inhomogeneities in the electrical conductivity along the sample. This 
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charge can be partially or totally neutralized by using a low energy electron 

flood-gun on the sample, but this can lead to misinterpretations when 

dealing with species that are susceptible to reduction. Internal charging 

corrections are also performed, taking generally the C1s signal as 

reference.  

2.2.6. X-Ray Absorption Spectroscopy (XAS) 

X-ray Absorption Spectroscopy (XAS) experiments on NiO-based 

catalysts (Ni K-edge) were carried out at CLAESS beamline in ALBA 

synchrotron light-source (Barcelona, Spain), and at Spanish Line (BM25-

Spline) at the European Synchrotron Research Facility (ESRF, Grenoble, 

France). All the measurements were performed in transmission mode, 

using in-house cells which allow to work under selected atmosphere and 

temperature (up to 700 ºC) (Fig. 2.6).  

 

 

Figure 2.6. In-house cell for in situ XAS experiments developed at ITQ 

 

Gas flow controllers were used to introduce gases into the cell. Samples 

were diluted with boron nitride and pressed into pellets, which were placed 

into the cell. The optimum mass amount of sample was weighted, in order 

to maximize the signal to noise ratio (Ln(I0/I1) ≈ 1). In situ time-resolved 

XANES spectra were collected in the 8100-8490 eV range (3 
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min/spectrum), meanwhile spectra for EXAFS analysis were collected in 

the 8100-9175 eV range. All the data were normalized using the software 

Athena, which was also used for linear combination fitting (LCF) 

calculations. Metallic Ni and fresh catalysts were used as references for 

LCF. EXAFS fitting was performed with the software Artemis. Additional 

measurements in the W LIII-edge (10150-10300 eV) were also conducted 

on Nb-doped and undoped hexagonal tungsten oxide at ALBA synchrotron 

(Barcelona, Spain). 

X-ray absorption spectroscopy (XAS) deals with the study of the 

oscillations that appear on the high energy zone after the X-ray absorption 

edge of elements in liquids or solids [6, 14, 15]. Generally, these 

oscillations are extended from the core-level absorption edge itself up to 

1000 eV over the edge, and they can reach ca. 10 % of the total absorption. 

The origin of those oscillations is the constructive-destructive interference 

phenomena that occur between the primary electron wave and the 

backscattered waves generated on the next neighbors of the absorbing 

atom. Hence, the hypothetical XAS spectrum of an isolated atom, would 

not present those oscillations. Two main zones in the XAS spectra are 

typically considered: i) XANES region (X-ray Absorption Near-Edge 

Structure), which includes the “pre-edge” zone, to approximately 50 eV 

over the absorption edge; and ii) EXAFS region (Extended X-ray 

Absorption Fine Structure), from 50 eV over the edge up to 1000 eV over 

it (Fig. 2.7). XANES region gives information about electronic properties 

and local geometry of the absorbing atoms (oxidation state, coordination 

geometry, etc.), while EXAFS zone contains information from its short-

range chemical environment (for example, number of neighbors on each 

coordination shell).  

In a typical XAS experiment measured in transmission mode, transmitted 

intensity I(E) is related with original X-ray beam intensity I0(E) by 

Lambert-Beer´s law (Equation 2.4): 
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𝐼(𝐸) =  𝐼0𝑒
−𝜇(𝐸)𝑥 

Equation 2.4. Lambert-Beer´s law. 

where μ(E) is the cross-section of the absorbing atom as a function of 

energy, and x is the sample thickness. The graphical representation of a 

XAS spectrum is usually performed by plotting this cross-section as a 

function of energy, using the following expression derived from Lambert-

Beer´s law (Equation 2.5): 

𝜇(𝐸)𝑥 = 𝐿𝑛 (
𝐼0
𝐼𝑡
) 

Equation 2.5. Expression for the cross-

section of the absorbing atom. 

 

 

Figure 2.7. XAS spectrum of fcc metallic Ni with main regions marked. 

Red-dotted line represents the hypothetical absorption of an isolated Ni 

atom μ0(E). 
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XANES region shape gives information about unoccupied states near 

Fermi level of the absorbing atom. For example, when measuring in the 

LIII-edge (i.e. a 2p orbital), the intensity of the absorption edge is 

proportional to the number of unoccupied d states near Fermi level, i.e. the 

oxidation state of the absorbing atom. In addition, over the absorption 

edge, it is possible to obtain information about local symmetry or bond 

angles. However, a mathematical interpretation of XANES region is quite 

difficult, since multi-scattering phenomena of low-energy photoelectrons 

are predominant in this zone. Thus, a qualitative interpretation of the 

spectra is usually performed. Nevertheless, it is possible to carry out a 

semi-quantitative interpretation by performing linear combination fitting 

using reference spectra, which can be very useful when dealing with in situ 

measurements, tracking the reduction degree and specific oxidation states.  

At approximately 50 eV over the edge, the oscillations start to be 

dominated by single-scattering effects, what makes it possible to extract 

information about the chemical environment of the absorbing atom. This 

region is what we call EXAFS. These oscillations can be mathematically 

interpreted. In fact, EXAFS analysis is based on the mathematical 

treatment of the oscillations of the absorption coefficient μ(E). If we 

consider μ0(E) as the hypothetical absorption coefficient of an isolated 

atom (see Fig. 2.5), μ(E) can be expressed as the variation of μ0(E) due to 

a perturbation χ(E) promoted by backscattering phenomena (Equation 

2.6): 

 

μ(𝐸) =  𝜇0[1 + 𝜒(𝐸)] 

Equation 2.6. Absorption coefficient of the absorbing atom 

expressed as a perturbation χ(E) on the hypothetical absorption 

of an isolated atom. 

 

Consequently, the oscillations of the absorption coefficient can be 

expressed in the following way (Equation 2.7): 
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𝜒(𝐸) =  
μ(𝐸) − 𝜇0(𝐸)

𝜇0(𝐸)

Equation 2.7. Mathematical expression for oscillations in 

the absorption coefficient 

which is then expressed as a function of the photoelectron wavenumber k 

(Equation 2.8): 

𝑘 =  √
2𝑚(𝐸 − 𝐸0)

ℎ2

Equation 2.8. Photoelectron wavenumber. 

where E0 the energy of the absorption edge, m is the mass of the electron 

and h is Planck´s constant. Hence, considering that χ(k) oscillations arise 

from short-range single scattering processes, they can be modeled by using 

the so called EXAFS equation (Equation 2.9): 

𝜒(𝑘) = ∑
𝑁𝑗 𝑓𝑗 (𝑘) 𝑆𝑗(𝑘)  𝑒

−2𝑅𝑗 / 𝜇𝑗 (𝑘)  𝑒−2𝑘
2𝜎𝑗

2

 

𝑘 𝑅𝑗
2

𝑗

 𝑠𝑒𝑛[2𝑘𝑅𝑗 + 𝛿𝑗(𝑘)] 

Equation 2.9. EXAFS equation. 

where j refers to the jth coordination shell; Nj represents the coordination 

number of the jth coordination shell; fj(k) is the scattering amplitude of the 

neighboring atom; Sj is the reduction factor of the scattering amplitude; δj 

(k) is the phase shift function; Rj is the distance to the absorbing atom; 

𝑒−2𝑘
2𝜎𝑗

2

 reflects the atomic disorder, where σ2 is the Debye-Waller factor; 

and  𝑒−2𝑅𝑗 / 𝜇𝑗 (𝑘) accounts for inelastic energy losses in the scattering

process, where μj(k) is the mean free path of the photoelectron. Hence, 

from χ(k) function obtained experimentally, it is possible to determine Rj, 

Nj and σ2 from EXAFS equation, by estimating fj(k), Sj (k), δj (k) and μj(k). 

The achievement of the experimental χ(k) function (see Equation 2.7) 

makes the estimation of μ0(k) mandatory (i.e. the hypothetical absorption 

of an isolated atom). As this value cannot be obtained experimentally, it is 
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simulated by using a set of low-order polynomials, which are adjusted to 

the spectrum by least squares method (see Fig. 2.5).  

Finally, to simplify the analysis of χ(k) function, we can consider it as the 

overlapping of sinusoidal functions corresponding to each type of atom in 

a different coordination shell. This way it is possible to obtain a pseudo 

radial distribution function γn (r) (Equation 2.10) by performing a Fourier 

Transform in the EXAFS region k-range: 

𝛾𝑛 (𝑟) =  
1

2𝜋
∫ 𝜒(𝑘)

𝑘𝑚𝑎𝑥

𝑘𝑚𝑖𝑛

𝑘𝑛𝑒2𝑖𝑘𝑟𝑑𝑘

Equation 2.10. Fourier Transform of χ(k) 

where kn term (with n = 1, 2 or 3) is introduced to increase the integral 

weight at high k values (mainly due to amplitude attenuation). By 

introducing different n values in the Fourier transform it is possible to 

distinguish between heavy or light atoms, since the amplitude of the 

oscillations of atoms with higher Z will increase more drastically as n 

increases. 

Once EXAFS region has been isolated (what includes background 

subtraction, identification of the absorption edge E0, the normalization of 

the absorption step to a value of 1 and the estimation of the hypothetical 

μ0(E) of the isolated atom) it is possible to estimate the coordination 

number of the absorbing atom on each shell, the corresponding atomic 

distances, the edge energy and Debye-Waller factor using the software 

Artemis. 

2.2.7. Fourier-transform infrared spectroscopy (FTIR) 

FTIR spectroscopy was applied to study the characteristic vibrational 

modes of specific metal-oxygen species and other specific groups (like -

OH and NH4
+) in the materials. FTIR spectra were collected at room 

temperature in transmission mode, in the 400-4000 cm-1 frequency range 

with a Nicolet 205xB spectrophotometer at a spectral resolution of 1 cm-1 
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(128 accumulations/spectrum). Samples were previously diluted with KBr 

before the measurement.  

FTIR spectroscopy is based on the absorption of photons by molecules, 

which occurs in transitions between vibrational or rotational levels in 

which the dipolar moment varies. The intensity of a FTIR band is directly 

related to the change in the dipolar moment of the molecule. This explain 

why CO, NO, or OH groups display strong infrared bands, and symmetric 

molecules like H2 or N2 does not show any band in the infrared spectrum. 

In this thesis the use of FTIR has been limited to the study of FTIR regions: 

4000-3000 cm-1 (O-H and N-H stretching vibrations), 1700-1300 cm-1 (O-

H and N-H bending vibrations) and 1200-400 cm-1 (M=O, M-O-M modes, 

and vibrations related to supports). In addition, some FTIR experiments 

with probe molecules were performed, mainly FTIR of adsorbed pyridine 

and carbon monoxide (see parts 2.2.11 and 2.2.12 in Experimental section) 

[8]. 

 

2.2.8. Raman spectroscopy 

Raman spectroscopy was used to study the characteristic vibrational 

modes of metal-oxygen species in metal oxides (mainly M=O and M-O-

M). Spectra were recorded in a Renishaw inVia spectrometer equipped 

with an Olympus microscope and a Renishaw HPNIR laser. Exciting 

wavelength used was 514 nm, which corresponds to the green zone of the 

electromagnetic spectrum, with a power on the samples of approximately 

15 mW.  

Raman spectroscopy is based on the analysis of the inelastic radiation 

scattered by molecules or solids. In contrast to FTIR spectroscopy, in 

which the samples absorb photons with the same energy of a specific 

vibrational mode, the mechanism in this case is different. In Raman 

spectroscopy, the sample is irradiated with a monochromatic radiation in 

the visible light range (514 nm in our case). Most of the photons will 

undergo elastic scattering, i.e., the molecules or metal oxide species will 
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be vibrationally excited over their ground state, and will decay back to the 

ground state, with no energy exchange occurring (this is known as 

Rayleigh scattering). However, when the excited species decay to the first 

vibrational level (i.e. decay into an excited state), there is an effective 

energy transfer, in which the photon loses an amount of energy equal to 

the one of that excited level, leaving the sample with a lower energy, and 

giving rise to the “Stokes band”. There exists also the “anti-Stokes band”, 

in which the photon leaves the sample with a higher energy, as a result of 

the interaction with a vibrationally excited molecule, which is in addition 

excited to an unstable energy level. The decay to the ground state gives 

rise to this energy gain. Nevertheless, anti-Stokes band has much lower 

intensity than Stokes band, since the number of excited species is very low. 

By using a monochromator, the Rayleigh scattering component is filtered 

out, and just the inelastic scattered radiation is collected.  

Not all the vibrational modes can be observed, only modes in which there 

exists a change in the polarizability of the molecule are detected by Raman, 

i.e. vibrations in which the molecules change their shape. This makes this 

technique complementary to infrared spectroscopy (specially for highly 

symmetric molecules, that do not show any signals in the infrared). 

However, Raman in much less sensible technique than FTIR, due to the 

high intensity of Rayleigh scattering component with respect to 

inelastically scattered photons, but also due to the presence of fluorescence 

phenomena, that increase the contribution of background, and makes it 

difficult to distinguish weak signals. Nevertheless, Raman spectra usually 

show a lower number of bands than FTIR, leading to less complicated 

spectra, what it makes their interpretation easier [19]. 

 

2.2.9. N2-physisorption 

Textural properties of synthesized catalysts were elucidated by means of 

N2-physisorption. N2-adsorption isotherms were collected in a 

Micromeritics ASAP 2000 instrument. About 200 mg of sample were 
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outgassed under vacuum at 250ºC prior to adsorption. The experiments 

were carried out in the relative pressure (p/p0) 0-1 range at 77 K.  

Surface areas of all the samples were calculated by Brunauer-Emmet-

Teller (BET) method. First, adsorption isotherm is transformed into the 

BET plot (Equation 2.12): 

1

𝑛[(
𝑝
𝑝0
) − 1]

=
1

𝑛𝑚𝐶
+

𝑝

𝑝0
 
𝐶 − 1

𝑛𝑚𝐶
 

Equation 2.12. BET equation 

where n is the amount of adsorbate, nm is the monolayer capacity, p/p0 is 

the relative pressure and C is a constant that accounts for adsorbate-

adsorbent interactions. Then, we can obtain the monolayer capacity nm 

(moles of adsorbate in the monolayer) by a simple linear regression 

calculation in the range of relative pressures p/p0 = 0.05-0.25. Finally, the 

surface area of catalysts was calculated using Equation 2.13: 

𝑆𝐵𝐸𝑇 = 𝑛𝑚 𝑁𝐴 𝜎 

Equation 2.13 

where nm are the moles of N2 in the monolayer, NA is the Avogadro 

constant and σ is the cross-sectional area of the adsorbate (0.162 nm2 for 

nitrogen molecule). 

Mesopore volumes and pore size distributions were estimated by Barrett-

Joyner-Halenda (BJH) method, which is based on Kelvin equation [16]. 

Broadly speaking, BJH method is the first derivative of the cumulative 

adsorbed volume.  The procedure consists in the calculation of pore radius 

(r) derived from Kelvin equation, and the representation of dV/dr as a 

function of r (or pore diameter), i.e. the slope of the variation of adsorbed 

volume for each calculated pore size. This gives an estimation of the pore 

size distribution, and accumulative volumes in a selected pore size. For 

instance, cumulative volumes in the mesopore size region gives the 

mesopore volume. In this thesis BJH method has been applied to 

adsorption branch of the isotherms, in order to avoid the artifacts derived 
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from the tensile strength effect observed in the desorption branch, which 

produces a fast release of N2 (i.e. forced closure of the isotherm) and gives 

a false narrow pore size distribution centered at ca. 3.8 nm. [17].  

 

2.2.10. Pulse chemisorption and temperature programmed desorption 

of ammonia (TPD-NH3) 

Pulse chemisorption and subsequent TPD-NH3 were applied to study the 

acid properties of the materials. Experiments were conducted in a 

Micromeritics TPD/2900 instrument. The catalysts (0.2 g) were pretreated 

at 350 ºC under argon stream for 1h. Then NH3 was chemisorbed by pulses 

at 100 ºC until equilibrium was achieved. Prior to increase the temperature, 

the sample was kept under helium stream at 100 ºC for 15 min in order to 

eliminate physisorbed ammonia. Finally, temperature was increased up to 

500 ºC at a heating rate of 10 ºC min-1. Desorbed NH3 was monitored by 

using mass spectrometry and a thermal conductivity detector (TCD). 

TPD-NH3 is a wide extended technique to study the acid characteristics of 

catalysts. It allows the quantification of surface acid sites by measuring the 

amount of chemisorbed ammonia (i.e. molNH3 g
-1). In fact, ammonia is a 

hard base that can interact with Lewis acid sites (via electron lone pairs on 

nitrogen atom) and with Brönsted acid sites (by accepting a surface 

proton). In addition, it is possible to assess the relative strength of those 

surface acid sites by monitoring NH3 desorption. In this respect, ammonia 

will be desorbed at higher temperatures as the acid strength of the site to 

which it is chemisorbed increases, i.e. the higher the strength of the acid 

site, the higher the stability of NH3 in the chemisorbed state. Although it is 

a very useful technique, it is quite time-consuming and it does not allow to 

distinguish between Lewis and Brönsted-type acid sites. To be able to 

differentiate between both types of sites, spectroscopic techniques with 

probe molecules are needed. 
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2.2.11. Fourier-transform infrared (FTIR) spectroscopy of adsorbed 

pyridine 

FTIR spectroscopy using pyridine as probe molecule was used to quantify 

the number of Lewis and Brönsted acid sites on the catalysts. The 

experiments were carried out in a Nicolet 710 spectrophotometer, where 

self-supported pellets (ca. 10 mg) were outgassed under vacuum (10-2 Pa) 

at 200 ºC for 12 h. Pyridine was then introduced into the cell (6.5 102 Pa) 

and, when equilibrium was achieved, the cell was degassed at 150 ºC and 

cooled down to room temperature. At this point, FTIR spectra of adsorbed 

pyridine were recorded. In all cases, a spectrum collected in vacuum prior 

to pyridine adsorption was used as background. The background was 

subtracted from each spectrum, and the absorbance was normalized to 

weight (10 mg) before calculations. The concentration of Lewis and 

Brönsted acid sites was calculated from integrated absorbance of the 

signals at ca. 1450 and 1545 cm-1 following the methodology proposed by 

Emeis (Equation 2.14) [18]. These signals correspond to the ring bending 

vibrational modes of: i) pyridine coordinatively bonded to Lewis sites 

(band at 1450 cm-1); and ii) pyridine in the form of pyridinium ion (PyH+) 

due to its interaction with Brönsted acid sites (band at 1545 cm-1) (Fig. 

2.8) [18-20]. 

 

 

𝐶 (𝐿) = 1.42 𝐴(𝐿) 𝑅2 𝑊−1  

𝐶 (𝐵) = 1.88 𝐴(𝐵) 𝑅2 𝑊−1  

Equation 2.14. Expressions to calculate the concentration of Lewis 

(C(L), in mmol g-1) and Brönsted acid sites (C(B), in mmol g-1); where 

A(L) and A(B) are the integrated absorbance of FTIR signals of 

pyridine coordinated to Lewis or Brönsted sites; R is the pellet radius; 

and W is its weight. 
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Figure 2.8. Example of a FTIR spectra of adsorbed 

pyridine of a solid acid catalyst presenting both 

Brönsted and Lewis acid sites. 

 

2.2.12. Fourier-transform infrared (FTIR) spectroscopy of adsorbed 

CO at low temperature 

FTIR spectroscopy of adsorbed CO was performed in transmission mode 

at 77 K in a Perkin–Elmer PE 100 spectrometer, in the Department of 

Inorganic Chemistry in the Fritz Haber Institute of the Max Planck Society 

(Berlin, Germany). Spectra were collected at a resolution of 0.5 cm-1 (256 

accumulations per scan). Catalysts were pressed into wafers (2.5 T) of 

approximately 20 g cm-2, and introduced into the IR cell connected to a 

vacuum system. Prior to CO adsorption, catalysts were activated under O2 

atmosphere (200 mbar) at 300 ºC for 2 h and cooled-down to room 

temperature. Then the cell was evacuated (P ≈ 5.10-6 mbar) and 

subsequently cooled-down to 77 K in a 2.0 mbar He atmosphere to 

promote heat-transfer. Once a temperature of 77 K was reached, a 

spectrum of activated sample was recorded. Then increasing amounts of 

CO were added, and spectra at different equilibrium pressures were 

recorded (Peq = 0.001 - 6.400 mbar).  Finally, the cell was evacuated at 77 
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K, and CO desorption was monitored at decreasing equilibrium pressures 

(Peq = 0.100 – 5. 10-6 mbar). In some cases, data are presented as difference 

spectra, where the spectrum of the activated sample (recorded at 77 K) is 

subtracted from each measurement. 

Carbon monoxide is a soft base, i.e. presents high polarizability (despite 

its small size). Due to this, it shows low interaction with solid surfaces, 

what makes the use of low temperatures necessary (usually 77 K), since it 

presents a low heat of adsorption [20-22]. CO molecule is very sensitive 

to the interaction with protic (mainly H+) and aprotic acid sites (Lewis or 

coordinatively unsaturated metal sites, CUS) but also to the strength of 

both types of acid sites on the same material. It can directly interact with 

surface -OH groups, leading to negative shifts of O-H stretching modes. In 

addition, carbonyl stretching frequency can vary significantly with respect 

to its gas-phase frequency (2143 cm-1) depending on the specific 

interaction with a surface site (especially with CUS sites). CO firstly forms 

donor bonds of σ-character (via its 5σ orbital) with surface metal centers. 

Then Metal-carbon bond can be stabilized via π-backdonation from d 

orbitals from the metal to antibonding π* orbital of CO, what will shift 

carbonyl frequencies to lower values (always comparing with gas-phase 

frequency of carbonyl, 2143 cm-1). If no π-backdonation mechanism is 

present and σ-bond is prevalent, C-O frequency shifts to higher 

frequencies. Consequently, σ-bond will dominate when metal sites present 

low electron density on d orbitals (as in the case of d0 cations like W6+ or 

Nb5+).  

 

2.2.13. Temperature-programmed reduction (TPR) 

Temperature-programmed reduction was applied to study the reducibility 

of prepared catalysts. H2-TPR experiments were carried out in a 

Micromeritics Autochem 2910 instrument, equipped with a thermal 

conductivity detector (TCD). About 20 mg of sample were exposed to a 

reducing stream consisting of a mixture of 10 % H2 in Ar (flow rate of 50 
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mL min-1). Then the temperature was increased up to 800 ºC at a heating 

rate of 10 ºC min-1.  

TPR experiments can be very useful when dealing with partial oxidation 

catalysts. In this sense, it is possible to probe cationic species, which can 

be detected, since they will present hydrogen uptakes at specific 

temperatures. For example, hardly reducible cationic species like W6+ will 

present hydrogen uptakes at higher temperatures than V4+/5+ or Ni2+, since 

the latter present a considerable redox activity (i.e. high reducibility). In 

addition, it is also a very useful technique to titrate the amount of metal 

oxide in supported catalysts, since it is directly related to the total amount 

of hydrogen uptake observed (i.e. when the total reduction of the metal 

oxide takes place). 

 

2.2.14. Thermogravimetric analysis (TG-DTA) 

TG-DTA analyses were performed in a Mettler-Toledo thermobalance 

(TGA/SDTA 851). About 10 mg of sample were introduced in the device, 

and were heated up to 600 ºC under synthetic air flow (50 mL min-1). 

Heating rate used was 10 ºC min-1. 

Thermogravimetric analysis is used to study weight changes in solid 

samples as a function of temperature in a selected atmosphere. For this 

reason, it is mainly performed on as-prepared catalysts, since it can be very 

useful to study the weight losses during the activation treatment. 

Nevertheless, it is also useful to study activated materials, since we can 

probe weight gains, which can be associated to specific oxidation states of 

constituent elements. The technique can be also applied to the study of 

used catalysts, for example, in order to quantify coke or carbon deposits.  

 

2.3. Catalytic tests 

The materials prepared in this doctoral thesis have been tested as catalysts 

for several chemical transformations. The specific equipment and 
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procedure to determine the catalytic properties of the materials will be 

briefly outlined in this section.  

 

2.3.1. Gas phase aerobic transformation of glycerol 

Gas phase aerobic transformation of glycerol was carried out in the 

temperature range 280–350 °C in a fixed-bed reactor at atmospheric 

pressure. In general, reaction mixture consisted of glycerol-water-oxygen-

nitrogen-helium with a molar ratio of 2/40/4/15/39 or 6/37/12/45/0, using 

contact times, W/F, from 81 to 150 gcat h molglycerol,)
−1. The effluent stream 

was bubbled through a condenser device at 0–3 °C, while the remaining 

gaseous stream containing mainly carbon oxides and oxygen was analyzed 

by on-line gas chromatography. 

The remaining gaseous stream was analyzed with a HP-G1540A gas 

chromatograph, with a TCD detector, and equipped with: i) molecular 

sieve 5 Å (3 m length); and ii) Porapak Q (3 m) (Fig. 2.9). The condensed 

mixture containing all the reaction products and the unconverted glycerol 

was analyzed by gas chromatography, using a Varian 3900 

chromatograph, equipped with a 100% dimethylpolysiloxane capillary 

column (100 m× 0.25 mm× 0.5 μm) and a FID detector.  

As stated above, both liquid and gaseous streams are obtained during the 

catalytic tests. Liquids were recovered every 1.5 h of time on stream and 

were analyzed by gas chromatography using pentanoic acid as standard. 

Relative molar response factors were previously obtained by analyzing 

standard solutions of glycerol and products of known concentration. The 

main reaction products in all cases were acrylic acid, acrolein, acetic acid 

and acetaldehyde. Other products were detected in chromatograms, which 

always represented less than 1% yield. Total moles present in the mixture 

were obtained from weighted amounts of pentanoic acid added to mixture 

aliquots, while molar compositions were calculated from molar fractions 

obtained from areas and relative response factors of the reactants and 

products (Fig. 2.10).  
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Regarding the analysis of the gaseous stream, N2 was used as internal 

standard to calculate the total number of moles in the gas effluent. 

Response factors were obtained from standard gas bottles with known 

composition. The composition of the mixture was calculated with molar 

fractions obtained from areas and relative response factors of reactants and 

products (CO2, CO, acrolein, acrylic acid, acetic acid and acetaldehyde).  

 

 

Figure 2.9. Scheme of the reaction system for the gas-phase aerobic 

transformation of glycerol. 
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Once molar compositions of the gases and liquids are elucidated, yields 

were calculated from the number of carbon moles in initial glycerol, and 

in products (liquids + gases). In the same way, carbon balance was 

calculated from the total number of carbon moles in analyzed products and 

in the initial feed. Glycerol conversion was calculated from initial and final 

glycerol moles in the stream. Then selectivity to each product was obtained 

from glycerol conversion and yield values. Carbon balances were in the 

range 70-100%.  The lower carbon balance values obtained in some 

reactions were due to the formation of high molecular weight compounds 

that are not eluted in the gas chromatograph, that are also, in some cases, 

deposited in the reactor system´s tubing. Hence, the yield to these heavy 

by-products is calculated by the percentage needed to close the carbon 

balance. These calculations are summarized in (Fig. 2.10). 

 

 

 

Figure 2.10. Summarized calculations for the determination of the catalytic properties on 

the gas phase transformation of glycerol. 
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2.3.2. Gas phase aerobic transformation of methanol and ethanol 

The gas phase aerobic transformation of methanol and ethanol was carried 

out in a fixed bed reactor at atmospheric pressure. Catalysts were tested in 

the 180-380 ºC temperature range and contact time, W/F, from 6.8 to 13.6 

gcat h molCH3OH
-1. Feed composition consisted of an alcohol-oxygen-

nitrogen mixture with a molar ratio of 6/13/81.  

Reactant and products were analyzed on-line by gas chromatography, 

using an Agilent 7890A gas chromatograph, with both thermal 

conductivity detector (TCD) and flame ionization detector (FID), equipped 

with two different chromatographic columns: i) molecular sieve 5 Å (3m 

length); and RT-U bond (30 m, 0.53 mm).  

The procedure for the analysis of reactants and products was the same that 

the one performed in the gas-phase aerobic transformation of glycerol. In 

this case, there is just a gaseous stream to analyze, then, the calculations 

are only performed with the results obtained with the gas chromatograph 

connected on-line. Carbon balances were always in the range 95-100 %. 

 

2.3.3. Oxidative dehydrogenation of ethane (ODH) 

The catalytic tests for the oxidative dehydrogenation of ethane to ethylene 

were performed in a fixed bed quartz tubular flow reactor at 450 °C. 

Catalysts were diluted in CSi (silicon carbide, 0.59 mm particle size) to 

keep a constant catalytic bed volume. In a typical experiment, 100 mg of 

catalyst (0.42-0.59 mm, particle size) were used, at a total flow of 50 mL 

min-1. Total flow and catalysts weight were varied in order to attain 

different ethane conversion values at a given temperature. The feed 

consisted of a mixture of C2H6/O2/He with molar ratios of 5/5/90. In 

oxygen-free experiments, the feed consisted of a mixture of C2H6/He with 

molar ratios of 5/95. 

Reactants and products were analyzed by means of on-line gas 

chromatography with a system of two packed columns: i) molecular sieve 

5 Å (3 m length); and ii) Porapak Q (3 m). The main reaction products 
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obtained were ethylene and CO2. In all cases negligible amounts of CO 

were detected (selectivity to CO lower than 1 %). Blank runs with neither 

catalyst nor silicon carbide showed no conversion of ethane. The analysis 

of reactants and products was the same to that presented above for the gas-

phase aerobic transformation of glycerol or methanol/ethanol (see section 

2.3.1 and section 2.3.1, as well as in Fig. 2.10). 

  

2.3.4. Aqueous phase catalytic transformation of biomass-derived 

short-chain oxygenates 

Catalytic tests were carried out into PEEK-lined stainless steel autoclaves 

equipped with pressure control, a magnetic stirrer and a sampling valve. 

Autoclaves were covered with a steel jacket equipped with a temperature 

control system. Feed consisted of an aqueous model mixture of acetic acid-

propanal-acetol-ethanol-water (wt.% ratio of 30/25/5/10/30), which 

resembles that of a waste effluent derived from the aqueous phase 

separation of a pyrolytic bio-oil.  

The experiments were performed with 150 mg of catalyst and 3 g of 

aqueous mixture, at a N2 pressure of 15 bar and at 180 and 200 ºC. Small 

volumes of reaction mixture (50-100 μL) were collected at different time 

on stream (i.e. from 1h to 7 h).  

Reaction mixtures were analyzed by gas chromatography in a Bruker 430 

GC with a capillary column (TRB-624, 60 m length) and a FID detector. 

Reactants and intermediate products were quantified using FID response 

factors obtained by calibration using chlorobenzene as internal standard.  

On the other hand, longer chain oxygenates were grouped as C5-C8 and C9-

C10, and analyzed in intervals. Identification of products was carried out 

by GC-MS, in an Agilent 6890 N GC, which was coupled with an Agilent 

5973 N mass selective detector and equipped with a HP-5ms capillary 

column. In this case, response factors were estimated by group 

contributions technique.  
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A maximum theoretical total organic yield can be calculated considering 

that: i) 100 % of conversion of each reactant, ii) acetic acid can be equally 

converted into ethyl acetate and acetone and, iii) all the feed is converted 

into C9 products, i.e. neither intermediate nor higher carbon chain products 

are obtained. This assumption leads to a product mixture containing 51.3 

wt.% water, 19.1 wt.% ethyl acetate, and 29.6 wt.% of C9 products. Hence, 

yield and selectivity to products were calculated assuming a theoretical 

maximum total organic yield of 29.6 wt.%, and referred to this absolute 

maximum yield.  

For instance, taking into consideration this maximum total organic yield 

(29.6 wt.%), the results in a catalytic test leading to a 15.0 wt.% of absolute 

total organic yield will be presented as follows: 

𝑇     𝑂𝑟  𝑛   𝑌 𝑒 𝑑 (𝑤 .%) =  
15.0

29.6
. 100 = 55.7 % 
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3.1. Previous considerations 

Tungsten oxide-based materials are one of the most versatile systems 

regarding their multiple applications in materials science, which cover a 

wide variety of fields, such as superconductivity, gas sensing, 

electrochromics or catalysis [1-4]. Considering catalytic applications, 

tungsten oxides have been used as supports and electrocatalysts for fuel 

cells [5-8]. Focusing on partially reduced tungsten oxides, also known as 

tungsten oxide bronzes, they have been proposed as efficient catalysts for 

the hydrogenation of linear and cyclic alkenes, organosulfur compounds 

and nitroarenes [9]. Moreover, they have also been applied as 

electrocatalysts for oxygen reduction [10] and photocatalysts [11]. Their 

extraordinary structural and compositional versatility makes these 

materials good candidates for the incorporation of different catalytic 

functionalities. In fact, materials based on tungsten bronzes have already 

been proposed as catalysts for the partial oxidation of olefins [12] and as 

acid-redox multifunctional materials for the direct transformation of 

glycerol into acrylic acid in a one-pot system [13-15]. From the synthetic 

point of view, it has been demonstrated that synthesis conditions (i.e. pH, 

organic additives or type of precursors in the synthesis) can have an 

important effect on the physicochemical properties of the oxides and, 

subsequently, on the catalytic properties of the final materials [16-19]. 

In the following chapter, the influence of the phase composition of W-V-

O materials (mainly the concentration of m-WO3 and h-WO3-type 

structures) on their multifunctional acid and redox properties has been 

studied. For this purpose, a series of W-V-O catalysts, which present a 

similar chemical composition (i.e. vanadium content), were prepared by a 

hydrothermal method (see point 2.1.1 in Experimental Section), by using 

different tungsten, vanadium and ammonium precursors (Table 3.1).  

The catalysts have been characterized by X-Ray diffraction (XRD), N2- 

adsorption, Raman and FTIR spectroscopies, temperature-programmed 

desorption of ammonia (TPD-NH3), temperature-programmed reduction 

with H2 (H2-TPR) and X-ray photoelectron spectroscopy (XPS). 
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Table 3.1. Precursors used in the hydrothermal synthesis of W-V-O catalysts. 

Sample 

Precursors 

W-precursors a V-precursors b NH4
+-salt 

MT-1 (NH4)6H2W12O40 VOSO4 - 

MT-2 (NH4)6H2W12O40 VO(acac)2 - 

T-1 H2WO4
 VOSO4 NH3(aq)/NH4Cl 

T-2 H2WO4 VOSO4 NH4SO4 

T-3 H2WO4 VOSO4 NH4Cl 

T-4 H2WO4 VOSO4 NH4CH3CO2 

T-5 H2WO4 VO(acac)2 NH4CH3CO2 

a Ammonium metatungstate, (NH4)6H2W12O40 or tungstic acid, H2WO4. 

b Vanadyl sulfate, VOSO4 or vanadyl acetyl acetonate, VO(acac)2.  

The aerobic transformation of methanol was used as a model reaction in 

order to estimate the acid-redox multifunctional properties of the catalysts. 

Finally, these multifunctional properties have been correlated with their 

catalytic behavior in the one-pot aerobic transformation of glycerol into 

acrylic acid, evidencing the importance of the crystal structure to obtain 

selective catalysts. 

3.2. Physicochemical characterization of W-V-O oxides 

The main physicochemical features of W-V-O catalysts are shown in 

Table 3.2, whereas the precursors used in the synthesis of each catalyst are 

presented in Table 3.1. All the materials display a V/(V+W) ratio in the 

range 0.12 - 0.18, which is below the maximum theoretical V-content in a 

hexagonal tungsten bronze-type phase (HTB or h-WO3) considering a 

V/(V+W) max of 0.3. 
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Table 3.2. Physicochemical characteristics of W-V-O catalysts. 

Sample 

V/(W+V) 

atomic ratio  

 h-WO3 phase 

content  

(%) c 
SBET 

(m2/g) 

Weight 

loss at 

350 ºC  

(%)d 

TPD-NH3 
 

(μmol/g) e 

bulk a  surface b  
 as-

prepared 

heat-

treated 

MT-1 0.17 0.05  100 100 20.5 5.42 n.d. 

MT-2 0.17 0.16  n.d.f n.d.f 16.1 5.37 127 

T-1 0.16 0.07  100 100 32.8 5.65 241 

T-2 0.12 n.d.  42 31 13.5 2.58 n.d. 

T-3 0.12 0.08  46 26 7.2 1.77 50 

T-4 0.17 0.15  41 0 7.9 2.91 86 

T-5 0.18 0.19  60 54 26.6 4.82 88 

a Composition obtained by X-Ray energy-dispersive spectroscopy (XEDS). b Obtained by X-

Ray Photoelectron Spectroscopy (XPS). c Estimated from (100) and (022) Bragg reflections 

using the following equation: HTB (%) = 100 x I100(HTB)/[I022(m-WO3)+I100(HTB)].                   
d Calculated by thermogravimetric analysis. e Temperature-programed desorption of 

ammonia. f A pseudocrystalline phase is only observed (no Bragg signals from HTB phase). 

 

This limitation in the incorporation of vanadium atoms into the structure 

comes from the maximum number of M5+ species in octahedral sites that 

can be incorporated within HTB phase. This fact is in addition related with 

the occupancy limit of the hexagonal channels within the framework (h-

A0.3W
6+

0.7W
5+

0.3O3) [20-22]. However, other systems, like W-Nb-O, allow 

the introduction of dopant concentrations that exceed this hypothetical 

limit, with the subsequent structural implications (see Chapter 4).  

XRD patterns of as-prepared materials are shown in Figure 3.1 A, whereas 

the XRD of the corresponding heat-treated catalysts are presented in 

Figure 3.1 B. Regarding as-prepared materials, two different pure bronze-

type phases have been obtained when ammonium metatungstate and/or 

ammonia/ammonium chloride are added as ammonium precursors in the 

synthesis: i) a hexagonal tungsten bronze type structure (h-WO3, JCPDS: 
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33-1387) (Fig. 3.1 A, patterns a and c) [13, 20]; and ii) an oxide with a 

pseudocrystalline structure, which presents long range order just along 

[001] direction (i.e. c-axis) (Fig. 3.1 A, pattern b) [23]. This loss of 

periodicity along a-b plane makes it difficult to ascribe this pattern to a 

specific crystal structure. Therefore, it just can be attributed to a 

perovskite-related ReO3-type crystal structure, in which long range order 

is only maintained along [001] direction, in which 2θ values of Bragg 

signals observed correspond to the interplanar distances of vertex-sharing 

octahedra (≈ 3.8 Å). 

Figure 3.1. XRD patterns of as-prepared (A) and heat-treated W-V-O catalysts. a) MT-

1; b) MT-2; c) T-1; d) T-2; e) T-3; f) T-4; g) T-5. Crystal structures of m-WO3 (blue) and 

h-WO3 (red) type phases are also included. 

On the contrary, when tungstic acid was used as tungsten source, a 

monophasic h-WO3 was only obtained by using a mixture NH3/NH4Cl as 

ammonium precursor (Fig. 3.1 A, pattern c). The use of other ammonium 

sources in the synthesis gave rise to mixtures of h-WO3 and a perovskite-

related ReO3-type monoclinic phase of tungsten trioxide (m-WO3, JCPSD: 

43-1035) (Fig. 3.1 A, patterns d-g).  
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An additional unknown crystalline phase was found when tungstic acid, 

vanadyl acetylacetonate and ammonium acetate were employed as 

precursors (Fig. 3.1 A, pattern g). Nevertheless, this unidentified phase 

decomposes after the heat-treatment (Fig. 3.1 B, pattern g). All these 

observations suggest that the presence of metatungstate ion, or the possible 

in situ formation of polytungstate species during the hydrothermal 

treatment could have a high influence in the formation of pure bronze 

phases [12, 24, 25].  

XRD profiles of heat-treated materials are presented in Figure 3.1 B. 

Interestingly, only pure h-WO3 samples retain their original crystalline 

structures (Fig. 3.1 B, patterns a and c). In the rest of materials, h-WO3 

phases partially decompose into m-WO3. The hexagonal phase content in 

both as-prepared and heat-treated materials was estimated from the 

intensity of (002) and (100) reflections of m-WO3 and h-WO3 respectively 

(Table 3.2). In this regard, as-prepared oxides display a h-WO3 phase 

content in the range 41-100 %, meanwhile in heat-treated samples the 

hexagonal tungsten bronze phase content is in the range 0-100 %. It is 

worth mentioning that, in general, bronze phases (pseudocrystalline and h-

WO3) present higher surface areas than those presenting m-WO3 (Table 

3.2). 

Figure 3.2 shows scanning electron microscopy (SEM) images of as-

synthesized oxides. It is noteworthy that pure-bronze phases (either h-WO3 

or the pseudocrystalline oxide) display 1D morphologies, i.e. rod-like or 

needle-like nanostructures (Fig. 3.2, a-c). On the other hand, the rest of 

materials tend to show also a high concentration of block-shaped 

morphologies (Fig. 3.2, d-g). In this sense, these block-type morphologies 

could favor the decomposition of the hexagonal phase of the tungsten 

oxide. Block-shaped materials expose a higher proportion of (001) 

crystallographic faces, what would promote an easier elimination of NH4
+ 

ions from the hexagonal channels in the h-WO3 structure, thus facilitating 

the phase transition to m-WO3 [26, 27].  
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Figure 3.2. SEM micrographs of as-prepared W-V-O materials. a) MT-1; b) MT-2; c) T-

1; d) T-2; e) T-3; f) T-4; g) T-5. 

Figure 3.3. SEM and TEM images of heat-treated W-V-O materials. A) MT-1 (h-WO3); 

B) T-4 (m-WO3); C) T-5 (h-WO3 + m-WO3).
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Interestingly, needle and rod-shaped materials maintain their crystal shape 

after the heat-treatment (Fig. 3.3 A), while block-shaped crystals are no 

longer observed, and are transformed into platelet-like particles, which 

have been identified with m-WO3-type phase (Fig. 3.3 B). In fact, those 

unidimensional crystal morphologies can be attributed to bronze-type 

materials [28-30]. Therefore, materials presenting a mixture of h-WO3 and 

m-WO3 phases show both platelet and 1D morphologies (Fig. 3.3 C). 

Raman spectra of heat-treated materials are shown in Figure 3.4. All the 

catalysts show three bands around 700, 800 and 900 cm-1, which can be 

assigned to W-O-V, W-O-W and M=O (M: W, V) bridge and stretching 

vibrations, respectively [31-33]. The absence of Raman bands over 1000 

cm-1 suggests that no V2O5 is formed after heat-treatment [34].  

 

 

Figure 3.4. Raman profiles of heat-treated W-V-O materials. 

a) MT-1; b) MT-2; c) T-1; d) T-2; e) T-3; f) T-4; g) T-5. 
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Monophasic m-WO3 catalyst display Raman signals at 709, 808 and 983 

cm-1 (Fig. 3.4, spectrum f). This signals are slighty shifted to lower 

frequencies for pure h-WO3 phase catalyst (683, 800 and 969 cm-1) (Fig. 

3.4, spectrum a). Hence, for catalysts in which both crystal phases are 

present, the coexistence of the corresponding Raman bands of each 

structural type is observed (Fig. 3.4, spectra d, e and g). 

Differential thermogravimetric analyses (DTG) were performed on as-

prepared materials (Fig. 3.5).  DTG profiles display two main weight 

losses: i) below 200 ºC, which can be assigned to the elimination of 

physisorbed water; and ii) in the range 250-450 ºC, which can be ascribed 

to the elimination of NH4
+ cations from the channels [35, 36].  

 

 

Figure 3.5. DTG profiles of as-prepared oxides: a) MT-1; b) 

MT-2; c) T-1; d) T-2; e) T-3; f) T-4; g) T-5. 
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Materials with high amounts of h-WO3 or pseudocrystalline phase present 

higher weight losses (Table 3.2). In addition, samples with higher 

concentration of bronze phases also show a weight gain around 500 ºC, 

which can be assigned to the oxidation of V4+ or W5+ species into V5+ or 

W6+ respectively (Fig. 3.5). 

The activation process of W-V-O materials was studied by analyzing the 

characteristic stretching vibrational modes of O-H and N-H in as-prepared 

and heat-treated materials by FTIR spectroscopy (Fig. 3.6). All as-

prepared catalysts show three bands in the 3000-3700 cm-1 region (Fig. 3.6 

A). The signal at 3430 cm-1 can be assigned to O-H stretching vibrations, 

while bands at 3215 and 3144 cm-1 correspond to N-H stretching vibrations 

of the ammonium groups inside the channels [35, 37, 38].  

 

Figure 3.6. FTIR spectra of as-synthesized (A) and heat-treated (B) W-V-O 

materials: a) MT-1; b) MT-2; c) T-1; d) T-2; e) T-3; f) T-4; g) T-5. 

After heat treatments the spectra show the presence of the band 

corresponding to OH groups (i.e. 3430 cm-1), while the bands ascribed to 

NH4
+ groups are not observed anymore (Fig. 3.6 B). The elimination of 
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WO3 phase) has been suggested to be the cause of the formation of 

Brönsted acid sites in bronze-type oxides [39].  

The acid characteristics of W-V-O catalysts were determined by means of 

NH3 chemisorption and subsequent temperature-programmed desorption 

(TPD-NH3) (Table 3.2 and Fig. 3.7).  It is observed that higher contents 

of h-WO3 give rise to a higher concentration of surface acid sites (Fig. 3.7, 

A and B).  

Figure 3.7. TPD-NH3 profiles of W-V-O catalysts (A) and the variation of adsorbed 

ammonia as a function of h-WO3 content (B) and surface area (C): a) T-4 (m-WO3 

type catalyst); b) T-3; c) T-5; d) MT-2; e) T-1 (h-WO3 type catalyst). 

These results suggest that the presence of the hexagonal channels in the h-

WO3 phase could promote the formation of Brönsted acid sites, by the 

elimination of ammonium cations located at those channels by high 

temperature heat-treatments [39]. For this reason, the amount of surface 

acid sites is much lower in m-WO3 type phase (Table 3.2). Despite this, 

the effect of the higher surface areas observed in samples with a higher h-

WO3-type phase contents cannot be ruled out. In fact, the concentration of 

surface acid sites also increases linearly with the specific surface area of 
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the catalysts.  In this sense, m-WO3, which presents a more compact crystal 

structure, favors the formation of larger crystals after heat treatments, 

giving rise to lower surface areas (Fig. 3.7, C).  

The surface chemical nature of W-V-O catalysts was investigated by XPS 

spectroscopy.  Surface V/(W+V) atomic ratios are summarized in Table 

3.2; whereas the XPS spectra (V 2p3/2 and W 4f core levels) are shown in 

Figure 3.8. V 2p3/2 core level XPS spectra of the catalysts are presented in 

Figure 3.8 A. The spectra show a single peak at 517.1-517.6 eV, assigned 

to the presence of surface V5+ species [15]. Only in the case of sample MT-

1, an additional contribution at lower binding energy is observed (ca. 

515.7, 14 at. %) which can be ascribed to V4+ species [15].  

Figure 3.8. V 2p3/2 (A) and W 4f (B) core level XPS spectra of W-V-

O catalysts. a) MT-1; b) MT-2; c) T-1; d) T-3; e) T-4; f) T-5. 
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peaks-shoulders around 33-35 eV indicates the absence of W5+ species on 

the surface of the catalysts [27]. 

Finally, the reducibility of W-V-O catalysts has been studied by means of 

temperature-programmed reduction with H2. The TPR-H2 patterns of W-

V-O catalysts presenting pure m-WO3 or pure h-WO3 are shown in Figure 

3.9. In both cases, the H2-TPR profiles display two main reduction peaks. 

Figure 3.9. H2-TPR profiles of phase pure m-WO3 and h-WO3-type 

W-V-O catalysts. a) T-4 (m-WO3-type phase); b) MT-1 (h-WO3-

type phase). 

The peak appearing at lower temperature (i.e. at 528 and 597 ºC for h-WO3 

and m-WO3-type phases respectively) can be ascribed to the reduction of 

V5+ species, while the high temperature peak (i.e. 635 and 662 ºC h-WO3 

and m-WO3-type phases respectively) can be attributed to the reduction of 

W6+ cations. Both W-V-O catalysts show differences in the reducibility of 

the corresponding metal species, being V5+ and W6+ more reducible in the 

case of h-WO3 type-phase (MT-1 catalyst). 
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3.3. Catalytic properties in the gas phase aerobic transformation of 

methanol and glycerol 

3.3.1. Gas phase aerobic transformation of methanol 

The aerobic transformation of methanol has been widely used as a test 

reaction to elucidate the acid-redox surface properties of metal oxide 

catalysts, but also to probe the structure-reactivity relationships of bulk 

metal oxides [14, 15, 41-43]. Indeed, the reaction of methanol on acid sites 

leads to the exclusive formation of dimethyl ether (DME), via a 

dehydration mechanism. On the other hand, when methanol reacts on 

redox sites (like V4+/V5+ species) it is transformed into formaldehyde 

and/or carbon oxides (if only redox sites are available), or into other partial 

oxidation products such as methyl formate or dimethoxymethane (when 

both acid and redox sites act in a cooperative way, especially at low 

methanol conversion) [42]. 

Figure 3.10 displays the catalytic activity (i.e. activity per gram of 

catalyst) and specific activity (i.e. catalytic activity per unit area) as a 

function of reaction temperature for W-V-O catalysts. Considering the 

catalytic activity (Fig. 3.10, A), it is not possible to find clear correlations 

between physicochemical features of the materials (i.e. phase composition, 

surface vanadium content, surface areas) and the activity, mainly due to 

the heterogeneous chemical characteristics found all along the series 

(Table 3.2).  

Despite this, W-V-O catalysts with high contents of m-WO3 type display 

the lowest catalytic activity (especially T4 and T3 samples). On the other 

hand, if we normalize the catalytic activity to the specific BET surface area 

of the materials (Fig. 3.10, B), the surface activity increases more 

drastically with the reaction temperature in the case of the catalysts 

presenting higher contents of m-WO3 type phase, i.e. phase pure h-WO3 

catalysts present the lowest activity per unit area.  
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Figure 3.10. Catalytic activity (A) and specific activity (B) as a function of 

reaction temperature for W-V-O catalysts. MT-1 (); MT-2 (X); T-1 (); T-

2 (); T-3 (); T-4 (); T-5 (). 
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The variation of the selectivity to DME and partial oxidation products, 

(POPs, mainly formaldehyde and minor amounts of methyl formate and 

dimethoxymethane), as a function of methanol conversion, during the 

selective aerobic transformation of methanol on W-V-O catalysts is shown 

in Figure 3.11 and Table 3.3. The acid-redox properties of the catalysts 

can then be estimated from selectivity to the abovementioned POPs and 

DME at low methanol conversion (ca. 10 %) (Fig. 3.12). Indeed, there 

exists a correlation between the phase composition of the catalysts and 

their acid-redox features. On the one hand, the highest selectivity to POPs 

is achieved in the absence of h-WO3 (i.e. T4 sample). Therefore, the acid 

function of the catalysts is progressively lost as the amount of m-WO3-type 

phase in the catalysts increases.  

Table 3.3. Catalytic properties of W-V-O catalysts in the aerobic 

transformation of methanol. 

Sample h-WO3 phase  Specific activity c Initial selectivity d 

content (%) b (at 280 ºC ) DME (%) POPs (%) 

HTB a 100 0.95 98.4   1.6 

MT-1 100 2.63 37.3 62.7 

MT-2 n.d.b 3.95 28.0 72.0 

T-1 100 2.42 40.8 59.2 

T-2 31 5.86 10.3 89.7 

T-3 26 5.18   9.5 90.5 

T-4 0 5.10   4.5 95.5 

T-5 54 2.76 19.2 80.8 

a V-free hexagonal tungsten bronze material with a h-WO3-type structure. b h-WO3 

phase content in heat-treated samples. c Catalytic activity per unit area at 280 ºC, 

in mmolMeOH h-1 m-2. d Initial selectivity determined at 10 % of methanol 

conversion. Feed composition: MeOH/O2/N2 molar ratio, 6/13/81. 
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Figure 3.11. Selectivity to DME and POPs as a function of methanol conversion for 

W-V-O catalysts. MT-1 (); MT-2 (X); T-1 (); T-2 (); T-3 (); T-4 (); T-5 (). 

Figure 3.12. Selectivity to DME (green empty symbols) and to partial oxidation 

products (POPs, black full symbols) during the gas phase aerobic transformation 

of methanol as a function of the amount of h-WO3 phase (see Table 3.2) in W-V-

O catalysts (MeOH conversion = 10 %). The amount of bronze-type phase present 

in MT-2 pseudocrystalline sample (ca. 85 %) (green and black triangles) has been 

estimated from the corresponding DME and POPs selectivity during the catalytic 

test. 
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For comparative purposes, the catalytic properties in the aerobic 

transformation of methanol of an undoped hexagonal tungsten bronze 

(HTB) are also included in Table 3.3. This catalyst presents an initial 

selectivity to DME of 98.4 %, pointing out its mostly pure acid character. 

The incorporation of vanadium within the h-WO3 type phase leads to the 

generation of the redox function, as it can be inferred from the increase in 

the selectivity to POPs. Moreover, the incorporation of vanadium also 

leads to a higher specific activity of the catalysts, especially at high 

reaction temperatures (Table 3.3) (Fig. 3.10, B). This increase in the 

activity can be explained in terms of the corresponding activation energies 

of the acid and redox processes. In this regard, the redox pathway would 

present a higher activation energy than the acid one, what would explain 

the higher increase in the specific activity with the reaction temperature 

observed in the case of the catalysts with the highest selectivity to POPs 

(Table 3.3) [42]. In fact, catalysts showing a higher selectivity to POPs 

present also a higher catalytic activity per unit area (Fig. 3.13). 

Figure 3.13. Variation of the specific activity with the selectivity to partial 

oxidation products (POPs) at 280 ºC in the aerobic transformation of methanol 

for the catalysts in Table 3.3. HTB (); MT-1 (); MT-2 (X); T-1 (); T-2 

(); T-3 (); T-4 (); T-5 ().  
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Interestingly, the presence of h-WO3 phase in W-V-O catalysts leads to a 

multifunctional acid-redox catalytic behavior, in which the acid character 

of the materials depends on the concentration of the hexagonal tungsten 

bronze phase. A maximum DME selectivity of ca. 50 % can be achieved 

with monophasic h-WO3-type catalysts (Fig. 3.12). Therefore, the bronze-

type phase content in sample MT-2 (which presents a pseudocrystalline 

crystal structure, see Fig. 3.1, pattern b) can be estimated from selectivity 

values to DME and POPs. The extrapolated value (see triangles in Fig. 

3.12) gives a bronze phase content equivalent to a h-WO3 concentration of 

88%. In fact, a slight decomposition into m-WO3 of the pseudocrystalline 

phase is observed by XRD after heat treatment (Fig. 3.1 B, pattern b). 

3.3.2. Gas phase aerobic transformation of glycerol 

The multifunctional acid-redox properties seem to be crucial to develop 

selective catalysts for glycerol oxidative dehydration into acrylic acid [13-

15, 23]. The reaction undergoes via two consecutive reaction steps that 

take place on the catalytic surface [13]. Firstly, glycerol undergoes a 

double dehydration process on acid sites (mainly Brönsted-type) leading 

to acrolein [44], which is then transformed into acrylic acid on redox sites 

(i.e. V4+ and V5+ species, likely via structural O2- sites by a Mars-van 

Krevelen mechanism) [45]. For this purpose, it is necessary that both redox 

and acid sites work in a cooperative way at the same reaction conditions, 

in order to couple both consecutive acid and redox steps in a one-pot 

system. 

Table 3.4 compares glycerol conversion and the selectivity to the main 

reaction products obtained during the aerobic transformation of glycerol, 

by using three selected W-V-O catalysts, which present different 

percentage of h-WO3-type phase. Moreover, the results obtained over a V-

free hexagonal tungsten bronze catalyst (HTB, with an h-WO3 type 

structure) are also included in the table. All the materials show total 

conversion of glycerol under the reaction conditions used. It can be noted 

that V-free HTB catalyst shows a selectivity to acrolein of 77 %, what 
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underlines its pure acid character (Table 3.4). When vanadium is 

incorporated in the materials, a decrease in acrolein production is 

observed, together with a concomitant increase in acrylic acid and carbon 

oxides formation, due to the consecutive transformation of acrolein on 

redox sites [46]. It is worth noting that W-V-O catalyst with a phase 

composition of 100 % h-WO3 displays the highest acrylic acid selectivity 

and the lowest formation of carbon oxides (Table 3.4).  

Table 3.4. Catalytic properties of W-V-O catalysts in the aerobic 

transformation of glycerol. 

Sample 
h-WO3 phase 

content (%) b 

Glycerol 

conversion 

(%) c 

Selectivity  (%) c 

Acrolein Acrylic acid COx 

HTB a 100 100 77.8   0.14 10.9 

MT-1 100 100 34.1 15.1 32.9 

T-5 54 100 18.0   7.8 50.4 

T-4 0 100 12.4   4.5 55.2 

a V-free hexagonal tungsten bronze material with an h-WO3-type structure. b h-

WO3 phase content in heat-treated samples. c Reaction conditions:  320 ºC, 

glycerol/oxygen molar ratio, 4/2. 

The variation of the selectivity to the main reaction products (acrylic acid 

and acrolein, AA + AC; and carbon oxides, COx), and acrylic acid/acrolein 

selectivity ratio (AA/AC) as a function of h-WO3 phase content in W-V-

O is presented in Figure 3.14. It can be observed that the presence of V-

containing h-WO3-type phase crystals promotes the formation of both 

acrolein (AC) and acrylic acid (AA). On the other hand, lower amounts of 

the hexagonal phase (i.e. higher amounts of m-WO3 phase) lead to a lower 

formation of oxygenated products (AA and AC), and a concomitant 

increase of the selectivity to carbon oxides. Also, a higher concentration 

of h-WO3 favors the selective transformation of acrolein into acrylic acid 
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in the consecutive reaction, leading to higher AA/AC ratios at the same 

reaction conditions (Fig. 3.14, red stars).  

These results are in agreement with the reducibility of V5+ species 

observed in H2-TPR profiles for phase pure m-WO3 and h-WO3 catalysts 

(Fig. 3.9). In this regard, vanadium species in h-WO3 show a higher 

reducibility, what would favor the oxidation via O2- structural species, 

leading to the partial oxidation of AC to AA. On the contrary, the lower 

reducibility observed for V sites in phase pure m-WO3 would favor an 

oxidation mechanism via O- and/or O2- adsorbed species, what would lead 

to total oxidation to COx rather than partial oxidation [46]. 

Figure 3.14. Variation of the selectivity to acrolein + acrylic acid (AC+AA, 

blue circles), the selectivity to carbon oxides (COx, black squares) and the 

AA/AC ratio (red stars) as a function of h-WO3 type phase content in W-V-O 

catalysts in the gas phase aerobic transformation of glycerol. Reaction 

conditions: T = 320 ºC; Gly/H2O/O2/N2/He molar ratio of 2/40/4/15/39; contact 

time, W/F, of 81 gcat h molgly
-1. 

Moreover, not only vanadium sites in m-WO3 show a lower capacity for 

partial oxidation than those in h-WO3 type phase. A low acid character of 
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deduced from TPD-NH3 results (Fig. 3.7, A) as well as from its catalytic 

performance in the aerobic transformation of methanol (i.e. very low 

selectivity to dimethyl ether) (Figs. 3.11, 3.12 and 3.13) (Table 3.3). All 

these results suggest an important drawback in the first reaction step in 

glycerol transformation (i.e. the double dehydration of glycerol to 

acrolein), at high concentrations of m-WO3 phase. 

Accordingly, these weak acid characteristics must give rise to a low 

selectivity to acrolein, favoring the selectivity to heavy by-products in the 

first reaction step [13]. This low initial selectivity to acrolein also penalizes 

the final acrylic acid selectivity, which is formed in the consecutive step. 

3.4. General Remarks 

In this chapter, the influence of the phase composition (m-WO3 and h-

WO3) on the multifunctional acid-redox properties of W-V-O catalysts has 

been underlined. By selecting different W-, V-, and NH4
+-precursors, 

several W-V-O catalysts with similar composition but different m-WO3 

and h-WO3 phase contents were obtained by hydrothermal synthesis. In 

addition, the materials display also different morphologies and thermal 

stabilities.  

It has been observed that block-shaped particles undergo higher thermal 

decomposition of the initial h-WO3-type phase to m-WO3-type polymorph, 

while oxides with 1D morphologies (ascribed to bronze-type phases, 

mainly with rod and needle-shaped crystals), display a higher stability to 

thermal treatments, maintaining their h-WO3 crystal structure in a higher 

extent.  

The aerobic transformation of methanol on W-V-O oxides gave us 

important information about the multifunctional acid-redox properties of 

the materials. Phase pure m-WO3 W-V-O catalyst presents a high 

selectivity to partial oxidation products (SPOPs = 98 %) and a very low 

selectivity to dimethyl ether (DME), what indicates a very low 

concentration of acid sites (as it was demonstrated by TPD-NH3). At 
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higher concentrations of h-WO3 phase in the catalysts, the initial 

selectivity to DME progressively increases, reaching a selectivity to both 

DME and POPs of ca. 50 % for the catalysts containing a 100 % of h-WO3. 

This means that the acid functionality is progressively generated as the 

amount of h-WO3 in the catalysts increases.  

This has important consequences in the catalytic performance in the 

aerobic transformation of glycerol, in which the modulation of the acid and 

redox functionality is a key point to maximize the selectivity to acrylic 

acid in a one-pot process. The catalytic tests show that the absence of acid 

sites in m-WO3-type phase W-V-O catalyst has a negative effect on the 

selectivity to acrolein (which goes through the reaction of glycerol on 

surface Brönsted acid sites) and, consequently, also on the selectivity to 

acrylic acid (which is obtained by acrolein oxidation in the consecutive 

reaction step). Then, the presence of a hexagonal tungsten bronze type (h-

WO3) phase in W-V-O catalysts, in which acid and redox functions coexist 

and act in a cooperative way, increases the selectivity to acrolein in the 

first reaction step and to acrylic acid in the consecutive step. In fact, the 

AA/AC ratio also increases with the concentration of h-WO3 type phase in 

the catalysts, what means that the redox sites on h-WO3 are more selective 

towards partial oxidation of acrolein into acrylic acid. On the other hand, 

redox sites in m-WO3 type W-V-O tend to produce essentially carbon 

oxides, being less selective in the partial oxidation step. 
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4.1. Previous considerations 

Biomass is considered one of the main renewable and sustainable 

alternatives to the use of fossil sources for the production of chemicals and 

fuels [1, 2]. Among all the possibilities that this feedstock offers, the 

transesterification of animal fats and vegetable oils is the more extended 

strategy for biomass valorization, leading to the so-called bio-diesel [3]. In 

fact, this bio-diesel is nowadays used as automotive fuel. However, the 

production of these fatty acid methyl esters (FAMEs) by transesterification 

is accompanied by the generation of high amounts of glycerol as a by-

product. This crude glycerol comprises the 10 wt.% of the global bio-diesel 

production, which is expected to reach 36.9 million tons in 2020 (i.e. 3.69 

million tons of glycerol) [4].  

Another alternative for the valorization of biomass feedstocks is based on 

the fast pyrolysis of lignocellulosic biomass [5, 6]. Unlike bio-diesel 

obtained via transesterification, fast pyrolysis bio-oils are not suitable for 

combustion engines, due to their undesired physicochemical properties, 

like high water and oxygen content, high viscosity and acidity. These 

unfavorable features also prevent their storage for long-term uses, and 

limit their applicability to fuel in power and heat generation plants. For 

other purposes, upgrading strategies are necessary [7, 8]. The most 

extended upgrading approach is hydrotreating, using CoMo, NiMo and/or 

NiW based catalysts [9]. Unfortunately, these methodologies imply high 

H2 and energy consumptions, and shows a low fuel yield.  

Recently, an alternative upgrading strategy for pyrolysis-derived bio-oils 

has been proposed, which comprises co-processing, water addition and a 

liquid-liquid separation stage, which leads to two separated phases [10]. 

The organic phase can be upgraded for its direct use as liquid fuel; while 

the aqueous fraction, composed mainly by short chain oxygenates, would 

remain as a residue, in a similar way that glycerol does in the case of 

transesterification processes.  

The valorization of both waste streams would be of great interest, in order 

to improve the sustainability and atom economy of both methods.  
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As it was commented in the introduction, tungsten bronze-based materials 

offer a vast variety of possibilities, in terms of composition and structural 

versatility [11]. Nonetheless, these systems were also very useful from the 

fundamental point of view. In this regard, the deep understanding of their 

defect chemistry paved the way to extend the knowledge on transition 

metal oxides. Particularly, they were very useful in the development of 

electron microscopy techniques during the second half of the past century 

[12-15].  

In the following chapter the attention has been focused on W-Nb-O system 

(WO3-Nb2O5), in which the Nb concentration has been varied 

systematically (Nb/(W+Nb)= 0-1). The structural implications of the 

isomorphic substitution of W by Nb have been studied, as well as its effect 

on the textural and acid properties of the materials. The mixed oxides were 

prepared hydrothermally and heat-treated at 550 ºC under N2 flow (see 

point 2.1.1 in Experimental section). In the case of Nb-free h-WO3, i.e. 

Nb/(W+Nb)= 0, the catalyst was heat-treated at 450 ºC in order to avoid 

the phase transition to monoclinic m-WO3-type phase, which displays a 

low surface area and low acid features [16, 17]. The samples are named as 

W-Nb-x, being “x” the specific Nb/(W+Nb) ratio in each catalyst 

(determined by XEDS of large areas of the solids).  

The main physicochemical features of the catalysts are summarized in 

Table 4.1. The whole series has been tested in the transformation of two 

biomass-based raw materials: a) the aerobic transformation of glycerol 

and; b) the transformation of short chain oxygenates in aqueous phase by 

C-C bond formation reactions. Both feedstocks can be considered as waste 

effluents in bio-based processes, hence the interest in their transformation 

into added-value chemicals.  

4.2. Physicochemical characterization of W-Nb-O oxides 

An in-depth study of the physicochemical characteristics of W-Nb-O 

mixed oxides has been undertaken. The effect of the incorporation of Nb 
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into the hexagonal tungsten bronze framework on the structural, textural 

and acid properties of the materials is discussed in the following sections.  

Table 4.1. Main characteristics of W-Nb-O mixed oxides. 

Sample Nb/(W+Nb) 

atomic 

ratioa 

Specific 

surface area 

(m2 g-1) b 

Average 

pore size 

(nm) c 

Mesopore 

volume 

(cm3 g-1) c 

W-Nb-0 0.00   28 17.2 0.045 

W-Nb-0.29 0.29   38 11.1 0.050 

W-Nb-0.40 0.40   67 13.6 0.095 

W-Nb-0.53 0.53 102 14.6 0.176 

W-Nb-0.62 0.62 124   5.9 0.216 

W-Nb-0.80 0.80 129   5.4 0.192 

W-Nb-0.95 0.95 129   3.7 0.130 

W-Nb-1 1.00   70   3.5 0.061 

a Obtained by XEDS. b Calculated by Brunauer-Emmet-Teller method from N2-

adsorption isotherms. c Obtained by BJH method from N2-adsorption isotherms. 

4.2.1. Structural features of W-Nb-O materials 

Powder X-ray diffraction profiles of W-Nb-O catalysts are displayed in 

Figure 4.1 A. Diffraction lines of undoped sample (i.e. W-Nb-0) are 

characteristic of the hexagonal tungsten bronze h-WO3 phase of tungsten 

oxide (JCPSD: 01-85-2459) (Fig. 4.1 A, pattern a). This is a well-ordered 

material, characterized by: i) vertex sharing WO6 octahedra ordered along 

the three crystallographic directions; and ii) the presence of hexagonal and 

trigonal channels along c-axis (i.e. displayed along [001] direction) [16, 

18]. It can be observed that the isomorphic substitution of Nb for W causes 

some changes in the diffraction profiles, what indicates some structural 

modifications (Fig. 4.1 A, patterns b-h). Particularly, the intensity of 

diffraction lines with Miller indexes h and/or k ≠ 0 decreases as Nb content 

in the oxides increases.  
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At low Nb/(W+Nb) concentration, the materials preserve the hexagonal 

tungsten bronze structure, but with a notably decrease in the intensity of 

those abovementioned Bragg signals (i.e. with h and/or k ≠ 0) (Fig. 4.1 A, 

patterns b and c). For higher Nb contents (Nb/(W+Nb) > 0.53), only two 

well defined diffraction maxima can be observed, which are assigned to 

(002) and (004) peaks of the h-WO3 phase (Fig. 4.1 A, patterns d-h). As 

indicated previously (see Chapter 3), both diffraction maxima (at 2θ ca. 

23º and 46 º) are present in all bronze-type structure and every ReO3-type 

related structural type, due to the presence of vertex sharing octahedra 

along one direction. In addition, broad maxima are also present, around 2θ 

values of 27º, 35º, 50º and 55º (Fig. 4.1 A, patterns d-h).  

Figure 4.1. A) XRD patterns of W-Nb-O oxides. B) Variation of c-axis (considered as 

the distance between two vertex sharing octahedra) as a function of Nb in W-Nb-O 

oxides. a) W-Nb-0; b) W-Nb-0.29; c) W-Nb-0.40; d) W-Nb-0.53; e) W-Nb-0.62; f) W-

Nb-0.80; g) W-Nb-0.95; h) W-Nb-1. 

All these features observed by XRD can be ascribed to a loss of periodicity 

along ab plane of the crystal structure, due to the incorporation of Nb 

within the framework. Despite this loss of long-range order in the 

materials, the connectivity between octahedra is preserved. This way, the 

isomorphic substitution of Nb for W in the hexagonal tungsten bronze 

structure promotes the formation of a pseudo-crystalline mixed oxide, 
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ordered just along c-axis, which has already been observed in other 

systems based on Mo, Nb and V [19-21]. The magnitude of c-axis, 

considering it as the distance between vertex sharing octahedra, was 

estimated from (002) maximum in powder XRD diffraction patterns (Fig. 

4.1 B). Until Nb/(W+Nb)= 0.53, c-axis increases linearly with Nb-content, 

following Vegard´s law. This is the expected variation considering the 

crystal radius of W6+, W5+ and Nb5+ (0.74, 0.76 and 0.78 Å respectively). 

On the other hand, for higher Nb-contents (i.e. Nb/(W+Nb) > 0.53), which 

include all pseudocrystalline oxides, c-axis remains constant, and no 

longer increases (Fig. 4.1 B).  

Raman spectra of W-Nb-O mixed oxides are shown in Figure 4.2. 

Undoped W-Nb-O sample presents three high intensity Raman bands at 

approximately 648, 691 and 780 cm-1 which can be assigned to O-W-O 

stretching vibrations of the hexagonal phase of tungsten oxide (Fig. 4.2, 

spectrum a) [22]. Low intensity bands at low frequencies (331, 291 and 

261 cm-1) are also observed, which have been attributed to deformation O-

W-O lattice modes (Fig. 4.2, spectrum a) [22].  After doping with niobium, 

a new broad band in the range 900-1000 cm-1 appears, assigned to M=O 

stretching vibrations (M: W, Nb) (Fig. 4.2, spectra b to h) [23].  

The intensity of the signal at 780 cm-1 decreases also when increasing Nb 

content, and a new band appears at 750 cm-1, which progressively shifts to 

lower frequencies, until 709 cm-1. This band can be ascribed to the 

symmetric stretching mode of distorted NbO6 octahedra in niobium 

oxides, and its shift is in line with niobium enrichment along the series. 

Additionally, the bands below 400 cm-1, assigned to bending modes, 

become broader at increasing Nb/(W+Nb) contents, likely due to an 

increase in the structural disorder. In addition, a shift of the signal at 258 

cm-1 is observed, until 234 cm-1 for W-Nb-1 sample. This band at 234 cm-

1 can be attributed to Nb-O-Nb bending modes [24].

All these observations suggest the isomorphic substitution of W by Nb 

within the oxide bronze framework. Since Nb-free hexagonal bronze is a 

partially reduced phase, it should contain tungsten in not fully oxidized 
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state, (i.e. W5+ or W4+ species). Then, an initial substitution of W5+ by Nb5+ 

species could be expected for two main reasons: i) they present the same 

oxidation state (i.e. 5+); and ii) they show similar crystal radius (0.78 and 

0.76 Å for Nb5+ and W5+ respectively).  

Figure 4.2. Raman profiles of W-Nb-O oxides: a) W-Nb-0; b) W-Nb-

0.29; c) W-Nb-0.40; d) W-Nb-0.53; e) W-Nb-0.62; f) W-Nb-0.80; g) W-

Nb-0.95; h) W-Nb-1. 

In order to confirm the presence of W5+/W6+ species, W 4f core level XPS 

spectra of undoped W-Nb-0 and doped W-Nb-0.29 oxides are presented in 

Figure 4.3 A. Two signals, corresponding to W6+ (B.E. W 4f7/2 = 35.9 eV) 

and W5+ (B.E. W 4f7/2 = 35.1 eV) in an octahedral coordination can be 

observed in the case of Nb-free sample (Fig. 4.3 A, spectrum a) [22, 25]. 

When Nb is incorporated, the band assigned to W5+ is no longer present, 

likely due to the isomorphic substitution by Nb5+ (Fig. 4.3 A, spectrum b). 
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To confirm XPS results, both Nb-free and Nb-containing catalysts (i.e.  

samples W-Nb-0 and W-Nb-0.29), were analyzed by X-ray absorption 

spectroscopy (XAS). Both materials show differences in the XANES W 

LIII-edge region of the spectrum, which are directly related to the electronic 

properties of the absorbing atom (Figure 4.3 B). 

Figure 4.3. A) W 4f core-level XPS spectra of Nb-free (W-Nb-0, a) and Nb-

substituted (W-Nb-0.29, b) materials. B) W LIII-edge XAS spectra in the XANES 

region of Nb-free (W-Nb-0, black line) and Nb-substituted (W-Nb-0.29, red dotted 

line) materials. 

Specifically, Nb-free sample shows a lower white line intensity than doped 

W-Nb-0.29 oxide. This white line at LIII edge appears due to electronic 

transitions from 2p3/2 core level to vacant d states in the valence band [26]. 

Consequently, a higher intensity white line indicates a higher probability 

of absorption, i.e. a higher number of empty d states. In fact, the intensity 

of the white line is very sensitive to small variations in the electronic 

properties and oxidation states. The increase in the intensity of the white 

line in the doped material (Fig. 4.3 B, spectrum b) is in line with XPS 

results, suggesting the substitution of Nb5+ for W5+:  W5+ is a d1 metal, and 

the probability of the p  d transition is lower than in the case of W6+, 
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which is a d 0 metal. This fact would also explain the higher thermal 

stability of Nb-containing tungsten bronze in comparison with undoped h-

WO3 [17]. The oxidation of W5+ to W6+ in h-WO3 would promote also the 

phase transition m-WO3 phase. Then, the isomorphic substitution of those 

W5+ species in the hexagonal tungsten bronze structure by metal species 

which its maximum oxidation state is lower than 6+ would preserve the 

partially reduced nature of the hexagonal phase, increasing the temperature 

range in which h-WO3 structure is stable.  

To confirm this hypothesis, undoped h-WO3 (i.e. W-Nb-0 catalyst) was 

heat-treated at 550 ºC, in order to promote the phase transition to m-WO3

The XRD patterns of undoped tungsten trioxide and Nb-containing W-Nb-

0.29 sample (both heat-treated at 550ºC in N2 flow) are shown in Figure 

4.4. It can be clearly observed that undoped sample presents m-WO3 

(JCPSD: 43-1035) as the main crystalline phase, while Nb-doped sample 

retains h-WO3 crystal phase after the heat-treatment. 

W-Nb-O samples were further investigated by high resolution electron 

microscopy (HRTEM) and selected area electron diffraction (SAED) 

(Figs. 4.5 and 4.6). At low Nb content, i.e. W-Nb-0.29, the sample is 

composed by crystals with an average size of 50 nm, which present a 

hexagonal tungsten bronze structure (as it can be confirmed by the ring 

diffraction pattern) (Figure 4.5 A). The corresponding HRTEM image of 

this catalyst displays interplanar distances corresponding to the h-WO3 

phase (Figure 4.5 B), and certain heterogeneity in composition, which 

varies from crystal to crystal in the ranges W: 82-70 at%; Nb: 18-30 at%.  

Two main features can be observed when increasing Nb content up to 

Nb/(W+Nb) = 0.53 (Fig. 4.5, pictures C and D). On the one hand, an 

increase in the degree of disorder along ab plane can be noted, suggested 

by the disappearance of the diffraction ring corresponding to the (100) 

reflection of the h-WO3-type structure (Fig. 4.5, picture C).  
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Figure 4.4. XRD patterns of undoped (a) and Nb-containing 

tungsten oxide (b) heat-treated at 550 ºC in N2 flow; a) W-Nb-0; 

b) W-Nb-0.29.

Figure 4.5. SAED patterns (A and C) and HRTEM images (B and D) of W-

Nb-0.29 (A-B) and W-Nb-0.53 (C-D) mixed oxides. Miller indexes have 

been assigned on the basis of h-WO3-type phase (JCPSD: 01-85-2459). 

10 20 30 40 50 60

2θ

b

a

h-WO3

m-WO3

A

002
200

100

022
004

B

10 nm
[001]

[100]

C

002
200
022
004

D

10 nm

[001]

[001]



Chapter 4. W-Nb-O catalysts 

134 

On the other hand, a decrease in the average particle size down to ca. 10 

nm is also detected, together with some heterogeneity in chemical 

composition (W: 65-50 at%; Nb: 35-50 at%) (Fig. 4.5, picture D). It is 

worth noting that samples W-Nb-0.53 and W-Nb-0.62, showed small 

crystals (ca. 5 nm) in which Cs0.5Nb2.5W2.5O14-type structure (isostructural 

with the well-known orthorhombic M1-type phase catalyst for ODH and 

partial oxidation of short chain alkanes [27]) can be clearly recognized 

(Fig. 4.6, pictures A and B). According to these results, it can be concluded 

that the use of Nb:W ratios close to 1 seems to favor the formation of the 

abovementioned orthorhombic bronze (M1-type phase).  

Figure 4.6. A) HRTEM image of a crystal (white arrow) in W-Nb-0.62, 

showing the structure along [001] direction of Cs0.5Nb2.5W2.5O14-type 

phase, also known as M1-phase. B) Representation of the ab plane ([001] 

crystallographic direction) of Cs0.5Nb2.5W2.5O14-type phase [27]. C) SAED 

ring pattern of W-Nb-0.80 sample. D) HRTEM image of W-Nb-0.80 

sample.  Miller indexes have been assigned based on h-WO3-type phase 

(JCPSD: 01-85-2459). 
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All these features are compatible with those observed in XRD patterns, in 

which the presence of Cs0.5Nb2.5W2.5O14 -type phase can be deduced from 

the broad diffraction lines appearing at approximately 8º (marked with an 

asterisk in Fig. 4.7).  

For higher Nb-contents (Nb/(W+Nb) ≥ 0.8), no evidences of the presence 

of Cs0.5Nb2.5W2.5O14 -type crystal phase have been found. In fact, SAED 

patterns of W-Nb-0.8 and W-Nb-1 oxides only display rings at the 

corresponding interplanar distances of (002) and (004) planes, being the 

rest of signals in the form of diffuse halos (Fig. 4.6, picture C). 

Figure 4.7. XRD patterns of hydrothermally synthesized 

Cs0.5Nb2.5W2.5O14 and W-Nb mixed oxide with Nb content of 62 at% 

(W-Nb-0.62 sample). 

10 20 30 40 50 60 70 80 90

In
te

n
s
it
y

(a
.u

.)

2θ

*

Cs0.5Nb2.5W2.5O14

W-Nb-0.62



Chapter 4. W-Nb-O catalysts 

136 

In addition, average crystal size continues its decreasing trend, being in the 

range of 5-10 nm size for Nb/(W+Nb) ≥ 0.8 (Fig. 4.6, picture D).  

4.2.2. Textural features of W-Nb-O mixed oxides. N2-adsorption study 

Textural properties of all W-Nb oxide series have been studied by means 

of N2 physisorption. Figure 4.8 presents N2 adsorption-desorption 

isotherms of W-Nb oxides, whereas the surface areas of catalysts are 

shown in Table 4.1. Samples with low Nb-contents (i.e. Nb/(W+Nb) ≤ 

0.53) display type II isotherms (Fig. 4.8, isotherms a to d). At higher Nb-

content (i.e. Nb/(W+Nb) > 0.53), a transition from type II to type IV 

isotherms is observed, which are typical of mesoporous materials (Fig. 4.8, 

isotherms e to h). In fact, these results can be correlated with the 

subsequent variation of mesopore volumes, average pore size and pore size 

distributions (Table 4.1 and Fig. 4.9). In this way, a decrease in the 

average pore size can be noticed when the Nb-content in the materials 

increases (from 17.2 nm for W-Nb-0 sample to 3.5 nm for W-Nb-1 

sample).  In parallel, an increase in mesopore volumes can be observed 

when the Nb-content in the materials increases (Table 4.1). Interestingly, 

materials with Nb/(W+Nb) contents higher than 0.53 (i.e. those displaying 

type IV isotherms), present narrow pore size distributions in the range 5.3-

3.5 nm (Fig. 4.9, e-h). However, this is no longer observed for samples 

with lower Nb/(W+Nb) contents, in which pore size distributions present 

a flat profile (Fig. 4.9, a-d).  

A drastic decrease in the average pore size occurs when the Nb content 

exceeds ca. 50 %, decreasing from 14.6 to 5.9 nm, which matches with the 

transition between type II and type IV isotherms (Table 4.1). Indeed, a 

connection between textural properties (mainly mesoporous nature) and 

microstructural modifications observed by HRTEM (i.e. a decrease in the 

average particle size at increasing Nb concentrations in the materials) can 

be proposed, in which the narrow pore size distributions found at higher 

Nb contents could be related with the voids generated by the packed 

agglomeration of nanoparticles. 
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Figure 4.8. Nitrogen adsorption-desorption isotherms of W-Nb oxides. a) W-Nb-0; b) 

W-Nb-0.29; c) W-Nb-0.40; d) W-Nb-0.53; e) W-Nb-0.62; f) W-Nb-0.80; g) W-Nb-0.95; 

h) W-Nb-1.
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Figure 4.9. BJH pore size distributions of W-Nb oxides, 

calculated from the adsorption branch of N2-adsorption-

desorption isotherms. a) W-Nb-0; b) W-Nb-0.29; c) W-Nb-0.40; 

d) W-Nb-0.53; e) W-Nb-0.62; f) W-Nb-0.80; g) W-Nb-0.95; h)

W-Nb-1. 

4.2.3. Acid properties of W-Nb-O oxides. Temperature-programmed 

desorption and FTIR spectroscopy studies 

Acid characteristics of the whole W-Nb-O series were determined by 

means of temperature-programmed desorption of NH3 (TPD-NH3) and 

FTIR of adsorbed pyridine. Their corresponding results are shown in 

Figures 4.10 A and 4.10 B, respectively. In addition, the main acid 

characteristics are summarized in Table 4.2. 

All the catalysts show the characteristic FTIR bands related to ring bending 

modes of pyridinium ion, i.e. formed by the interaction of pyridine with 

Brönsted acid sites (PyH+ in Figure 4.10 A); and ring modes of pyridine 

coordinatively bonded to Lewis acid centers (PyL in Figure 4.10 A) [28]. 
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It can be seen that the intensity of the band assigned to Lewis sites (PyL, 

appearing at ca. 1450 cm-1) increases when increasing Nb-content (Fig. 

4.10, A). In the same way, the intensity of the signal ascribed to Brönsted-

type sites (band at ca.1538 cm-1) also increases, but in a lesser extent (Fig. 

4.10, A). 

Figure 4.10. FTIR spectra of adsorbed pyridine (A) and TPD-NH3 profiles (B) 

of W-Nb oxides. a) W-Nb-0; b) W-Nb-0.29; c) W-Nb-0.40; d) W-Nb-0.53; e) 

W-Nb-0.62; f) W-Nb-0.80; g) W-Nb-0.95; h) W-Nb-1. 

TPD-NH3 profiles of the catalysts, following the characteristic mass of 

ammonia (i.e. m/z = 15), are presented in Figure 4.10 B. Two main 

contributions to the desorption are found, at 200 and 300 ºC; which can be 

assigned to the desorption of NH3 from acid sites with low and medium-

high acid strength, respectively. The incorporation of Nb into the 

framework increases the relative intensity of the low-temperature signal, 

i.e. it increases the proportion of low strength acid sites, likely Lewis-type 

sites. 

On the other hand, Figure 4.11 shows the variation of the concentration of 

acid sites (Fig. 4.11, A), the density of the surface acid sites (Fig. 4.11, B) 
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and the Brönsted/Lewis acid sites ratio (BAS/LAS) with the Nb/(Nb+W) 

content in the catalyst (Fig. 4.11, C). When considering the concentration 

of surface acid sites per gram of catalyst (Fig. 4.11 A, and Table 4.2), it 

can be suggested that concentration of acid sites on the catalyst surface 

increases with Nb-content in the materials, reaching a maximum at a 

Nb/(W+Nb) ratio of 0.8. 

Table 4.2 Acid characteristics of W-Nb-O mixed oxides catalysts. 

Sample Concentration 

of acid sites  

(μmolpy g-1) a 

Surface density 

of acid sites  

(μmolpy m-2) a 

BAS/LAS a,b 

W-Nb-0 27.4 0.98 0.3 

W-Nb-0.29 29.7 0.78 1.8 

W-Nb-0.40 56.2 0.84 1.1 

W-Nb-0.53 73.2 0.71 1.2 

W-Nb-0.62 89.2 0.70 0.5 

W-Nb-0.80 122.3 0.95 0.7 

W-Nb-0.95 62.2 0.48 0.4 

W-Nb-1 36.4 0.54 0.8 

a From FTIR of adsorbed pyridine. b Brönsted/Lewis acids sites ratio. 

On the contrary, the surface density of acid sites (i.e. the number of acid 

sites per unit area) follows the opposite trend; the number of acid sites per 

unit area decreases when the Nb-content increases (Fig. 4.11 B). This fact 

indicates a more pronounce effect on the surface area than in the 

concentration of acid sites. In this sense, surface area would increase in a 

higher extent than the number of acid sites. In fact, the presence of oxalate 

ions in the synthesis could also favor a lower particle size of the final 

materials. Moreover, a correlation between Nb concentration and 

Brönsted/Lewis acid sites ratio (BAS/LAS) has been detected (Fig. 4.11, 

C). It can be seen BAS/LAS progressively decreases as Nb is introduced 

within the oxide framework.  
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Figure 4.11. Acid characteristics of W-Nb oxides as function of 

Nb content. A) Concentration of acid sites. B) Surface density of 

acid sites. C) Brönsted/Lewis acid sites ratio (BAS/LAS). 

However, undoped W-Nb-0 displays the lowest BAS/LAS ratio, which 

could be explained by the presence of ammonium cations into the 

hexagonal channels of h-WO3 (/i.e. blocking Brönsted acid sites) due to 

the lower heat-treatment temperature applied for this sample. Indeed, the 

elimination of those ammonium species (mainly by heat treatments) can 

have two different effects: i) the generation of Brönsted acid sites [29] and, 

ii) the phase transition towards the monoclinic m-WO3 phase of tungsten

oxide [22]. 
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In a parallel way, the acid features of selected catalysts from the series 

were also studied by means of low temperature (77 K) FTIR spectroscopy, 

using CO as basic probe molecule. At low temperatures CO molecule 

undergoes interactions with both Brönsted (via H-bond) and Lewis 

(coordinatively unsaturated sites, CUS) acid sites. This leads to frequency 

shifts of the characteristic υ(CO) gas phase stretching mode (2143 cm-1) 

(see point 2.2.12 in Experimental section). In addition, CO interaction with 

acidic O-H surface groups leads to shifts in the original O-H stretching 

modes (3800-3200 cm-1) to lower frequencies, what allows to study the 

nature of Brönsted acid sites [30].  

Figure 4.12 displays the low-temperature (77 K) FTIR spectra of adsorbed 

CO at increasing CO equilibrium pressures (PCOeq) (0-5.5 mbar) in the C-

O (Fig. 4.12, pictures A-D) and O-H (Fig. 4.12, pictures E-H) stretching 

regions for selected catalyst of W-Nb-O series. Differences in the FTIR 

profiles are observed between two groups of samples: i) catalysts with low 

Nb concentrations (W-Nb-0 and W-Nb-029) and; ii) catalysts with higher 

Nb contents (W-Nb-0.62 and W-Nb-1). Focusing on C-O stretching region 

(Fig. 4.12, pictures A-D), it can be noted that at relatively low PCOeq (ca. 

0.020 mbar, green lines in Fig. 4.12), catalysts with high Nb contents 

display a higher amount of adsorbed CO (i.e. higher CO coverages). 

Considering O-H stretching region, catalysts also present different degree 

of O-H…CO interaction at a fixed PCOeq, as deduced from the different 

band intensities observed at an equilibrium, pressure of 0.020 mbar (green 

lines in Fig. 4.12, pictures E-H). Some extra features in the O-H region 

are found for W-Nb-0 catalysts, in the range 3400-3300 cm-1 (Fig. 4.12, 

E). These contributions could be related with the presence of NH4
+ cations, 

chemisorbed water or crystallized H2O inside the cell. The experiments 

were repeated and they gave essentially the same FTIR profiles for this 

sample.  

According to the heterogeneous physicochemical features observed along 

W-Nb-O system (in terms of crystal structure, particle size, textural 

properties, etc.), it makes more sense to compare the catalysts at fixed CO-

coverages, rather than in terms of fixed equilibrium pressures.  
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Figure 4.12. Low-temperature (77 K) FTIR spectra of adsorbed CO at increasing CO 

equilibrium pressures of selected W-Nb-O catalysts. C-O stretching region (A-D). O-H 

stretching region (E-H). Blue, green and red spectra were obtained at PCOeq. of 0, 0.02 and 

2.00 mmbar. W-Nb-0 (A and E); W-Nb-0.29 (B and F); W-Nb-0.62 (C and G); W-Nb-1 

(D and H). 
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In fact, coverages are easily calculated from the difference spectra (i.e. 

background subtracted spectra) in the C-O stretching region. Figure 4.13 

shows the variation of CO coverage as a function of equilibrium pressures 

for some selected samples from W-Nb-O system (i.e. CO adsorption 

isotherms).  

Coverages were calculated from the integrated peak areas of the signals in 

the C-O stretching region at each equilibrium pressure achieved, 

considering that a coverage θ = 1 is reached when the total area of the 

signal does not vary significantly at increasing CO pressures (i.e. when the 

rotational modes of gas-phase CO appear in the spectra). It can be observed 

that the samples with higher Nb contents show a more drastic increase in 

the coverage at low CO pressures (especially W-Nb-0.62), than W-Nb-0 

or W-Nb-0.29 catalysts (Fig. 4.13).  

Figure 4.13. Coverage as a function of CO equilibrium 

pressure for W-Nb-0 (△), W-Nb-0.29 (), W-Nb-0.62 () 

and W-Nb-1 (). 

Figure 4.14 displays background-subtracted (i.e. difference spectra, see 

point 2.2.12 in Experimental section) FTIR spectra of CO stretching region 
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recorded at 77 K and a fixed surface coverage of θ = 0.25. All the catalysts 

show three different frequency regimes at ca. 2135-2145, 2150-2170, 

2175-2200 cm-1, which are typically ascribed to physisorbed CO, and CO 

bonded to Bronsted and Lewis acid sites, respectively [30-34]. Nb-

containing catalysts present similar FTIR υ(CO) signals, with three bands 

located at ca. 2181, 2166 and 2145-2137 cm-1, displaying different relative 

intensities depending on Nb concentration (Fig. 4.14, spectra b to c). 

Specifically, the intensity of band at 2181 cm-1, assigned to CUS sites 

(likely W6+ and/or Nb5+ Lewis acid sites) increases with Nb content. This 

fact goes in line with acid features observed by FTIR of adsorbed pyridine, 

which suggested an increase of surface Lewis acid character as Nb 

concentration in the materials increase (Fig. 4.11). 

Figure 4.14. Background subtracted low-temperature (77 K) FTIR spectra 

of adsorbed CO of selected W-Nb-O catalysts at a CO coverage θ = 0.25: 

a) W-Nb-0; b) W-Nb-0.29; c) W-Nb-0.62; d) W-Nb-1.
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Interestingly, W-Nb-0.62 sample displays the highest contribution to 

physisorbed CO (band at 2137 cm-1) along the series of catalysts analyzed 

(Fig. 4.14, spectrum c). These relatively high amounts of physisorbed gas 

could be explained considering the specific structural characteristics of this 

sample. We must recall that W-Nb-0.62 presents high concentration of 

small crystals with an M1-type structure (as observed by HRTEM and 

XRD, Figs. 4.6 and 4.7, respectively). Ueda et al. reported that metal 

oxides with an M1-type phase structure present a certain degree of 

microporosity, associated with the presence of unoccupied heptagonal 

channels in the framework [35-38]. The presence of such micropores in 

W-Nb-0.62 could explain both the high amount of physically adsorbed CO 

(Fig. 4.13, spectrum c), and also the drastic increase in the CO-coverage 

at low equilibrium pressures observed for this catalyst (see also Fig. 4.14). 

On the other hand, Nb-free hexagonal tungsten bronze catalyst, presents 

two additional signals at 2197 and 2159 cm-1, which can be assigned to the 

presence of additional Lewis and Brönsted-type acid sites respectively 

(Fig. 4.14, spectrum a). Regarding the high frequency band at 2197 cm-1, 

Knözinger et. al. assigned this signal to CO bonded to W5+ and/or W6+ 

CUS [39]. In our case, this band is exclusively observed in the undoped 

sample W-Nb-0, being absent in the rest of the catalysts. According to XPS 

and XAS analysis performed (Fig. 4.3), which suggested the isomorphic 

substitution of Nb+5 for reduced W4+/5+ species, we can tentatively assign 

this high frequency signal observed in W-Nb-0 sample to CO interacting 

with coordinatively unsaturated W5+ sites.   

According to the other additional band observed in undoped W-Nb-0 

catalyst, appearing at 2159 cm-1, it could be ascribed to other types of CO 

interactions via H-bond (Fig. 4.14, spectrum a). It could be associated 

either with the presence of NH4
+ ions in the hexagonal channels in h-WO3 

framework, or the presence of chemisorbed H2O. In fact, CO could 

undergo H-bond with hydrogen atoms in both ammonium ions and 

chemisorbed water on the surface [40]. 
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Figure 4.15 shows the corresponding O-H region of the difference spectra 

presented in Figure 4.14 at a CO coverage θ = 0.25 (Figure 4.15 A), and 

the background-subtracted FTIR spectra of the catalysts after CO 

desorption at high vacuum (ca. 10-6 mbar) and low temperature (77 K) 

(Figure 4.15 B). All the catalysts show a group of two broads bands in the 

range 3700-3450 cm-1 (Fig. 4.15 A).  

The negative band at 3700-3600 cm-1 in the difference spectra appears due 

to the H-bond interaction occurring between CO molecule and surface O-

H groups. This way, the strength of O-H bonds of those groups interacting 

with the basic probe decreases, giving rise to a frequency shift to lower 

wavenumbers. Since the number of “unaltered” O-H groups decreases, a 

negative band appears in the difference spectra (3700-3600 cm-1).  

Figure 4.15. Background-subtracted low-temperature (77 K) FTIR spectra in the O-H 

stretching region after CO-adsorption (coverage θ = 0.25) (A), and after CO-desorption 

at high vacuum (ca. 10-6 mbar) (B), of selected W-Nb-O catalysts: a) W-Nb-0; b) W-Nb-

0.29; c) W-Nb-0.62; d) W-Nb-1. 
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Concomitantly, a positive band at ca. 3500 cm-1 appears, related to those 

OH interacting with CO, which present a lower O-H bond strength. These 

broad signals suggest the presence of several types of Brönsted acid sites, 

that likely could be associated with: i) surface bridging hydroxyls; ii) with 

hydroxyl groups located at the mouth or inside the hexagonal or 

heptagonal channels; iii) with hydroxyl species bonded to Wn+ and/or 

Nb5+; iv) with O-H bonds due to chemisorbed water.  

Nb-free W-Nb-0 catalyst displays some additional features in its FTIR 

profile (Fig. 4.15 A, spectrum a). A negative signal at 3375 cm-1 is 

observed, which can be ascribed to N-H stretching vibrations of 

ammonium cations located in the hexagonal channels of the h-WO3 

structure [40]. Subsequently, additional positive bands appear at lower 

frequencies, as a result of the lower N-H bond strength of those ammonium 

cations interacting with CO.  

Interestingly, the spectra recorded after CO-desorption in high vacuum 

show important differences depending on Nb content in the materials (Fig. 

4.15 B), especially in the case of Nb-free catalyst (Fig. 4.15 B, spectrum 

a). The spectra of the undoped sample presents negative bands in the whole 

region analyzed, what suggests changes in the original state of the catalyst, 

i.e. prior to CO-adsorption. The presence of these negative bands could be 

ascribed to the elimination of H2O molecules (likely chemisorbed, or by 

the generation of oxygen vacancies), and ammonium cations. The 

generation of oxygen vacancies (i.e. CUS or Lewis sites) by the formation 

of water during vacuum pretreatments cannot be ruled out, since it could 

also explain the lower BAS/LAS ratio observed for W-Nb-0 (Table 4.2). 

In addition, a positive band at 3662 cm-1 is also generated after desorption, 

which suggests either water readsorption-chemisorption, or the generation 

of new O-H groups by the elimination of ammonium species in the 

hexagonal channels. All these effects are more pronounce at low Nb-

contents (Fig. 4.15 B; spectra a and b), suggesting that the presence of 

water or vaccumm treatments could modify the acid properties of these 

specific materials (especially under reaction conditions). In fact, it has 

been reported that Lewis acid sites can be transformed into Brönsted sites 
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via water dissociation in oxygen vacancies, creating two new O-H groups 

[41] (see additional pyridine experiments performed in the next section).  

4.3. Catalytic behavior in the transformation of biomass derived-

feedstocks 

Considering the tailored acid features observed in W-Nb-O system, which 

fundamentally depend on Nb content in the catalysts, the materials have 

been tested as catalysts in the conversion of biomass-derived feedstocks: 

the aerobic transformation of glycerol to acrolein, and the aqueous phase 

transformation of short chain oxygenates (derived from the aqueous 

extraction of pyrolytic bio-oils). Both streams could be considered 

residues at bio-refineries.  

4.3.1. Gas-phase aerobic transformation of glycerol  

Table 4.3 shows representative results obtained during the gas-phase 

aerobic transformation of glycerol performed on W-Nb-O catalysts.  

Table 4.3. Catalytic properties of W-Nb-O oxides in the aerobic transformation of 

glycerol. 

Catalyst Glycerol 

conversion 

(%) 

Yield (%) 

Acrolein COx  Heavy 

compounds a 

Others b 

W-Nb-0 100.0 82.2   8.9   4.4 4.1 

W-Nb-0.29   99.9 83.5   7.8   6.1 2.8 

W-Nb-0.53   99.7 67.6 11.2 15.8 5.5 

W-Nb-0.80   99.7 62.6 11.0 22.4 4.0 

W-Nb-1 100.0 45.3 15.7 35.8 3.2 

a Considered as compounds that are not eluted into the gas chromatograph. b Small 

amounts of acetaldehyde, acetic acid and acrylic acid. Reaction conditions: 295 ºC, 

glycerol/oxygen molar ratio, 4/2, Contact time W/F of 81 gcat h (molgly)-1 
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We must indicate that, under the reaction conditions used here, total 

conversion of glycerol is observed all along the series, regardless of Nb-

content. The main reaction product in all cases was acrolein, which is 

obtained via a double dehydration mechanism [42]. The two steps would 

consist in: i) removal of the internal OH- group; and ii) a tautomerization-

dehydration of the terminal OH- group of glycerol. Although acrolein is 

observed in all the cases, the selectivity to the different products is highly 

dependent on the Nb-content in the materials. However, and in addition to 

acrolein, other reactions products have been also detected. Thus, heavy 

compounds (products that are not eluted into the gas chromatograph due 

to their high molecular weight) and carbon oxides, together with small 

amounts of acetaldehyde, acetic acid and acrylic acid (grouped as “others”, 

in Table 4.3) are obtained.  

The selectivity to acrolein decreases when the Nb-content in the catalysts 

increases (Fig. 4.16), together with a concomitant increase of by-products; 

i.e. carbon oxides and heavy compounds. In this sense, acid characteristics 

of catalysts seem to control the selectivity profiles in the aerobic 

transformation of glycerol; the increase in the yield to heavy compounds 

and carbon oxides related with the increment in the Lewis acid nature of 

the surface. 

Although both the decrease of acid strength and surface density of acid 

sites with Nb content (see Figs. 4.11 B and 4.10 B, respectively) should 

favor the desorption of acrolein, the higher concentration of Lewis sites 

could have a dramatic effect in the selectivity profiles (Fig. 4.16). In 

particular, Lewis sites (mainly related to the presence of Nb5+ species) 

could coordinate acrolein [43], hindering its desorption, and promoting the 

formation of heavy compounds and COx. Therefore, the most selective 

catalysts in this case are those with low Nb/(W+Nb) ratios, presenting a 

high proportion of Brönsted acid sites.  
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Figure 4.16. Variation of the selectivity to acrolein, carbon oxides and heavy 

compounds as a function of Nb content in the catalysts. Symbols: Acrolein (), 

heavy compounds () and COx (). Reaction conditions: gly/O2/ molar ratio of 

2/4, T = 295 ºC, Contact time W/F of 81 gcat h (molgly)-1 

It is worth recalling the results obtained by FTIR of adsorbed CO (Figs. 

4.12 to 4.15) and adsorbed pyridine (Figs. 4.10 and 4.11) (Table 4.2), 

considering the acid features of W-Nb-0 catalyst. Regarding FTIR of 

adsorbed pyridine, Nb-free sample gave the lowest BAS/LAS ratio of W-

Nb-O series (Table 4.2). In addition, CO-adsorption experiments 

suggested the possible desorption-readsorption of water on coordinatively 

CUS sites, but also the elimination of NH4
+ cations, leading to new O-H 

groups. According to catalytic results obtained in the gas-phase aerobic 

transformation of glycerol, in which Brönsted acid sites favor the double 

dehydration into acrolein, changes in the acid features of W-Nb-0 catalysts 

under reaction conditions could be taking place (i.e. mainly variations in 
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out on Nb-free catalyst (Fig. 4.17 and Table 4.4).  
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Prior to pyridine adsorption, fresh W-Nb-0 catalyst was pretreated at 200 

ºC in vacuum for 12 and 2h, and then the experiments were carried out as 

it is detailed in point 2.2.11 in the Experimental section (Figure 4.17, 

spectra a and b, respectively). It can be observed that shorter vacuum 

pretreatments increase the BAS/LAS ratio measured by FTIR of adsorbed 

pyridine from 0.3 to 0.7 (Table 4.4). This higher proportion of Lewis sites 

at longer vacuum treatments can be explain in terms of the generation of 

oxygen vacancies, which can be formed in tungsten oxide systems in 

vacuum at moderate temperatures, with the subsequent changes in sample 

color (i.e. chromogenic effect) [44]. In fact, a color change from pale blue 

to dark blue was observed after the experiment.  

Table 4.4.  BAS/LAS ratio of W-Nb-0 catalyst measured by FTIR 

of adsorbed pyridine after different sample pretreatment. 

Sample Pretreatment BAS/LAS ratio 

Fresh 12 h at high vacuum 0.3 

Fresh 2 h at high vacuum 0.7 

Used a 2 h at high vacuum 0.9 

a Measured after the gas-phase aerobic transformation of glycerol. 

Reaction conditions: 295 ºC, glycerol/oxygen ratio, 4/2, Contact time 

W/F of 81 gcat h (molgly)-1 

Additionally, in order to study the possible effect of water on the acid 

properties of this sample during the gas-phase aerobic transformation of 

glycerol, the used catalyst was also pretreated at 200 ºC for 2h prior to 

pyridine adsorption. The spectrum was recorded in the same conditions 

detailed in the Experimental section (Figure 4.17, spectrum c). 

Again BAS/LAS ratio increases from 0.7 to 0.9 (Table 4.4). Assuming the 

presence of oxygen vacancies in the fresh catalyst (i.e. CUS sites) prior to 

pyridine adsorption, these results suggest that the dissociation of water on 

Lewis sites under reaction conditions could be taking place. This would 
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give rise to new Brönsted-type sites, and would also give an explanation 

to: i) the increase in the BAS/LAS ratio in the used catalysts and; ii) the 

high selectivity to acrolein observed for W-Nb-0 catalyst in the gas-phase 

aerobic transformation of glycerol.   

Figure 4.17. FTIR spectra of adsorbed pyridine of fresh and used W-Nb-0 

sample: a) Fresh catalyst pretreated in high vacuum for 12h. b) Fresh catalyst 

pretreated in high vacuum for 2h. c) Used catalyst pretreated in high vacuum 

for 2h. 

4.3.2. Catalytic properties in the valorization of aqueous effluents via 

C-C bond formation reactions 

The whole series of W-Nb-O materials were also tested in the 

transformation of short-chain oxygenates in aqueous media. The mixture 

used as feed resembles that of a waste effluent at a bio-refinery, 

specifically an effluent derived from the aqueous phase separation of a 

pyrolysis bio-oil. The model mixture presents an acetic acid/ 

propanal/acetol/ethanol/water wt.% ratio of 30/25/5/10/30. According to 

reaction scheme depicted in Figure 4.18 (picture A), short chain molecules 
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can undergo chain growth via ketonization and/or aldol condensation 

reactions to give C5-C8 intermediate products, which can further react to 

form C9-C10 products, useful for blending with automotive fuels [45].  

Figure 4.18. A) Summarized reaction network of the aqueous-phase valorization of short 

chain oxygenates by aldol condensation-ketonization reactions. B) Self-aldol 

condensation of propanal to 2-methyl-2pentenal. C) Esterification of acetic acid and 

ethanol to ethyl acetate. 

C9-C10 products

Aqueous
mixture

10 wt. %

30 wt. %

5 wt. %

25 wt. %

C5-C8 Intermediates
A

acetic acid

+

ethanol ethyl acetate

H2OC

2

propanal 2-methyl-2-pentenal
Self-adol

condensation

H2O

B



Chapter 4. W-Nb-O catalysts 

155 

For example, in the first reaction step propanal can react via self-aldol 

condensation to form 2-methyl-2-pentenal (Figure 4.18, picture B), which 

can then continue reacting with another propanal molecule to form 2,4-

dimethyl-2,4-heptadienal. The combination of ketonization-aldol 

condensation-cyclation reactions can explain all the compounds detected 

in the mixture after reaction (some examples are presented in Figure 4.18, 

picture A) [45]. The total organic yield (TOY) presented in this section 

includes all intermediates and C9-C10 products (C5-C10) formed during the 

reaction. This TOY is calculated assuming a maximum formation of 30 

wt.% C9 products, considering the initial mixture composition (for more 

details see point 2.3.4 in Experimental section). In addition, esterification 

reactions can take place between ethanol and acetic acid, with the 

formation of ethyl acetate, which is always observed in all the catalytic 

tests (Figure 4.18, picture C).  

Considering C-C bond formation reactions, it has been reported that Lewis 

acid/base pairs can assist the formation of intermediates of aldol 

condensation and ketonization, while Brönsted acid/base pairs favor the 

formation of esterification products [46, 47]. The tests were carried out at 

180 and 200 ºC at an N2 pressure of 13 bar, in Teflon-lined stainless steel 

autoclaves. The results have been explained bearing in mind the specific 

acid properties of the catalysts, and discussed in terms of conversion of the 

reactants and selectivity to the main condensation and/or ketonization 

products (2-methyl-2-pentenal, C5-C8 and C9-C10 products), and to ethyl 

acetate (as the main by-product) (Table 4.5 and Table 4.6). 

The variation of the conversion of each oxygenate, at 180 ºC at 7 h of time 

on stream, as a function of Nb-content in the catalysts is comparatively 

shown in Figure 4.19 A. The main difference was observed for propanal 

conversion, which increases with Nb-content, reaching a maximum at 

Nb/(W+Nb) ≈ 0.62 (90 % propanal conversion). The rest of reactants show 

similar conversion degrees, regardless of Nb content in the catalysts 

(conversion of 100 %, 37-47 % and 13-19 % for acetol, ethanol and acetic 

acid, respectively) (Fig. 4.19 A and Table 4.5). Accordingly, the 
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selectivity to 2-methyl-2-pentenal (2M2P) increases with Nb-content, with 

2-methyl-2-pentenal formed by self-aldol condensation of propanal. 

Table 4.5. Catalytic performance in the valorization of short-chain oxygenates in 

aqueous phase at 180 ºC.a  

Sample 

Conversion (wt. %)b Selectivity (wt. %)c 

Acetol C3HO EtOH AA C5-C8 C9-C10 2M2P  
Ethyl 

acetate 

W-Nb-0 100 61.2 40.4 17.2 19.5 8.6 38.1 33.8 

W-Nb-0.29 100 77.8 38.0 15.2 21.2 8.8 38.7 31.3 

W-Nb-0.53 100 84.5 43.4 13.3 18.5 13.3 40.2 28.0 

W-Nb-0.62 100 90.1 47.2 17.8 17.6 14.3 42.3 25.8 

W-Nb-0.80 100 84.0 36.7 19.9 13.3 15.7 45.2 25.7 

W-Nb-0.95 100 89.7 43.3 13.7 11.4 13.9 46.3 28.4 

W-Nb-1 100 80.3 40.9 18.1 16.3 14.2 41.8 27.7 

a Reaction conditions: 3 g of aqueous model mixture and 150 mg of catalyst under 

 stirring for 7h at 180 ºC; PN2= 13 bar; b C3HO= propanal; AA=Acetic acid; 

 c 2M2P= 2-methyl-2-pentenal. 

Table 4.6. Total organic yield as a function of 

reaction temperature for W-Nb-O catalysts.   

Sample 
Total organic yield (%)a 

180 ºC 200ºC 

W-Nb-0 49.2 52.9 

W-Nb-0.29 51.5 56.6 

W-Nb-0.53 62.2 59.3 

W-Nb-0.62 68.4 64.2 

W-Nb-0.80 65.2 64.5 

W-Nb-0.95 64.6 63.9 

W-Nb-1 61.2 65.2 

a Total organic yield measured at 7h of reaction. 
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In the same way, the selectivity to C9-C10 oxygenated products also 

increases with Nb/(W+Nb) ratio.  In this case, they are formed via 

condensation of C5-C8 with smaller molecules. Accordingly, the 

selectivity to C5-C8 oxygenates follows the opposite trend, i.e. decreasing 

at higher Nb contents in the catalyst (Figure 4.19).  

Figure 4.19. Conversion of each short-chain oxygenate (A) and selectivity to the main 

reaction products (B) as a function of Nb-content in the catalysts. Reaction conditions: 3 

g of aqueous model mixture and 150 mg of catalyst under stirring for 7h at 180 ºC; PN2= 

13 bar;  

Ethyl acetate was the main by-product obtained, derived from the 

esterification reaction that takes place between acetic acid and ethanol. It 

can be observed that the selectivity to ethyl acetate also decreases when 

Nb content increases. All these facts are in agreement with the specific 

acid features of the materials, considering that Lewis-type acid 

characteristics would favor the reaction towards condensation products, 

meanwhile, Brönsted acid sites would increase the reactivity via 

esterification [46, 47].  
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According to these results, the catalytic performance of W-Nb mixed oxide 

could be interpreted in terms of the concentration and nature of their 

surface acid sites (Fig. 4.20). 

Figure 4.20. Total organic yield (TOY) and yield to intermediates (sum of 2-methyl-2-

pentenal and C5-C8 fraction) and to C9-C10 oxygenates as a function of the concentration 

of acid sites (A) and as a function of Brönsted/Lewis acid sites ratio (B).  

Figure 4.20 (picture A) presents the total organic yield (TOY, sum of 

2M2P, C5-C8 and C9-C10 fractions, Table 4.5), yield to intermediates (sum 

of 2M2P and C5-C8 oxygenates) and the yield to C9-C10 oxygenates as a 

function of the concentration of surface acid sites. It can be noted that, as 

the concentration of acid sites increases, the yield to both intermediates 

and C9-C10 fractions also increases, thus increasing the total organic yield 

(Fig. 4.20 A).  

In addition, Brönsted/Lewis acid sites ratio play an important role on the 

catalytic performance (Fig. 4.20 B). Since W-Nb-0 catalysts seems to 

increase its BAS/LAS ratio in aqueous conditions (as observed in the 

previous sections), the results are not included in Figure 4.20. On the one 

hand, a high concentration of Brönsted acid sites (i.e. high BAS/LAS 

ratios) does not favor condensation reactions to intermediates and C9-C10. 
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On the contrary, a higher concentration of Lewis acid sites (i.e. lower 

BAS/LAS ratio) directs the reactivity via condensation reactions, i.e. 

towards C5-C8 and C9-C10 products formation, thus maximizing the total 

organic yield (Fig. 4.20 B).  

Catalysts were also tested at higher reaction temperature (200 ºC). Figure 

4.21 displays the yields to intermediates and C9-C10 products as a function 

of Nb content at 7 h of time of stream at 180 and 200 ºC. Some differences 

can be noted depending on the reaction temperature. When increasing from 

180 to 200 ºC, the yield to second condensation products increases (i.e. C9-

C10) (Fig. 4.21 A), with the concomitant decrease in the yield to 

intermediates (Fig. 4.21 B).  

Figure 4.21. Yield to intermediates (sum of 2-methyl-2-pentenal and C5-C8 fraction) (A) 

and to C9-C10 oxygenates (B) as a function of Nb content in the catalysts. Reaction 

conditions: 7h at 180 ºC (left); 7h at 200 ºC (right).   

Finally, to evaluate the hydrothermal stability of the catalysts, they were 

tested after 3 consecutive uses at 200 ºC during 7 h of reaction (Fig. 4.22). 

It can be seen that catalyst retain their catalytic performance, with just a 

slight decrease in the selectivity to 2M2P and C5-C8 products in the case 

of W-Nb-0.62 sample. Interestingly, both catalysts showed no leaching of 

the active components after each use (as determined by ICP-AES). 
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Figure 4.22. Yield to 2M2P (a), to C5-C8 (b) and C9-C10 (c) after three consecutive uses 

for W-Nb-0.62 and W-Nb-1. Reaction conditions: T= 200 ºC; time on stream 7h.  

4.4. General Remarks 

A series of W-Nb mixed oxides have been prepared by hydrothermal 

synthesis, in which Nb content has been varied systematically. 

Characterization results show that the isomorphic substitution of Nb for W 

has an important influence on the structural, acid and textural properties of 

the materials. The incorporation of Nb within h-WO3 promotes a loss of 

periodicity along ab plane of the crystal structure, giving rise to 

pseudocrystalline oxides just ordered along [001] direction when 

Nb/(W+Nb) ≥ 0.53. Nevertheless, as it can be inferred from HRTEM 

studies, for Nb/(W+Nb) ratios in the range 0.53-0.62, the formation of 

small crystals of a Cs0.5Nb2.5W2.5O14-type structure (isostructural with M1-

type MoVTeNb phase) seems to be favored. In addition, acid and textural 

properties of the materials can be tuned by controlling Nb content. This 

way, the progressive insertion of Nb increases the surface area and 

mesopore volumes; and decreases the average pore size. Moreover; for 

Nb/(Nb+W) > 0.53, apart from their high mesopore volumes, narrow pore 

size distributions are observed. Considering acid properties, there exists a 

substantial increase in the total concentration of acid sites (i.e. acid sites 
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per gram of catalyst) as Nb/(W+Nb) ratio increases, reaching a maximum 

at ca. 0.62-0.80. However, the surface density of acid sites (i.e. acid sites 

per unit area) decreases as Nb content increases. In addition, the presence 

of Nb increases the Lewis acid nature of the surface (i.e. decreasing 

BAS/LAS ratio at higher Nb/(W+Nb) ratios).  

The whole series of W-Nb oxides were tested as catalyst in the 

transformation of biomass-derived feedstocks, which can be considered 

waste streams in bio-processes: i) the aerobic transformation of glycerol; 

and ii) the valorization of short chain oxygenates derived from the aqueous 

phase separation of pyrolytic bio-oils. In both processes, the acid 

characteristics of the catalysts are the key factor that dictates the catalytic 

behavior. In the case of the aerobic transformation of glycerol, all the 

catalysts displayed high activity (conversion of glycerol of 100 % in all the 

cases) and high selectivity to acrolein (SAC = 83.5 - 45.3 %) (double 

dehydration product). The selectivity to acrolein progressively decreases 

with Nb ratio in the materials, with the subsequent increase of the 

selectivity to heavy by-products and carbon oxides. The drop in acrolein 

selectivity has been attributed to the increase of the Lewis nature of the 

surface, by which the desorption of the product (i.e. acrolein) is hindered 

and consecutive reactions towards carbon oxides and high molecular 

weight compounds are promoted. On the other hand, the valorization of 

short chain oxygenates in the aqueous phase (acetic acid / propanal / acetol 

/ ethanol / water wt. ratio of 30/25/5/10/30) can be carried out by the use 

of catalysts that direct the reactivity through C-C bond formation routes 

(especially aldol condensation reactions). In this sense, unlike the aerobic 

transformation of glycerol, the increase of the Lewis acid nature of the 

surface has a beneficial effect on the catalytic performance, favoring the 

conversion of small oxygenates (mainly propanal), and the selectivity to 

2-methyl-2-pentenal, to C5-C8 and C9-C10 fractions, thus also maximizing 

the total organic yield of the process (TOYmax = 68 %, Nb/(W+Nb) = 0.62). 

Despite the highly demanding reaction conditions (acidic media, 30 wt.% 

acetic acid) the catalysts maintain their catalytic performance after 3 

consecutive uses, presenting no leaching of the active species.  
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5.1. Previous considerations 

As it was commented in the previous chapters, by the selection of the 

proper catalytic system, it is possible to perform the transformation of 

glycerol into acrolein (by using monofunctional Brönsted-type acid 

catalysts) or to acrylic acid (by selecting a bifunctional acid-redox catalyst) 

[1-8]. Studies on the mechanism of the one-pot oxidehydration of glycerol 

over V-based catalysts have shown the role of both acid and redox function 

in the consecutive stages of the reaction [9]. Interestingly, they show the 

capital importance of tuning the acid properties of the materials to prevent 

total oxidation of intermediates and products, and the formation of heavy 

by-products (ketals and oligomers) [8, 9]. Specifically, the reaction 

requires catalysts with optimum acid characteristics, i.e. they must present 

acid sites with enough strength and density in order to perform the 

dehydration of glycerol to acrolein in the first reaction step, but no too 

strong or too close together that they hinder the desorption of intermediates 

and products, hence favoring undesired reactions such as overoxidation or 

oligomerization.  

In the following chapter the attention has been focused on the preparation 

of tungsten bronze-based materials (i.e. W-V-O and W-Nb-O) by an 

alternative reflux method (see point 2.1.3 in Experimental section) (Table 

5.1). 

Table 5.1. Synthesis method and composition of bulk and supported 

tungsten bronze catalysts 

Catalyst Synthesis method Atomic Compositiona 

Si W Nb V 

KIT-6 Hydrothermal 100 --- --- --- 

WNb-H Hydrothermal --- 0.71 0.29 --- 

R-WNb Reflux --- 0.74 0.26 --- 

R-WNb/KIT Reflux (Supported) 0.46 0.39 0.15 

WV-H Hydrothermal --- 0.82 --- 0.18 

R-WV Reflux --- 0.78 --- 0.22 

R-WV/KIT Reflux (Supported) 0.85 0.12 --- 0.03 

a Obtained by X-ray Energy Dispersive Spectroscopy (XEDS). 
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In addition, this synthesis procedure has led to the successful preparation 

of supported W-Nb-O and W-V-O catalysts.  In this study, the materials 

have been supported on a mesoporous KIT-6 silica.  

The catalysts have been characterized by using several physico-chemical 

techniques. Their catalytic performance in the gas phase aerobic 

transformation of ethanol and glycerol has been compared with that 

obtained with the corresponding bulk materials obtained hydrothermally, 

which present a hexagonal tungsten bronze structure. The effect of the 

support on the acid properties of the materials is discussed. 

5.2. Physicochemical characterization bulk and supported materials 

The main physicochemical features of the catalysts are summarized in 

Table 5.2. Considering Nb-containing catalysts, reflux-synthesized 

sample (R-WNb) shows a considerable higher surface area than the 

material obtained hydrothermally (WNb-H) (82 and 38 m2 g-1 respectively, 

Table 5.2).  

Table 5.2. Textural and acid properties of bulk and supported catalysts 

Catalyst Surface 

area 

(m2 g-1)a 

Mesopore 

Volume 

(cm3 g-1)b 

TPD-NH3 
c

μmolNH3 g-1 μmolNH3 m-2 

KIT-6 971 1.44   10 0.01 

WNb-H   38 n.d. 139 3.6 

R-WNb   82 0.08 308 3.7 

R-WNb/KIT 179 0.32 332 1.8 

WV-H   31 n.d. 102 3.3 

R-WV   25 0.02 151 6.0 

R-WV/KIT 358 0.20 107 0.3 

a Brunnauer-Emmet-Teller surface area; b Calculated by BJH method; 
c Temperature programmed desorption of ammonia. 
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In the case of V-containing catalysts, reflux (R-WV) and hydrothermal 

(WV-H) methods give rise to materials with similar surface areas (25 and 

31 m2 g-1, respectively) (Table 5.2). However, when reflux-synthesized 

materials are supported on mesoporous KIT-6 silica, the surface area of 

the catalysts substantially increases, especially for V-containing (R-

WV/KIT catalysts, with a surface area of 358 m2 g-1) (Table 5.2), although 

this is mainly due to the characteristics of the mesoporous support rather 

than to features related to bronze-type materials. 

In fact, a decrease in pore volumes and surface area with respect to pure 

support is observed for supported metal oxides (Table 5.2), together with 

the loss of the narrow pore size distribution of KIT-6 (Fig. 5.1 A). It is 

worth noting that the crystalline nature of the mesoporous KIT-6 is also 

lost in supported catalysts (Figure 5.1 B). 

Figure 5.1. Pore size distribution (A) and low-angle XRD patterns (B) 

of: a) R-WNb/KIT (black); b) R-WV/KIT (red); and KIT-6 support 

(green) 
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XRD patterns of bulk and supported catalysts are displayed in Figure 5.2. 

Niobium-containing samples (reflux, hydrothermal and supported 

catalysts) show Bragg peaks corresponding to h-WO3-type phase (JCPDS: 

85-2460) [10] (Fig. 5.2, patterns a to c). On the other hand, vanadium-

containing catalysts show differences in the crystal structure depending on 

the synthesis method used (Fig. 5.2, patterns d to f). Hydrothermally 

synthesized material (WV-H) displays diffraction signals of a h-WO3-type 

phase (Fig. 5.2, pattern f), while reflux and supported catalysts show only 

two clear peaks at ca. 23 and 46 º (Fig. 5.2, patterns d and e). They also 

show broad signals around 27, 35, 50 and 56 º. All these features can be 

attributed to the presence of a pseudocrystalline oxide ordered along c-axis 

[8, 11, 12]. 

Figure 5.2. XRD patterns of bulk and supported W-Nb and W-V mixed 

oxides: a) R-WNb; b) R-WNb/KIT; c) WNb-H; d) R-WV; e) R-

WV/KIT; f) WV-H. 
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In this sense, reflux synthesis inhibits the ordered growth along ab 

crystallographic plane. This loss of order could be the consequence of the 

synthesis procedure, in which the continuous stirring could hinder the 

crystal growth on those directions. 

Samples with vanadium or niobium were further investigated by scanning 

electron microscopy (SEM). Niobium-containing catalysts show always 

platelet-shaped particle aggregates, regardless of the synthesis method 

used (Fig. 5.3, pictures a to c). 

Figure 5.3. SEM micrographs of bulk and supported mixed oxides. a) R-WNb; b) R-

WNb/KIT; c) WNb-H; d) R-WV; e) R-WV/KIT; f) WV-H. 
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However, the corresponding supported materials show smaller particle 

size than that of WNb-H catalyst. In addition, KIT-6 spheres are also 

recognized in R-WNb/KIT sample (Fig. 5.3, picture b). 

In the case of V-containing catalysts, some differences in particle 

morphology have been observed depending on the synthesis procedure 

(Fig. 5.3, pictures d to f). Thus, unsupported and supported materials 

obtained by reflux method show cauliflower-like aggregates (i.e. R-WV 

and R-WV/KIT) (Fig. 5.3, pictures d and e respectively), while the sample 

prepared hydrothermally (i.e. WV-H) displays rod-shaped crystals (Fig. 

5.3, spectrum f). These observations suggest that reflux synthesis could 

inhibit the growth of one-dimensional crystals, leading to a lower 

crystallization degree and giving rise to pseudocrystalline structures 

observed by X-ray diffraction, mainly in vanadium containing catalysts. 

In order to elucidate the nature of metal-oxygen bonds, the catalysts were 

also studied by Raman and FTIR spectroscopy. Figure 5.4 A shows 

Raman spectra of bulk and supported catalysts. In the case of Nb-

containing materials, two main Raman bands at 705 and 790 cm-1 are 

observed, which can be attributed to O-M-O (M= W and Nb) and O-W-O 

stretching vibrations of MO6 octahedra in the hexagonal tungsten bronze 

lattice. In addition, a low intensity band centered at 950 cm-1 is found, 

which can be ascribed to M=O stretching vibrations (M= W, Nb) [10, 13]. 

For V-containing catalysts, bands related to O-M-O and O-W-O appear at 

695 and 801 cm-1, respectively (Fig. 5.4 A, spectra d to f), which are 

slightly shifted with respect to the ones observed in W-Nb oxides. 

Interestingly, a substantial increase of the relative intensity of the band 

located at ca. 900-1000 cm-1 is observed, comparing with W-Nb series. 

This band can be assigned to V=O stretching vibrations [7], and its relative 

intensity is higher for unsupported and supported samples prepared by 

reflux (R-WV and R-WV/KIT catalysts) (Fig. 5.4 A, spectra d and e, 

respectively). This observation suggests a higher proportion of V=O 

species in reflux-synthesized W-V-O mixed oxides, which are in fact those 

amorphous in the ab plane of the tungsten bronze structure (see Figure 
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5.2). Indeed, a lower crystalline nature of the ab plane could favor the 

presence of higher number of V=O due to a higher number of disconnected 

VO6 octahedra.  

Figure 5.4. Raman (A) and FTIR (B) spectra of bulk and supported materials:  a) R-

WNb; b) R-WNb/KIT; c) WNb-H; d) R-WV; e) R-WV/KIT; f) WV-H. 

Figure 5.4 B displays also FTIR spectra of bulk and supported materials. 

All the spectra show IR bands at 814, 747, 653 and 553 cm-1, related to 

tungsten bronze materials (Fig. 5.4. B, a-f) [5, 7, 14].  Again, R-WV and 

R-WV/KIT sample shows a band at 910 cm-1 which can be ascribed to 

those V=O stretching type vibrations (Fig. 5.4. B, d and e). In addition, 

supported materials display extra signals at 1182, 1079, 970, 802, and 459 

cm-1, which are ascribed to Si-O vibrational modes of the siliceous support 

[15].  

The acid characteristics of bulk and supported materials were elucidated 

by means of temperature-programmed desorption of ammonia (TPD-

NH3). The TPD-NH3 patterns are presented in Figure 5.5, whereas the acid 

characteristics are summarized in Table 5.2. TPD-NH3 analysis of KIT-6 
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silica shows very low acid features (Table 5.2): accordingly, it can be 

considered as an inert support.  

Considering W-Nb-O based catalysts, R-WNb and R-WNb/KIT display a 

higher concentration of surface acid sites (i.e. acid sites per gram of 

catalyst) than that prepared hydrothermally (WNb-H catalyst) (Table 5.2). 

However, if we take into account the surface density of acid sites (i.e. 

number of acid sites per unit area), R-WNb and WNb-H present similar 

characteristics. On the other hand, supported R-WNb/KIT shows a lower 

density of acid sites, mainly due to the characteristics of the support (Table 

5.2). 

On the other hand, TPD-NH3 profiles display three main desorption signals 

at low (ca. 200 ºC), medium (ca. 300 ºC) and high (ca. 400 ºC) temperature, 

which can be attributed to NH3 desorbed from acid sites with low, medium 

and high acid strength, respectively. The contribution to medium-high acid 

strength sites decreases when reflux-synthesized W-Nb-O is supported on 

KIT-6 silica (R-WNb/KIT) (Fig. 5.5, a and b respectively). However, 

WNb-H shows the lowest contribution to medium-high temperature 

signals in the TPD-NH3 profile, what implies a lower acid strength (Fig. 

5.5, c).   

In the case of W-V-O catalysts, a similar trend in TPD-NH3 profiles than 

those observed for Nb-containing catalysts is observed (Fig. 5.5, d-f). This 

way, the intensity of desorption signals at medium and high temperatures 

decreases when R-WV (Fig. 5.5, d) is supported on KIT-6 (R-WV/KIT) 

(Fig. 5.5, e). Interestingly, for W-V materials, hydrothermally-synthesized 

WV-H catalysts displays an acid strength in between reflux-synthesized 

and supported catalysts, as it can be inferred from desorption signals in the 

TPD profiles, which show: i) a contribution to medium strength acid sites 

higher than R-WV/KIT (i.e. signal at 280 ºC; Fig. 5.5, d-f); and ii) a lower 

contribution to that signal than R-WV catalyst (Fig. 5.5, d-f). Then, R-WV 

displays the highest concentration and density of acid sites in V-containing 

series (Table 5.2).   
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Both concentration and density of acid sites in reflux-synthesized W-V-O 

catalyst decreases when it is supported on KIT-6 mesoporous silica, likely 

due to the elimination of the abovementioned medium and high strength 

acid sites (Fig. 5.5, e-d). As in the case of niobium containing catalysts, 

the surface density of acid sites is much lower in supported R-WV/KIT 

with respect to those prepared by reflux (R-WV) or hydrothermally (WV-

H), due to the textural properties of the support (Table 5.2). 

Figure 5.5. TPD-NH3 profiles of bulk and supported WNb 

and WV oxides. a) R-WNb; b) R-WNb/KIT; c) WNb-H; d) 

R-WV; e) R-WV/KIT; f) WV-H. 

Summarizing, materials synthesized by reflux method (R-WNb and R-
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substantially be reduced by dispersing R-WNb and R-WV on an inert 

support, like KIT-6. Both supported and unsupported catalysts present a 

lower proportion of high acid strength acid centers than an undoped 

hexagonal tungsten bronze h-WO3 [5, 7].  

5.3. Gas-phase aerobic transformation of ethanol 

The catalytic performance of bulk and supported W-Nb-O catalysts during 

the gas-phase aerobic transformation of ethanol is summarized in Figure 

5.6. No differences, neither in ethanol conversion (Fig. 5.6, A), nor in 

selectivity to reaction products (Fig. 5.6, B and C) are observed among 

Nb-containing catalysts.   

In general, diethyl ether (Fig. 5.6, B) and ethylene (Fig. 5.6, C) were the 

main reaction products, with the presence of minor amounts of carbon 

oxides and acetaldehyde (selectivity to both COx and acetaldehyde lower 

than 6 %). However, if we consider that supported R-WNb/KIT catalyst 

presents ca. 50 % of tungsten and niobium atoms with respect to bulk 

materials (see Table 5.1), it can be concluded that supported catalyst 

shows an efficiency for ethanol transformation higher than unsupported 

catalysts. Probably, a lower crystal size and/or a better dispersion of Nb-

doped hexagonal tungsten bronze on the mesoporous silica could explain 

this behavior. 

On the other hand, Figure 5.7 compares the selectivity profiles of W-Nb-

O catalysts at low (30 %) and high (80 %) ethanol conversion. The results 

show differences in ethylene/diethyl ether ratio depending on conversion 

degree, in which ethylene is already observed at low ethanol conversion. 

As the conversion of ethanol increases, the selectivity to diethyl ether 

decreases, for the benefit of ethylene formation. This suggests that 

ethylene is formed by both parallel and consecutive reactions. In fact, 

dehydration of ethanol has been reported to give diethyl ether, via 

intermolecular dehydration; and ethylene, via intramolecular dehydration, 

being the latter favored at higher reaction temperatures [16-20]. Despite 
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this, catalysts display similar selectivity profiles regardless of the synthesis 

method used. 

Figure 5.6. Catalytic performance of W-Nb-O catalysts. A) Ethanol conversion as a 

function of reaction temperature. B) Selectivity to diethyl ether as a function of ethanol 

conversion. C) Selectivity to ethylene as a function of ethanol conversion. Symbols: R-

WNb (), R-WNb/KIT (), WNb-H (). Reaction conditions: EtOH/O2/N2 molar ratio 

of 6/13/81, Contact time W/F = 6.8 gcat h molEtOH
-1. 

The catalytic properties in ethanol aerobic transformation of bulk and 

supported W-V-O catalysts are summarized in Figure 5.8. The conversion 

of ethanol strongly depends on the catalyst preparation procedure.  In this 

way, it can be observed that supported R-WV/KIT shows a lower catalytic 

activity than bulk materials (Fig. 5.8, A). 
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Figure 5.7. Selectivity profiles of bulk and supported W-Nb-O catalysts at low (20 %, 

left) and high (80 %, right) conversion of ethanol. DEE: diethyl ether. Reaction 

conditions: EtOH/O2/N2 molar ratio of 6/13/81, Contact time W/F = 6.8 gcat h molEtOH
-1. 

On the other hand, these catalysts show a considerable formation of 

acetaldehyde (Fig. 5.8, B), due to the presence of redox sites (i.e. V4+/V5+). 

Also, the formation of diethyl ether, DEE (Fig. 5.8, C), and ethylene (Fig. 

5.8, D) is observed, due to dehydration reactions on acid sites. In addition, 

small amounts of acetic acid and ethyl acetate were also observed 

(especially over R-WV catalyst).  

Along the series, the selectivity to carbon oxides was negligible, being 

lower than 3 %, under these reaction conditions.  We must inform that, at 

low ethanol conversion, acetaldehyde and diethyl ether were the main 

products observed in all cases, with minor amounts of ethylene. However, 

as ethanol conversion increases the selectivity to acetaldehyde and diethyl 

ether decreases, with a concomitant increase in the selectivity to ethylene, 

ethyl acetate and acetic acid (Fig. 5.8).  
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Figure 5.8. Catalytic performance of W-V-O catalysts. A) Ethanol conversion as a 

function of reaction temperature. B) Selectivity to acetaldehyde as a function of ethanol 

conversion. C) Selectivity to diethyl ether as a function of ethanol conversion. D) 

Selectivity to ethylene as a function of ethanol conversion. Symbols: R-WV (), R-

WV/KIT (), WV-H (). Reaction conditions: EtOH/O2/N2 molar ratio of 6/13/81, 

Contact time W/F = 6.8 gcat h molEtOH
-1. 

Figure 5.9 displays the selectivity to the main reaction products achieved 

at low (30 %) or high (80 %) conversion of ethanol for bulk and supported 

W-V-O materials. The main difference along the series is observed in the 

selectivity to acetaldehyde, ethyl acetate and acetic acid; being the 

selectivity to ethylene and diethyl ether (products of dehydration on 

surface acid sites) similar all along the series. In this sense the selectivity 

to acetaldehyde, ethyl acetate and acetic acid decreases in the following 

trend: R-WV > WV-H > R-WV/KIT. 
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Figure 5.9. Selectivity profiles of bulk and supported W-V catalysts at low (20 %, left) 

and high (80 %, right) conversion of ethanol. DEE: diethyl ether. Reaction conditions: 

EtOH/O2/N2 molar ratio of 6/13/81, Contact time W/F = 6.8 gcat h molEtOH
-1. 

Interestingly, the higher selectivity to ethyl acetate and acetic acid seems 

to be related to the acid characteristics of the catalysts. As it was observed 

by TPD-NH3, R-WV sample shows the highest acid strength among W-V-
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strong surface acid sites and the highest selectivity to ethyl acetate.     

WV-H R-WV R-WV/KIT

0

20

40

60

80

100

Acetic acid

Ethyl acetate

Acetaldehyde

Ethylene

DEE

S
e
le

c
ti
vi

ty
(%

)

Ethanol conversion= 30%

WV-H R-WV R-WV/KIT
0

20

40

60

80

100

S
e
le

c
ti
vi

ty
(%

)

Ethanol conversion= 80%

1

2
3

4

5

1

2
3

4

5
5

1

2
3

4

5



Chapter 5. Bulk and Supported W-Nb-O and W-V-O catalysts 

183 

5.4. Gas-phase aerobic transformation of glycerol 

Both series (Nb- and V-containing catalysts) of bulk and supported 

tungsten bronze-based catalysts were also tested in the aerobic 

transformation of glycerol.  The catalytic results for Nb-containing 

catalysts are shown in Figure 5.10, whereas those obtained for V-

containing catalysts are presented in Figure 5.11.  

Considering niobium-containing series, all the catalysts show yields to 

acrolein higher than 70 % at 298 ºC (Fig. 5.10; A, C and E). At higher 

reaction temperatures the selectivity to acrolein decreases, and the reaction 

is directed to the formation of carbon oxides (Fig. 5.10; B, D and F). It is 

worth noting that total conversion of glycerol was always attained. This is 

an important fact in order to prevent oligomerization and uncontrolled 

consecutive reactions towards the formation of heavy by-products [5, 9].  

In general, all the catalysts display comparable catalytic performance, in 

terms of the nature of the main reaction products and by-products, however 

they show some differences in selectivity depending on the synthesis 

method. Reflux-synthesized R-WNb sample presents the highest yield to 

carbon oxides and heavy compounds, what is traduced in a lower 

selectivity to acrolein (ca. 70 % at 298 ºC) (Fig. 5.10, A and B). On the 

other hand, supported R-WNb/KIT catalyst shows a lower selectivity to 

both by-products (i.e. carbon oxides and heavy compounds), with a 

subsequent increase in the selectivity to acrolein (ca. 75 % at 298 ºC) (Fig. 

5.10, C and D). The better catalytic performance has been achieved with 

hydrothermally-synthesized WNb-H catalyst, which shows the lowest 

selectivity to carbon oxides and heavy by-products and, consequently, the 

highest yield to acrolein (ca. 83 % at 298 ºC) (Fig. 5.10, E and F).  

All these catalytic features can be explained considering the specific acid 

characteristics of the catalysts. As it was commented above (see Section 

5.3), the acid strength of acid sites in R-WNb decreases when the mixed 

oxides are supported on mesoporous KIT-6 (i.e. R-WNb/KIT catalyst). 
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Figure 5.10. Yields to acrolein (AC, blue), acrylic acid (AA, brown), carbon oxides (COx, 

black) and heavy compounds (HC´s, green) at different reaction temperatures. A-B) R-

WNb; C-D) R-WNb/KIT; E-F) WNb-H. Reaction conditions: Gly/H2O/O2/N2/He molar 

ratio of 2/40/4/15/39, contact time W/F = 81 gcat h molgly
-1. 

This would explain the increase in the selectivity to acrolein over R-

WNb/KIT catalyst, since lower acid strength acid sites would promote the 

desorption of acrolein, avoiding side reactions to COx and heavy 

compounds [9]. Accordingly, WNb-H sample shows both the lowest acid 

strength and the highest selectivity to acrolein in the aerobic 

transformation of glycerol in the gas phase, due to a lower formation of 

by-products.  

Figure 5.11 presents the catalytic performance of V-containing bulk and 

supported materials in the gas phase aerobic transformation of glycerol. 

Again all the catalysts showed total conversion of glycerol under the 
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reaction conditions used. In this case, the catalysts display different 

product distribution with respect to Nb-doped tungsten bronzes, showing 

a lower selectivity to acrolein and a substantial increase in the yield to 

acrylic acid (Fig. 5.11). This indicates the multifunctional acid-redox 

character of V-based series, by which glycerol transformation takes place 

via two consecutive steps: i) dehydration of glycerol to acrolein on acid 

sites and; ii) partial oxidation of acrolein into acrylic acid on V5+/V4+ redox 

pairs. Although specific functionalities are associated with each reaction 

step, it is important to take into account that acid sites play an important 

role on both consecutive stages. In this sense the strength and distribution 

of surface acid sites govern the adsorption-desorption steps of reaction 

intermediates and products during catalytic cycles [9]. Particularly, they 

should present sufficient strength and density to perform the glycerol 

dehydration to acrolein, but not too high that it could hinder the desorption 

of intermediates and products, what would favor consecutive reactions to 

undesired products (mainly carbon oxides and oligomers).  

Reflux synthesized samples (i.e. R-WV and supported R-WV/KIT 

catalysts) display their highest selectivity to acrylic acid at higher 

temperature, ca. 327 ºC (Fig. 5.11, A and C), than that observed over WV-

H catalyst, ca. 300 ºC (Fig. 5.11, E). This behavior suggests a higher 

catalytic activity of the latter material. In fact, WV-H shows the maximum 

total yield to acrolein and acrylic acid (YAC+AA = 44 % at 300 ºC) along 

the series (Fig. 5.11, E). In all cases, the yield to carbon oxides increases 

when increasing reaction temperature, while the yield to heavy by-

products observed was ca. 5-20 % in all the range examined (Fig. 5.11; B, 

D and F). The highest selectivity to acrylic acid was achieved on supported 

R-WV/KIT (SAA = 31%), even higher than that obtained with WV-H 

catalyst (SAA = 26 %) and much higher than reflux-synthesized 

unsupported r-WV catalyst (SAA = 19 %) (Fig. 5.11; A, C and E). 



Chapter 5. Bulk and Supported W-Nb-O and W-V-O catalysts 

186 

Figure 5.11. Yields to acrolein (AC, blue), acrylic acid (AA, brown), carbon oxides 

(COx, black) and heavy compounds (HC´s, green) at different reaction temperatures over 

V-containing catalysts: R-WV (A and B); R-WV/KIT (C and D); WV-H (E and F). 

Reaction conditions: Gly/H2O/O2/N2/He molar ratio of 2/40/4/15/39, contact time W/F = 

81 gcat h molgly
-1. 

As occurred in W-Nb-O based catalysts, the specific acid features, 

particularly that related to acid strength, could explain these differences in 

selectivity profiles. In the same way, the catalytic results observed over 

unsupported R-WV catalyst are substantially improved (in terms of yield 

to acrylic acid) when W-V-O is supported on mesoporous KIT-6 silica 

(Fig. 5.11, A and C). This is due to a decrease in the proportion of high 

and medium strength surface acid sites; which would enhance acrylic acid 

and acrolein desorption, avoiding total oxidation and oligomerization (Fig. 

5.11, d and e). In spite of these observations, the effect of V=O in the 

pseudocrytalline oxide cannot be ruled out.  
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According to Raman and FTIR results, the number of V=O species in both 

supported and unsupported reflux-synthesized samples (i.e. 

pseudocrystalline phases) is higher than in the case of the catalyst prepared 

hydrothermally. This could also facilitate an improvement of the partial 

oxidation of acrolein to acrylic acid in the consecutive step [8, 9].  

5.5. General Remarks 

Summarizing, the effect of the synthesis method on the physicochemical 

characteristics and catalytic performance in the gas phase aerobic 

transformation of ethanol and glycerol of V- and Nb- containing tungsten 

oxide bronzes has been studied. Characterization results demonstrate that 

it is possible to prepare W-Nb and W-V oxide bronzes by an alternative 

reflux method, in which V- and Nb- have been incorporated into the 

tungsten bronze structure. In addition, materials prepared by reflux have 

been successfully supported on a mesoporous silica (KIT-6). Both reflux 

and hydrothermal method gave rise to a well ordered h-WO3 in the case of 

W-Nb-O series. On the other hand, V-containing tungsten bronze catalysts 

prepared by reflux method present a pseudocrystalline structure in which 

the long-range order is lost along a and b directions; meanwhile 

hydrothermal conditions favor the crystallization of a h-WO3-type 

structure. 

Catalytic performance in both ethanol and glycerol aerobic transformation 

show a similar catalytic behavior (in terms of the chemical nature of the 

products) for reflux, supported and hydrothermally-synthesized catalysts 

of each series. Nb-containing materials present a high selectivity to 

dehydration products in both ethanol (formation of diethyl ether and 

ethylene) and glycerol (high selectivity to acrolein) gas-phase 

transformations, indicating their main acid character. On the other hand, 

V-containing materials led to the formation of both dehydration and 

oxidation products in the gas phase transformation of the alcohols, what 

points out their bifunctional acid-redox character. In ethanol 

transformation, both redox and acid sites work in a parallel way, leading 
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to the formation of diethyl ether and ethylene on acid sites, and 

acetaldehyde on redox sites. In the case of the gas phase transformation of 

glycerol, the reaction mechanisms follow a different path, in which 

acrolein is formed on a first reaction step by dehydration on Brönsted acid 

sites; and acrylic acid is formed in a consecutive step by partial oxidation 

of acrolein on redox sites. In addition, a considerable amount of carbon 

oxides are formed, especially at high reaction temperatures, together with 

variable amounts of heavy by-products (5-20 % yield). 

The effect of the support on the acid properties of reflux-synthesized 

catalysts has been outlined. When catalysts prepared by reflux method are 

supported on a mesoporous KIT-6 silica, the proportion of medium and 

high acid strength surface acid sites decreases. As a result, the catalytic 

performance improves for supported W-Nb-O and W-V-O catalysts, 

especially in the aerobic transformation of glycerol. Particularly, the 

elimination of medium-high strength acid centers would favor the 

desorption of the products, avoiding the overoxidation to carbon oxides 

and the formation of heavy by-products, thus increasing the selectivity to 

acrolein (in the case of W-Nb-O catalysts) and to acrylic acid (in the case 

on W-V-O catalysts). 
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6.1. Previous considerations 

Olefins (specially ethylene and propene) can be considered the “holy grail” 

of the petrochemical industry [1]. Among them, ethylene, with a 

worldwide production of 150 million tons in 2015, stands as its most 

important building block [2, 3]. In fact, ethylene is directly used in the 

production of polyethylene (with an annual production of ca. 70 million 

tons), and as precursor of some of the main commodity chemicals in the 

chemical industry (like vinyl chloride, ethyl benzene or ethylene oxide) 

[4]. Nowadays, its production is mainly based on steam cracking, which is 

a high energy-demanding process. Since steam crackers are on their 

production limit, and the demand of ethylene steadily grows year by year, 

the development of new alternative processes for its production becomes 

necessary [5-10]. With a view to a future application, the oxidative 

dehydrogenation (ODH) of ethane is probably the most interesting 

alternative for the production of ethylene [8-10]. However, very few 

catalytic systems have shown an outstanding catalytic performance for this 

reaction. Particularly, we can point out two types of catalysts, which 

present high selectivity to ethylene at medium and/or high ethane 

conversion levels: i) catalysts based on multicomponent mixed metal 

oxides, as MoVTeNbO mixed oxides, presenting yields to ethylene up to 

75 % [11, 12]; and ii) catalysts based on NiO, showing yields to ethylene 

of ca. 40 %. [13-15]. 

Considering NiO-based catalysts, two types of systems have been reported 

to be higly efficient in the ODH of ethane: i) M-promoted NiO, especially 

Sn- [15-17] and Nb-promoted [13, 14, 17-22] catalysts; and ii) supported 

NiO materials, mainly Al2O3 [23-25] and TiO2-supported nickel oxide 

[26]. In this chapter, the attention has been focused on promoted NiO 

catalysts. 

Despite their high efficiency in the oxidation of ethane, the nature of the 

active and selective sites still generates some controversy. For instance, it 

has been proposed that the nature of surface active sites can be modified 

depending on the acid characteristics of the promoter metal oxide [17]. 
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Also, the morphology of NiO particles has been reported to be important 

in the catalytic performance of these materials, as it can modify the cubic 

lattice parameter of NiO [27].  

According to this, the aim of this chapter is to shed some light on the redox 

properties of promoted NiO catalysts and their importance in the catalytic 

performance in the ODH of ethane. Hence, unpromoted and Me-promoted 

NiO (Me = La, Nb, Sn) have been prepared by the same evaporation 

method (see point 2.1.4 in Experimental Section), and studied by means of 

in situ XAS spectroscopy, under oxidative (in the presence of oxygen) and 

reductive conditions (in the absence of oxygen). The materials have also 

been characterized by XRD, Raman, XPS, temperature-programmed 

reduction in H2, and electron microscopy. The effect of reduction-

reoxidation kinetics and the promoter-nickel oxide phase distribution is 

discussed. 

6.2. Catalytic properties of promoted NiO catalysts in the ODH of 

ethane 

The catalytic results in ethane ODH for unpromoted and Me-promoted 

NiO catalysts (Me= La, Nb, Sn) are summarized in Table 6.1. Unpromoted 

and La-promoted nickel oxide (i.e. NiO and NiO-La) show a selectivity to 

ethylene relatively low (i.e. 37.1 and 52.4 %, respectively) at an ethane 

conversion of 7.0 and 8.4%, respectively). However, Nb- and Sn-promoted 

nickel oxide catalysts (i.e. NiO-Nb and NiO-Sn, respectively) present a 

high selectivity to ethylene at similar ethane conversion (i.e. 8.6 and 8.8%, 

respectively). In this way, NiO-Nb and NiO-Sn catalysts show a 

comparable catalytic behavior in terms of catalytic activity and selectivity 

in the ODH of ethane (Table 6.1). 

With the aim of studying the robustness of the catalysts under reductive 

conditions, catalytic tests in the absence of oxygen were carried out after 

2 h on stream.  Figures 6.1 and 6.2 shows the variation of ethane 

conversion and the selectivity to the main reaction products in the presence 

of oxygen (ethane/O2/He molar ratio of 5/5/90) and in the absence of 
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oxygen (ethane/O2/He = 5/0/95) achieved over NiO-Nb (Fig. 6.1) and 

NiO-Sn samples (Fig. 6.2). We must indicate that, after 2 h online, O2 was 

replaced by He, what gives rise to significant differences in the selectivity 

profiles in both cases.  

Table 6.1. Catalytic behavior of unpromoted and promoted NiO catalysts. 

Catalyst Ethane conversion (%)a Selectivity to ethylene (%)a 

NiO-Nb  8.6  83.4 

NiO-Sn  8.8  83.7 

NiO-La   8.4b   52.4b 

NiO  7.0  37.1 

a Reaction conditions: ethane/O2/He molar ratio of 5/5/90; 450 ºC; contact time 

W/F = 2 gcat h (molethane)-1. b Contact time W/F = 1 gcat h (molethane)-1. 

Thus, over NiO-Nb catalyst, the conversion of ethane increases from 9 % 

to 22 % when oxygen is removed from the feed (Fig. 6.1, A). This is 

accompanied by an initial increase in the selectivity to CO2 (from 17 % to 

ca. 40 %), and a drop of ethylene selectivity, which was not detected 

anymore (Fig. 6.1, B). Then, methane was the main reaction product 

detected in the output stream, with a selectivity of approximately 60 %. 

After ca. 30 min without oxygen, ethane conversion decreases until ca. 15 

% (Fig. 6.1, A), mainly due to a decrease in the formation of carbon oxides 

(Fig. 6.2, B). In parallel, methane selectivity increases until 95 % (Fig. 6.2, 

B). Finally, the conversion of ethane increases constantly, whereas the 

selectivity to carbon dioxide and methane is kept constant at 5 % and 95 

% respectively. It is worth noting that: i) hydrogen was always detected 

once oxygen was substituted by helium in the feed; and ii) the carbon 

balance decreased until 75 %. This behavior can be explained by: i) the 

reduction of nickel oxide to metallic nickel, and ii) the formation of large 

amounts of coke on the catalyst surface, which was corroborated after 

reaction. 
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Figure 6.1. Variation of ethane conversion (A) and selectivity to reaction 

products (B) as a function of time on stream during the ODH of ethane 

for NiO-Nb catalyst. Catalytic tests were conducted in the presence 

(molar ratio ethane/O2/He = 5/5/90) and in the absence (molar ratio 

ethane/O2/He = 5/0/95) of oxygen in the feed. Reaction conditions: 450 

ºC, contact time W/F = 2 gcat h (molethane)-1.   

 

In the case of NiO-Sn catalyst (Fig. 6.2), the catalytic performance in the 

absence of oxygen was surprisingly different to that observed over NiO-

Nb. Thus, the drastic decrease in ethane conversion when oxygen was 

removed from the feed is followed by an increase in the selectivity to 

ethylene (from 84 % to 93 %), and a concomitant decrease in the selectivity 

to carbon dioxide (from 16 % to 7%) (Fig. 6.2, B). Finally, the ethane 

conversion went on decreasing the next 4 hours on stream, keeping its 

selectivity profile unaltered (Fig. 6.2, A). 

According to these results, ethane activation in aerobic conditions seems 

to be similar on both catalytic systems. However, in anaerobic conditions, 
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the reactivity takes two different pathways depending on the catalyst 

composition. 

Figure 6.2. Variation of ethane conversion (A) and selectivity to 

reaction products (B) as a function of time on stream during the ODH 

of ethane for NiO-Sn catalyst. Catalytic tests were conducted in the 

presence (molar ratio ethane/O2/He = 5/5/90) and in the absence (molar 

ratio ethane/O2/He = 5/0/95) of oxygen in the feed. Reaction conditions: 

450 ºC, contact time W/F = 2 gcat h (molethane)-1.   

It appears that Ni sites on NiO-Nb catalyst undergo a fast reduction to 

metallic nickel in the absence of oxygen (reductive atmosphere), which is 

very active in hydrocarbon reforming reactions, thus producing hydrogen 

and methane. On the other hand, Ni species on NiO-Sn must remain in a 

relatively high oxidation state, even when oxygen is not present in the feed. 

In this particular case, product distribution does not present significant 

differences with respect to oxidative conditions, although it shows a very 

low conversion of ethane (ca. 0.5 %). The low amounts of ethylene and 

carbon dioxide produced under the absence of oxygen can be explained by 
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means of a Mars-van Krevelen mechanism, by which the remaining lattice 

oxygen, would be responsible for the oxidation of the alkane.  

Figure 6.3. Evolution of ethane conversion (A), selectivity to main reaction products (B), 

carbon balance and selectivity to hydrogen (C) with  time on stream for NiO-Sn catalyst. 

Reaction conditions: ethane/O2/He molar ratio of 30/0/70; 475 ºC, contact time W/F in 

the range 2.7-20 gcat h (molethane)-1. 

The reduction of Ni2+ species in NiO-Sn was only observed after several 

hours online and using much higher concentration of ethane in the feed. 

For example, using an ethane/O2/He molar ratio of 30/0/70, higher contact 

time (W/F up to 20 gcat h (molethane)
-1) and higher reaction temperature (475 

ºC) (Fig. 6.3). This way, hydrogen and methane start to be produced after 

ca. 2.5 h online, showing a similar catalytic behavior than NiO-Nb, but 

with a much lower activity. Hence, all these observations suggest that Ni2+ 
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species in NiO-Nb display a remarkably higher reducibility than those in 

NiO-Sn when an oxygen-free feed is used (ethane/He).  

6.3. Characterization of promoted NiO catalysts 

XRD patterns of calcined catalysts are shown in Figure 6.4. All the 

materials show Bragg signals at positions corresponding to the cubic phase 

of NiO (Fm3m, ICSD No: 184626). Promoted NiO catalysts present much 

broader diffraction peaks (Fig. 6.4, patterns a-c) than unpromoted NiO 

(Fig. 6.4, pattern d), which can be associated with a lower crystallinity 

and/or a lower particle size of NiO crystals in promoted catalysts. In fact, 

the average crystallite size, estimated by Scherrer equation, shows a 

considerable smaller crystal size for NiO-Nb, NiO-Sn and NiO-La 

catalysts (8, 15 and 10 nm, respectively) than unpromoted nickel oxide 

sample (ca. 30 nm) (Table 6.2).  

Table 6.2. Physicochemical features of NiO-based catalysts. 

Catalyst Particle size 

(nm)a 

Cubic cell 

parameter (Å) b 

H2-TPR c 

TM (ºC) d H2-uptake e 

NiO-Nb 8 4.1759 357 19.57 

NiO-Sn 15 4.1767 331 21.54 

NiO-La 10 4.1714 308 22.59 

NiO 30 4.1760 298 20.61 

a Estimated by Scherrer equation; b Obtained by profile fitting. c Temperature-

programmed reduction in H2 (H2-TPR); d TM: temperature for the maximum H2-

uptake; e H2-uptake in mmolH2 gNi
-1. 
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Figure 6.4. XRD patterns of NiO-based catalysts. a) NiO-Nb; b) NiO-

Sn; c) NiO-La; d) NiO. Symbols: () Nb2O5 (JCPDS: 01-071-0336); 

() SnO2 (JCPDS: 00-046-1088); ()La2O2CO3 (JCPDS: 00-048-

1113). 

On the other hand, no significant differences in the cubic cell parameter 

were found along the series (a ≈ 4.17 Å) (Table 6.2). Apart from 

diffraction peaks related to NiO, diffraction patterns of promoted catalysts 

display additional signals, which can be assigned to the presence of minor 

amounts of Nb2O5 (JCPDS: 01-071-0336) (Figure 6.4, pattern a), SnO2 

(JCPDS: 00-046-1088) (Fig. 6.4, pattern b) or La2O2CO3 (JCPDS: 00-048-

1113) (Fig. 6.4, pattern c). Interestingly, the presence of very broad peaks 

assigned to SnO2 in NiO-Sn sample suggest the presence of very small tin 

oxide nanoparticles (Fig. 6.4, pattern b). In the case of NiO-Nb and NiO-

La this feature is not observed, showing low intensity but well-defined 
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narrow Bragg signals of both Nb2O5 and La2O2CO3, respectively (Fig. 6.4, 

patterns a and c).  

Average bulk composition of promoted catalysts (estimated by XEDS) 

shows small differences in promoter concentration (of ca. 5.9 and 8.7 at. 

% for NiO-Nb and NiO-Sn respectively) (Table 6.3).  

On the other hand, XEDS line-scans of individual particles in each sample 

indicate a Nb content in the range 5.4-11 at.% for NiO-Nb (Figure 6.5, A); 

meanwhile NiO-Sn shows a very low concentration of Sn in isolated NiO 

particles, being in the range 0.5-1 at.% (Fig. 6.5, B). According to this, the 

fact that a lattice parameter of NiO-Nb sample does not vary with respect 

to unpromoted nickel oxide (Table 6.2) at this promoter concentration can 

be explained either by the presence of Nb2O5, that would decrease the Nb 

content in NiO, and/or by the presence of extra-framework Nb5+ species, 

likely on the surface, that would not modify NiO framework. 

Table 6.3. Bulk and surface composition of NiO-based catalysts. 

Catalyst Composition (at. %) 

Bulk a Surface b 

Ni Promoter Ni Promoter 

Nb-NiO   94.6 5.9   91.7 8.3 

Sn-NiO   91.3 8.7   88.9 11.1 

La-NiO   95.8 4.2    98.7 1.3 

NiO 100 0.0 100 0.0 

a Obtained by X-ray Energy Dispersive Spectroscopy (XEDS). b 

Determined by X-ray Photoelectron Spectroscopy.  

On the contrary, nickel oxide particles in NiO-Sn catalyst display a very 

low dopant concentration in all cases. Thus, these observations suggest 

that almost all Sn atoms in the sample must be in the form of SnO2 

nanoparticles. 
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Figure 6.5. Bright-Field STEM images and their corresponding XEDS line-scans of 

NiO-Nb (A) and NiO-Sn (B) isolated particles. 

Considering surface composition, determined by XPS, both NiO-Nb and 

NiO-Sn present an enrichment of promoter concentration in comparison 

with bulk-composition (determined by XEDS) (Table 6.3). This would 

suggest the presence of Nb species on the surface, or maybe the formation 

of a surface Ni-Nb-O mixed phase [21]. The enrichment in the case of Sn-

promoted catalysts could be explained considering the presence of SnO2 

nanoparticles on NiO surface.  

In this line, Raman spectroscopy supports this different distribution of the 

promoters (Fig. 6.6). A shift in the frequency of vibrational modes of NiO 

(Fig. 6.6, spectrum a), from 494 cm-1 to 527 cm-1, is observed for NiO-Nb 

sample (Fig. 6.6, spectrum c). Hence, this could confirm a higher 

interaction of Nb with the pristine NiO lattice [28]. On the other hand, 

vibrational modes of NiO remain unchanged in the case of Sn-promoted 

catalyst (Fig. 6.6, spectrum b). Thus, at the bulk level, both promoters act 

in a different way, in which niobium modifies original NiO framework in 

a greater extent than tin does. Hence, Sn must me acting mainly as a 

surface promoter.  
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Figure 6.6. Raman spectra of unpromoted (a), Sn- (b) and 

Nb-promoted (c) NiO catalysts. 

In addition, HAADF-STEM micrographs and XEDS analyses of both Sn- 

and Nb-promoted catalysts (Figs. 6.7 and 6.8) show differences in the 

promoter distribution. A homogeneous distribution of niobium is found for 

NiO-Nb catalyst (Figs. 6.7 A and 6.8 A). Interestingly, no Nb2O5 was 

detected, likely because it is present in the form of large particles. 

However, NiO-Sn catalysts presents a heterogeneous distribution of the 

promoter all along the sample, by which very small SnO2 particles are 

covering NiO particles (Figs. 6.7 B and 6.8 B). Attending to the similar 

catalytic behavior of both catalysts in the ODH of ethane (i.e. reactions 

performed in the presence of oxygen in the feed), it looks that it is possible 

to achieve similar promoter-NiO interaction by intimate contact of two 

separated oxide phases, as in the case of NiO-Sn catalysts, or by a 

homogeneous distribution of the promoter (either by isomorphic 

substitution or surface species), like in the case of NiO-Nb, thus modifying 

Ni species in nickel oxide by both ways.  
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Figure 6.7. HAADF-STEM images and their corresponding XEDS maps of NiO-Nb 

(A) and NiO-Sn (B) catalysts 

Figure 6.8. HAADF-STEM images and the corresponding atomic composition 

determined by XEDS (point analysis and full image analysis) of NiO-Nb (A) and NiO-

Sn (B).   
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Reducibility of NiO-based materials was initially studied by means of 

temperature-programmed reduction in hydrogen (H2-TPR). H2-TPR 

results are comparatively presented in Figure 6.8 and Table 6.2. All the 

catalysts present two reduction maxima at 357 and 406 ºC (NiO-Nb), 300 

and 331 ºC (NiO-Sn), 308 and 333 ºC (NiO-La) or 298 and 321 ºC (NiO).  

However, the temperature for the maximum H2-uptake (TM) decreases 

according to the following trend (Table 6.2): NiO-Nb > NiO-Sn > NiO-

La > NiO. 

The presence of several reduction peaks could be related to the steps 

proposed for the reduction of NiO, i.e. NiO  Ni+δ  Ni0 [29]; but also 

due to the presence of additional Ni-promoter mixed phases [21]. In fact, 

high-temperature signals in supported NiO catalysts have been ascribed to 

the presence of this type of mixed phases due to a high active phase-

support interaction [30, 31]. On the contrary, low temperature reduction 

peaks (at ca. 290 ºC) could be related to the presence of unpromoted or 

unsupported NiO particles. Also, it has been proposed that non-

stoichiometric nickel oxide presents a lower initial activation energy of 

reduction than stoichiometric NiO, thus giving reduction signals at lower 

temperatures [32].  

Considering all these assumptions, the intensity of the low temperature 

reduction peak decreases when Nb5+ or Sn4+ are used as promoters, and in 

a lesser extent when La4+ is used (Fig. 6.9). In parallel, the intensity of the 

second reduction signal (at 357 and 331 ºC, respectively) is higher for NiO-

Nb and NiO-Sn catalysts. Then, it seems that highly reducible Ni sites 

seem to be transformed/eliminated when Nb5+ and Sn4+ are added as 

promoters (this change is also observed in the case of La-promoted sample, 

but with a lower effect) (Fig. 6.9).  

Additionally, an in situ X-ray absorption spectroscopy (XAS) study has 

been performed in order to shed some light on the redox properties of 

promoted NiO-based catalysts. Time-resolved XANES measurements 

were carried out in the Ni K-edge, during the reduction-reoxidation-

reduction consecutive treatments under H2/He, O2/He and ethane/He 
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mixtures, respectively. During the experiments all the samples underwent 

progressive transitions between the typical XANES features of NiO (high 

intensity white line at ca. 8349 eV and a low intensity shoulder at 8334 

eV); and those typical of metallic Ni (a low intensity white line at ca. 8349 

eV and a broad shoulder at 8334 eV) [33]. 

Figure 6.9. H2-TPR profile of promoted NiO catalysts: a) NiO-Nb; b) 

NiO-Sn; c) NiO-La; d) NiO. 

Figure 6.10 displays in situ time-resolved XANES spectra of unpromoted 

and Me-promoted nickel oxide catalysts, recorded during the 

abovementioned reduction-reoxidation-reduction sequential treatments at 

450 ºC. In addition, kinetic curves of reduction, reoxidation and reduction 

steps (calculated by linear combination fitting, LCF, using the fresh 

catalysts and Ni (0) as references) are also depicted in Figure 6.10 (right). 
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Interestingly, unpromoted and promoted NiO catalysts present different 

behavior during the redox experiments, especially if we compare NiO-Nb 

and NiO-Sn (Fig. 6.10, profiles a and b, respectively). However, 

significant differences can be also noted when comparing NiO-La and 

unpromoted NiO samples (Fig. 6.10, c and d, respectively). 

NiO-Nb and NiO-Sn catalysts present a similar slow reduction kinetic 

under H2/He atmosphere, (Fig. 6.10, profiles a and b, step 1). However, 

during the reoxidation step under O2/He, Nb- promoted sample undergoes 

an almost instantaneous total reoxidation to NiO (Fig. 6.10, profile a, step 

2), whereas Sn-promoted catalyst displays a progressive partial 

reoxidation (reduction degree of 0.21, i.e. 79 % NiO) (Fig. 6.10, profile b, 

step 2). These catalysts present also important differences when the 

reduction was carried out under ethane/He atmosphere, step 3 (Fig. 6.10, 

profiles a and b). After a short induction period (6-10 min) for step 3, NiO-

Nb is reduced into metallic Ni (Fig. 6.10, profile a). On the contrary, NiO-

Sn is not reduced, keeping its reduction degree unaltered during 30 min 

(Fig. 6.10, profile b, step 3).  

Considering NiO and NiO-La catalysts, which present low selectivity to 

ethylene during the ethane ODH, both materials present a faster reduction 

kinetic under H2/He atmosphere, being the rate of reduction for NiO-La 

higher than that of NiO catalyst (Fig. 6.10, profiles c and d, step 1). In both 

cases NiO and NiO-La show faster reduction kinetics than Nb- and Sn-

promoted catalysts. It is worth noting that NiO-La catalyst displays a very 

fast total reoxidation (100 % NiO) under O2/He atmosphere (Fig. 6.10, 

profile c, step 2), meanwhile unpromoted NiO, presents the slowest 

reoxidation kinetic along the series, not achieving total reoxidation to NiO 

(≈ 70 % NiO) (Fig. 6.10, profile d, step 2). 

Then the better catalytic performance of NiO-La with respect to NiO could 

be explained in terms of its better reoxidation capacity. In this regard, a 

faster reoxidation rate would help to keep Ni species in +2 oxidation state 

during catalytic cycles. 



Chapter 6. Promoted NiO catalysts 

210 

Figure 6.10. In situ time-resolved XANES spectra in the Ni K-edge (left) and their 

corresponding kinetic curves calculated by LCF (right) during reduction-reoxidation-

reduction experiments. a) NiO-Nb; b) NiO-Sn; c) NiO-La, d) NiO. Reaction conditions: 

T = 450ºC; (1, ) H2/He, 25/25 (mL min-1); (2, ) O2/He, 5/25 (mL min-1); (3, ) 

ethane/He, 5/25 (mL min-1). 
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Finally, under ethane/He atmosphere (Fig. 6.10, profiles c and d, step 3), 

NiO shows a reduction kinetic slower than NiO-La catalyst.  This higher 

reduction kinetic of NiO sample could be due to the formation of carbon 

deposits as a consequence of remaining metallic nickel after the 

reoxidation step, or caused by its larger particle size. In this way, the 

effects of particle size and morphology on catalytic performance of these 

catalysts cannot be completely ruled out.  

According to these results, it can be suggested that reduction and 

reoxidation (in a lesser extent) steps during the catalytic cycles can play an 

important role in the ODH of ethane. Thus, slow reduction kinetics and 

fast reoxidation rates would facilitate a more controlled oxygen supply 

during redox cycles, thus favoring a higher selectivity to ethylene and 

limiting COx formation during ethane ODH. Nonetheless, according to 

sequential in situ experiments (especially under O2/He and ethane/He), 

microstructural characteristics such as particle size, phase distribution, or 

the formation of carbon deposits on catalyst surface can also influence 

redox kinetics. 

In order to clarify these features, in situ XAS experiments under reaction 

conditions, in the absence and presence of oxygen in the feed (reduction-

reoxidation sequence), were carried out on NiO and NiO-Sn. The 

corresponding results are shown in Figure 6.11 (profiles a and b, 

respectively). Again, NiO-Sn catalyst stays in its fully oxidized state after 

1h under reductive conditions (ethane /He) (Fig. 6.11, profile a). In this 

case, cracking-reforming reactions are less probable, since no metallic Ni 

is observed in the catalyst. Then, the extremely high resistance to reduction 

(i.e. its extremely low reducibility) under ethane atmosphere found for 

NiO-Sn must be due to intrinsic characteristics of the material.  

Regarding unpromoted NiO sample (Fig. 6.11, profile b), it also shows 

similar behavior than that reported previously in Figure 6.10 (profile d): 

i) presenting an induction period to the reduction in ethane/He atmosphere

(step 1); and ii) the reduced catalyst does not achieve total reoxidation 

under oxidation conditions (O2/He atmosphere) (step 2). In this case, the 
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lower reoxidation capacity can be ascribed to the larger particle size, which 

would prevent oxygen diffusion to catalyst particles. Thus, we can ascribe 

the anomalous behavior of this sample under reductive and oxidative 

conditions to their microstructural features or to particle size effects 

(hindered diffusion of reactants), being the presence of carbon deposits 

less decisive. 

Figure 6.11. In situ time-resolved XANES spectra in the Ni K-edge (left) and their 

corresponding kinetic curves calculated by LCF (right) during reduction-reoxidation 

treatments. a) NiO-Sn; b) NiO. Reaction conditions: T = 500 ºC; () ethane/He, 5/25 

(mL min-1); () O2/He, 5/25 (mL min-1). 

In situ time-resolved XAS experiment during reduction-reoxidation-

reduction sequences (i.e. in H2/He, O2/He and ethane/He, respectively) 

over Nb- and Sn- promoted catalysts were also conducted at different 

temperatures (400, 450 and 500 ºC).  The corresponding results for Nb- 

and Sn- promoted catalysts are shown in Figure 6.12 and Figure 6.13, 

respectively.  
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Figure 6.12. In situ time-resolved XANES spectra in the Ni K-edge (left) and their 

corresponding kinetic curves calculated by LCF (right) during reduction-reoxidation-

reduction experiments at different temperatures over NiO-Nb catalysts. a) 400 ºC; b) 450 

ºC; c) 500 ºC. Reaction conditions: (1, ) H2/He, 25/25 (mL min-1); (2, ) O2/He, 5/25 

(mL min-1); (3, ) ethane/He, 5/25 (mL min-1). 

NiO-Nb shows an instantaneous reoxidation in O2/He regardless of the 

temperature used in the experiments (Fig. 6.12, a-c, step 2). However, 

temperature has a clear effect on reduction kinetics, displaying higher 

reduction rates under both H2/He and ethane/He as temperature increases 

(Fig. 6.12, a-c, steps 1 and 3).  
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Figure 6.13. In situ time-resolved XANES spectra in the Ni K-edge (left) and their 

corresponding kinetic curves calculated by LCF (right) during reduction-reoxidation-

reduction experiments at different temperatures over NiO-Sn catalyst. a) 400 ºC; b) 450 

ºC; c) 500 ºC. Reaction conditions: (step 1, ) H2/He, 25/25 (mL min-1); (step 2, ) 

O2/He, 5/25 (mL min-1); (step 3, ) ethane/He, 5/25 (mL min-1). 

However, in situ experiments and kinetic curves of NiO-Sn display a very 

different behavior under reductive and oxidative conditions (Fig. 6.13, a-

c). Under H2/He, it shows a faster reduction kinetic as reaction temperature 

increases (Fig. 6.12, a-c, step 1).  However, when the reaction is carried 

out in ethane/He (Fig. 6.12, a-c, step 3), the reduction never takes place, 

irrespective of the reaction temperature used. Surprisingly, an unexpected 
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behavior is observed in the reoxidation treatment in O2/He flow, under 

which the catalyst presents different oxidation degrees depending on the 

reaction temperature (Fig. 6.12, a-c, step 2).  

Figure 6.14 displays XANES spectra of NiO-Sn recorded after 12 min 

under O2/He at 400, 450 and 500 ºC (Fig. 6.14; a, b and c, respectively). It 

can be seen that the oxidation degree of the catalyst decreases as the 

reaction temperature increases.  

Figure 6.14. XANES spectra in the Ni K-edge NiO-Sn recorded 

after 12 min of reoxidation treatment in O2/He (5/25 mL min-1) at 

different temperatures (spectra of metallic Ni and NiO are also 

shown). a) 400 ºC; b) 450 ºC; c) 500 ºC. 

As far as gas-solid reactions are concerned, an increase in the reaction 

temperature should promote a faster reoxidation kinetic in an oxygen-rich 

atmosphere. Considering the specific phase distribution in NiO-Sn 

catalyst; i.e. the presence of SnO2 nanoparticles covering NiO; an increase 

in the reaction temperature would also favor tin oxide sintering all over the 

surface of NiO particles, thus hindering the diffusion of O2 to the catalyst, 
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and explaining the opposite trend observed in the reoxidation stage (step 

2). 

In order to confirm all these findings, catalysts used under ethane/He flow 

at 450 ºC (both Sn- and Nb-promoted NiO) were characterized by XRD 

(Fig. 6.15), STEM and XEDS (Fig. 6.16). X-ray diffraction patterns of 

fresh and used NiO-Nb and NiO-Sn catalysts are displayed in Fig. 6.15. 

As commented above, fresh Nb-promoted catalyst presents diffraction 

lines corresponding to the cubic phase of NiO (Fm3m, ICSD No: 184626) 

and low intensity peaks assigned to Nb2O5 (JCPDS: 01-071-0336) (Fig. 

6.15, pattern a). After reaction in the absence of oxygen (see Figs. 6.1 and 

6.2) it can be seen that: i) Nickel oxide is reduced to metallic fcc-Ni 

(JCPDS: 01-070-1849); and ii) Nb2O5, and also probably other Nb5+ 

species in the catalyst, are reduced to NbO2 (JCPDS: 01-074-2387) (Fig. 

6.15, pattern b).  

On the contrary, NiO-Sn presents the same diffraction profiles before (Fig. 

6.15, pattern c) and after the reduction-reoxidation-reduction sequence 

(Fig. 6.15, pattern d). This underlines the features observed by in situ XAS 

experiments, suggesting that the presence of SnO2 nanoparticles covering 

NiO could inhibit nickel oxide reduction into metallic Ni. 

Figure 6.16 shows HAADF-STEM images and the corresponding XEDS 

maps of used Sn- and Nb-promoted catalysts (Fig. 6.16, A and B, 

respectively). A homogeneous distribution of carbon is detected all over 

the surface of NiO in the case of used NiO-Sn (Fig. 6.16, A).  

On the other hand, NiO-Nb presents whire-shaped carbon particles, likely 

result of its relatively fast reduction process to Ni (0). Thus, although 

metallic Ni is not present in Sn-promoted catalysts, it could be possible 

that also carbon deposits help to prevent reduction under ethane/He 

atmosphere. 

The stability tests performed over NiO-Sn catalyst in the absence of 

oxygen at higher temperature and contact time (as presented in Fig. 6.3), 

suggest that the sample can be reduced under more severe conditions.  
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Figure 6.17 A shows the XRD pattern of used NiO-Sn catalyst.  These 

results show the formation of metallic hcp-Ni phase (JCPDS: 45-1027) in 

used catalyst.  

Figure 6.15. XRD profiles of fresh (a and c) and used (b and d) under ethane/He 

flow (5/95 mL min-1 at 450 ºC) of NiO-Sn (a, b) and NiO-Nb (c, d) catalysts. 

This is not at all the most common Ni (0) crystal structure, and it is reported 

to be formed just in special conditions, like when NiO is covered by 

graphite [34]. According to this, BF-STEM and XEDS maps show that 

reduced NiO-Sn catalyst presents a thick layer of carbon covering all its 

surface (Fig. 6.17, B and C). 
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Figure 6.16. HAADF-STEM images and XEDS maps of used NiO-Sn (A) and NiO-Nb 

(B) catalysts.
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Figure 6.17. XRD profile (A) and BF-STEM image (B) and the corresponding C-Kα of 

reduced NiO-Sn catalyst (reduction conditions in Figure 6.3). Symbols: () hpc-Ni 

(JCPDS: 45-1027).

6.4. General Remarks 

During this chapter, the correlation of redox features and the catalytic 

properties of promoted and unpromoted NiO catalysts in the oxidative and 

nonoxidative activation of ethane have been underlined. Along the series, 

Sn- and Nb-promoted NiO show the highest efficiency in the ODH of 

ethane; presenting a very similar catalytic behavior. Both catalysts are 

characterized by the presence of NiO particles of small size, although 

crystal size depends on the chemical nature of the promoter. In addition, 

for a better comparison, unpromoted and La-promoted NiO catalysts, 

presenting a relatively low selectivity to ethylene in the ODH of ethane, 

have also been studied.  
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The reducibility of Ni2+ species in the catalysts seems to play one of the 

most important roles in the catalytic performance. This way, the most 

selective materials are those showing the slowest reduction kinetic in 

H2/He (NiO-Nb and NiO-Sn), whereas those displaying the fastest 

reduction rates present the lowest selectivity to ethylene (NiO-La and 

unpromoted NiO). Reoxidation step seems also to play a role in the 

catalytic behavior, as it has been observed when comparing unpromoted 

and La-promoted NiO. In this sense a faster reoxidation rate seems to 

increase the selectivity to ethylene (NiO-La > NiO). Nevertheless, 

reoxidation kinetic is very dependant on the morphology, phase 

distribution and particle size of the catalysts, as it has been shown for Sn- 

and Nb-promoted NiO materials. 

Interestingly, despite Nb- and Sn-promoted catalysts show similar 

catalytic properties in the ODH of ethane (ethane/O2/He), they display a 

completely opposite behavior when oxygen is removed from the feed 

(ethane/He). According to this, Ni2+ species in NiO-Nb are instantaneously 

reduced to Ni (0), giving rise to the formation of methane, coke and 

hydrogen as main products. On the contrary, Ni2+ sites in NiO-Sn sample 

remain unreduced, presenting similar catalytic behavior than in the 

presence of oxygen (but with a lower catalytic activity). The aggregation 

of SnO2 nanoparticles covering NiO particles could partially explain its 

extremely low reducibility under ethane/He observed for this catalyst; fact 

that is not observed in Nb-promoted catalyst, in which Nb is 

homogeneously distributed in the catalyst. NiO-Sn sample is only reduced 

under more severe reductive conditions, i.e. higher concentration of ethane 

in the feed at higher temperatures and contact time.  

All these findings suggest that it is possible to achieve a similar NiO-

promoter interaction (with the consequent modification of the pristine NiO 

phase), by two different promotion mechanisms: i) the homogeneous 

distribution of the promoter element over the surface or its isomorphic 

substitution in NiO framework (like in Nb-promoted NiO); or ii) by the 

intimate contact between two different oxide phases (SnO2 and NiO in the 

case of Sn-promoted NiO).  
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7.1. Previous considerations 

As stated in Chapter 6, besides MoV-based oxides and promoted NiO 

catalysts, supported nickel oxides also present an outstanding catalytic 

performance in the ODH of ethane [1-5]. Among all supported NiO 

phases, those supported on porous clay heterostructures (PCH) [1], TiO2 

[2] and Al2O3 [3-5] have shown the best catalytic behavior, reaching 

ethylene selectivities in the range 80-90 %. Interestingly, they display 

similar selectivity to ethylene than the best promoted NiO catalysts (Sn- 

and Nb-promoted catalysts), but presenting a lower active phase content 

[6-8]. In this context, the chemical nature and surface area of the supports 

are key aspects to take into account in order to achieve a high selectivity 

to ethylene in the ODH of ethane. 

Despite being one of the best catalysts to perform the ODH of ethane, the 

causes that transform an apparently unselective catalyst like bulk NiO 

(selectivity to ethylene of ca. 30 %) into a very selective catalyst when it 

is supported on specific metal oxides are still unclear. For instance, the 

optimum NiO loading necessary to achieve the best selectivity to ethylene 

varies depending on the surface area of the support [2]. This underlines the 

importance of active phase-support interactions. Also, Lemonidou et al. 

reported recently that the support can also influence the redox kinetics in 

NiO oxygen transfer materials (OTM´s), being related with oxide-support 

interaction strength [9]. 

The aim of this chapter is to shed some light on these oxide-support 

interactions, i.e. their effect in the chemical nature of Ni species in a series 

of supported catalysts, and which is the influence on the catalytic 

performance in the ODH of ethane. For this purpose, a series of catalysts 

showing low, medium and high selectivity to ethylene have been 

synthesized (see point 2.1.4 in Experimental section): unsupported NiO, 

and NiO supported on SiO2 (NiO/SiO2), TiO2-anatase (NiO/TiO2-a), TiO2-

P25 (NiO/TiO2-P25) and on a porous clay heterostructure with SiO2 and 

TiO2 pillars (NiO/PCH-Ti). The study of the redox properties has been 

carried out by means of temperature-programmed reduction in H2 (H2-
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TPR) and in situ time-resolved X-ray Absorption Spectroscopy (XAS). To 

elucidate the chemical environment and nature of Ni species, the samples 

have been analyzed by EXAFS and XPS. The catalytic performance is 

discussed in terms of the different particle size and the presence of Ni and 

O defects. 

7.2. Catalytic properties of supported NiO catalysts in the ODH of 

ethane 

The catalytic activity at 450 ºC and the selectivity to ethylene achieved at 

an ethane conversion of 10 % during the ODH of ethane on unsupported 

and supported NiO catalysts are summarized in Table 7.1. Unsupported 

NiO and NiO/SiO2 display the lowest selectivity to ethylene (ca. 30 %). 

However, when NiO is supported on Ti-containing supports, the selectivity 

to ethylene increases drastically, achieving selectivity values of ca. 89 % 

for NiO/TiO2-P25. 

Table 7.1. Catalytic performance of unsupported and supported NiO 

catalysts. 

Catalyst NiO loading 

(wt%)a 

Catalytic Activity 

(gethane kgNiO
-1 h-1)b 

Selectivity 

to ethylene 

(%)c 

NiO 100   1117 33 

NiO/SiO2 10   5080 30 

NiO/PCH-Ti 17 10941 78 

NiO/TiO2-a 20   5725 64 

NiO/TiO2-P25 20   5400 89 

a Calculated by XEDS; b Catalytic activity at 450 ºC and at ethane conversion of 

ca. 5 %; c Reaction conditions: ethane/O2/He molar ratio of 3/1/26, ethane 

conversion of 10 % and 450 ºC. 



Chapter 7. Supported NiO catalysts 

229 

The variation of the selectivity to ethylene as a function of ethane 

conversion is depicted in Figure 7.1. It is worth noting that in all cases the 

ethylene formed showed a very low reactivity in the conversion range 

studied. Specifically, CO2 was the only by-product observed under these 

reaction conditions, which seems to be formed directly from ethane 

combustion. In fact, the selectivity to ethylene remains constant along the 

conversion range examined, i.e. it does not change with ethane conversion, 

even for the less selective catalysts (NiO and NiO/SiO2).  

Figure 7.1. Selectivity to ethylene as a function of ethane conversion 

for NiO-based catalysts. Symbols: NiO (); NiO/SiO2 (); NiO/PCH-

Ti (); NiO/TiO2-a (); NiO/TiO2-P25 (). Reaction conditions: 

ethane/O2/He molar ratio of 3/1/26, T = 450 ºC. 
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In general, considering supported vanadium oxide catalysts, CO is usually 

observed as secondary reaction product, as a consequence of deep 

oxidation of ethylene [10].  On the contrary, CO is not detected in our case. 

The absence of CO could be explained by a fast total oxidation of CO to 

CO2, which in fact takes place on NiO at much lower reaction temperatures 

that those used in these experiments [11, 12]. Nevertheless, this low 

reactivity towards total oxidation products is in line with results reported 

on other NiO-based systems for the ODH of ethane [1, 3, 6-9, 13-16]. 

Besides NiO-based materials, this catalytic behavior in the ODH of ethane 

has only been reported for MoV-based mixed oxides presenting an M1-

type crystal structure [13, 17, 18]. Interestingly, supported materials 

displayed a notably higher catalytic activity than unsupported NiO (Table 

7.1). 

7.3. Characterization of promoted NiO catalysts 

XRD patterns of bulk NiO and supported catalysts are depicted in Figure 

7.2. In all cases Bragg peaks corresponding to NiO cubic phase are 

observed (Fm3m; ICSD No. 184626), which can be distinguished as the 

only crystalline Ni-containing phase in the samples. For supported NiO 

catalysts, additional diffraction peaks are found, which can be ascribed to 

the specific supports used (Fig. 7.2, patterns b to e), except for amorphous 

SiO2, which just displays NiO signals (Fig.7.2, pattern b).   

Considering TiO2 supported catalysts, the main structural-type observed 

was TiO2 anatase (JCPDS: 84-1286). However, the sample supported on 

TiO2-P25 shows also low intensity peaks corresponding to TiO2-rutile 

phase (JCPSD: 82-0514). In addition, no shifts in peak positions are 

observed along the series, which means that, apparently, no changes in the 

cubic cell parameter of NiO occur.  

Interestingly, unsupported NiO catalyst presents narrower diffraction 

peaks (Fig. 7.2, pattern a) than supported NiO materials (Fig. 7.2, patterns 

b-e). This is in fact related to a smaller crystallite size in supported 
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catalysts. Hence, NiO crystallite size was estimated by using Scherrer 

equation, showing a smaller average particle size for supported NiO 

catalysts (Table 7.2).  

Figure 7.2. XRD profiles of bulk and supported NiO catalysts. a) NiO; 

b) NiO/SiO2; c) NiO/PCH-Ti; d) NiO/TiO2-a; and e) NiO/TiO2-P25.

Symbols: NiO (); PCH-Ti (); TiO2-anatase (); TiO2-rutile (). 
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Table 7.2. Main physicochemical features of NiO-based catalysts 

Catalyst Average 

particle size 

(nm) a 

BET 

surface area 

(m2 g-1) b 

XPS c 

Sat.I/Main 

peak 

Sat.II/Main 

peak 

NiO 30.0 15 4.07 3.90 

NiO/SiO2 12.6 168 1.36 1.96 

NiO/PCH-Ti 6.2 360 1.46 1.57 

NiO/TiO2-a 13.1 26 1.33 0.84 

NiO/TiO2-P25 19.2 50 1.58 1.99 

a Calculated by Scherrer equation; b Obtained from N2-adsorption isotherms by 

Brunauer-Emmett-Teller method; c X-ray Photoelectron Spectroscopy. 

Figure 7.3 shows the variation of the catalytic activity with NiO average 

particle size (achieved at 450 ºC at an ethane conversion lower than 5 %). 

According to characterization results, it can be concluded that the use of 

supports helps to reduce the average particle size of NiO. In addition, the 

catalytic activity in the ODH of ethane increases as the particle size of 

NiO decreases (Fig. 7.3). 

Figure 7.3. Variation of the catalytic activity with NiO average 

particle size. Reaction conditions: ethane/O2/He molar ratio of 3/1/26; 

catalytic activity at 450 ºC at an ethane conversion lower than 5 %. 
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The reducibility of NiO-based catalysts was studied by means of 

temperature-programmed reduction in H2 (H2-TPR). H2-TPR profiles are 

presented in Figure 7.4. If the temperature of maximum consumption of 

H2 is considered, the reducibility of NiO catalysts decreases according to 

the following trend: NiO/SiO2 > NiO ≈ NiO/TiO2-P25 > NiO/TiO2-a > 

NiO/PCH-Ti.  

As it was observed in the previous chapter, H2-TPR profiles show several 

reduction peaks, which can be associated to Ni species presenting different 

reducibility. Unsupported NiO displays two reduction signals, assigned to 

a two-step reduction: Ni2+  Niδ+  Ni0 (Fig. 7.4, a) [19].  

Figure 7.4. H2-TPR profiles of NiO-based catalysts. a) NiO; 

b) NiO/SiO2; c) NiO/PCH-Ti; d) NiO/TiO2-a; and e)

NiO/TiO2-P25. 
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This features can be explained considering NiO particle size and diffusion 

of H2 into the oxide matrix. Thus, a bigger crystal size would present a 

higher contribution to the higher temperature signal in the TPR profile, due 

to diffusional problems of the reductant. This fact again underlines the 

effect of morphology and microstructural features on the reducibility, as it 

was previously stated in the case of Sn-promoted NiO (see Chapter 6). 

This catalyst presented a very low reducibility in ethane/He flow due to its 

specific phase distribution, which shows SnO2 nanoparticles covering 

NiO, what hinders its reduction by ethane. This could also be the case of 

NiO/PCH-Ti, which displays the lowest reducibility of the series (Fig. 7.4, 

pattern c). Particularly, the reduction of NiO located in the interlayer pores 

could be hindered with respect to well accessible NiO particles. In 

addition, low intensity reduction signals at high temperatures (at ca. 400 

ºC) are also observed, especially in the case of Ni/SiO2 and NiO/TiO2-P25. 

These high temperature signals can be ascribed to the presence of Ni-

support mixed phases (mainly Ni (II) titanates and silicates), which are 

reported to show much lower reducibility (Fig. 7.4, patterns b and c) [20]. 

Also, reduction peaks at low temperatures (ca. 200-250 ºC) are found, 

which are associated with the presence of non-stoichiometric NiO, 

presenting a lower activation energy for the reduction [21]. Summarizing, 

some heterogeneity in terms of reducibility is observed along the series of 

supported-NiO catalysts (i.e. the samples show the presence of Ni sites 

with different reducibility). Accordingly, it is difficult to directly connect 

the catalytic performance to the specific reducibility observed in each case, 

although it seems that a lower reducibility favors the selectivity to ethylene 

in the ODH of ethane. 

Figure 7.5 displays in situ time-resolved XANES spectra of NiO-based 

catalysts (NiO; NiO/SiO2; NiO/PCH-Ti; NiO/TiO2-P25), which were 

recorded during the reduction in H2/He flow (25/25 mL min-1) at 450 ºC. 

All the samples show a transition from the characteristic XANES features 

of NiO to those of metallic Ni. With comparative purposes, representative 

XANES spectra of pure NiO and Ni (0) are displayed in Figure 7.6 (Fig. 
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7.6, A). Interestingly, changes in time and reduction velocity, depending 

on the support, can be observed along the series of supported NiO catalyst. 

Figure 7.5. In situ time-resolved XANES spectra in the Ni K-edge during 

the reduction in H2/He of NiO-based catalysts. a) NiO; b) NiO/SiO2; c) 

NiO/PCH-Ti; d) NiO/TiO2-P25. Reduction conditions: H2/He 25/25 (mL 

min-1) at 450 ºC. 

On the other hand, Figure 7.6 B shows the kinetic curves of reduction in 

H2 obtained by linear combination fitting of the corresponding spectra in 

Figure 7.5, by using fresh catalysts and metallic Ni spectra as references 

for the calculations (Fig. 7.6, B).  
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Figure 7.6. A) XANES spectra in the Ni K-edge of NiO and metallic Ni. B) 

Kinetic curves of reduction in H2 obtained by linear combination fitting of 

the corresponding spectra in Figure 7.5. Symbols: NiO (); NiO/SiO2 (); 

NiO/PCH-Ti (); NiO/TiO2-P25 () . Reduction conditions: H2/He 25/25 

(mL min-1) at 450 ºC. 

Unsupported NiO and NiO/SiO2 show the fastest reduction kinetic all 
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contrary, NiO/PCH-Ti displays the slowest reduction kinetic in H2/He, 

which is in agreement with H2-TPR results. In addition, NiO/TiO2-P25 

also shows a slower reduction rate than NiO and NiO/SiO2 samples. 

Accordingly, slow reduction kinetics seem to favor a higher selectivity to 

ethylene, as it was observed in the case of promoted-NiO.  

Ni 2p3/2 core level XPS spectra of NiO-based catalysts are shown in Figure 

7.7. All the samples display a main peak in the range 853-854 eV, showing 

a line-broadening which can be considered as an additional peak (ca. 1.5 

eV over the main peak). This contribution (also known as Satellite I), has 

been assigned to the presence of several types of defects, like Ni3+ cations 

[22, 23], Ni2+ vacancies or Ni2+-OH species [24], but also to non-local 

screening effects [25]. The other broad contribution observed in the 

spectra, and situated at approximately 7 eV over the main peak (known as 

Satellite peak II, or shake-up satellite), is usually ascribed to ligand-metal 

charge transfer [24-26].  

Additionally, supported-NiO materials show an extra contribution in the 

XPS spectra, just below the main peak (marked with an asterisk in Figure 

7.7), due to differential charging. This differential charging is usually 

caused by heterogeneities in the electrical conductivity of the samples [27, 

28]. 

The relative intensity of satellite peaks on the XPS spectra can be used to 

extract some information about the nature of Ni surface species in the 

catalysts [29, 30]. It can be observed that the relative intensity of both 

satellites is much lower for supported NiO catalysts (Table 7.2). 

Particularly, Sat. I/Main peak ratios are very dependent on NiO particle 

size and the number of defects [22-26]. Hence, supported NiO catalysts 

present much higher Sat. I/Main peak ratio than that observed for 

unsupported NiO (Fig. 7.7) (Table 7.2). 

This has already been observed in other catalytic systems based on NiO, 

either in supported or in promoted nickel oxides. These effects have been 

associated to the generation of defects or to particle size changes due to 

the interaction with the support or the promoter [1, 6]. Taking all these 
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facts into consideration, it appears difficult to separate the contribution of 

particle size and defects to the satellite peaks.  

Figure 7.7. Ni 2p3/2 core level XPS spectra of NiO-based catalysts. 

a) NiO; b) NiO/SiO2; c) NiO/PCH-Ti; d) NiO/TiO2-a; e)

NiO/TiO2-P25. (*) peak due to differential charging. 
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Nevertheless, it can be seen that the selectivity to ethylene in the ODH of 

ethane increases proportionally with Sat. I/Main peak ratio for Ti-

containing NiO catalysts, what suggests that maybe defects could be 

playing a role in the catalytic performance (Fig. 7.8).  

Figure 7.8. Variation of the selectivity to ethylene as a function of 

Satellite I/Main peak ratio in the Ni 2p3/2 core level XPS spectra for 

unsupported and supported NiO catalysts. Symbols: Ti-containing NiO 

catalysts (); unsupported NiO (); NiO/SiO2 ().

In order to study the short-range environment of Ni species in the 

materials, NiO-based catalysts were further investigated by EXAFS 

analysis in the Ni K-edge region. Figure 7.9 shows the module of the 

Fourier Transform (F.T.) of the EXAFS oscillations for each catalyst, 

whereas Table 7.3 summarizes the EXAFS analysis results.  
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series. However, slight differences in the relative intensities of the signals 

corresponding to the 1st (NiO) and 2nd (Ni-Ni) coordination shells can be 

noted depending on the support (Fig. 7.9). This differences suggest 

changes in the coordination environment of Ni as a function of the support 

used, i.e. changes in the coordination numbers of both Ni-O and Ni-Ni 

shells.  

The coordination numbers for the 1st and 2nd coordination shells were 

calculated from the amplitude reduction factors (S0
2) extracted from 

EXAFS fittings, taking unsupported NiO as a reference (i.e. NNi-O = 6; and 

NNi-Ni = 12 for NiO sample) (Fig. 7.9 and Table 7.3). According to this, 

both Ni-O and Ni-Ni coordination numbers decrease for supported 

catalysts. 

Table 7.3. EXAFS analysis results for NiO-based catalysts 

Catalyst EXAFS a 

1st Shell (Ni-O) 2nd Shell (Ni-Ni) 

N b dNi-O (Å) N dNi-O (Å) 

NiO 6.00 2.08 12.00 2.95 

NiO/SiO2 6.00 2.08 11.60 2.95 

NiO/PCH-Ti 5.72 2.08 10.68 2.95 

NiO/TiO2-a 5.29 2.08 10.92 2.95 

NiO/TiO2-P25 5.15 2.08 10.44 2.95 

a Extended X-Ray Fine Structure; b Coordination number of the corresponding shell. 

This decrease is even more significant when Ti-containing supports are 

used. This suggests a higher interaction between TiO2 and NiO, which 

would give rise to a higher number of Ni and O defects (likely vacancies). 

Nevertheless, the differences observed in the first coordination shell can 

be also due to a distorted octahedral environment, rather than to an actual 

decrease in the Ni-O coordination number (Table 7.3) [31].  
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Figure 7.9. Module of the Fourier Transform of EXAFS Ni k-edge zone 

of NiO catalysts. a) NiO; b) NiO/SiO2; c) NiO/PCH-Ti; d) NiO/TiO2-a; 

e) NiO/TiO2-P25.
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the coordination number for the 1st (Ni-O) (Fig. 7.10, A) and 2nd (Ni-Ni) 

(Fig. 7.10, B) shells decreases. Even though the correlation of selectivity 

and Ni-O coordination number is not as clear (Fig. 7.10, A) as in the case 

of Ni-Ni shell (Fig. 7.10, B), 1st and 2nd shell neighbors seem to be lower 

for the most selective catalysts.  

Figure 7.10. Variation of the selectivity to ethylene as a function of the 

coordination numbers calculated by EXAFS fitting for the 1st (A) and 

2nd (B) coordination shells. Symbols: Symbols: Ti-containing NiO 

catalysts (); unsupported NiO (); NiO/SiO2 (). 
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Finally, the specific features in the XANES region of XAS spectra in the 

Ni K-edge for the whole series of supported NiO catalysts were analyzed 

(Fig. 7.11). Interestingly, a decrease in the intensity of the white line is 

also observed for the most selective catalysts (see inset in Fig. 7.11). 

Moreover, the selectivity to ethylene in the ODH of ethane increases 

linearly as the normalized intensity of the white line decreases (Fig. 7.12). 

The intensity of the white line (as it was commented in Chapter 4) is very 

sensitive to changes in the average oxidation state of the absorbing atom. 

In this case, the decrease of the white line intensity could tentatively be 

assigned to a decrease in the average oxidation state of Ni, likely due to 

the elimination of Ni3+ sites [32]. In fact, these non-stoichiometric species 

have been reported to be responsible for the deep oxidation in the ODH of 

ethane [3, 7, 8]. 

Figure 7.11. XANES spectra in the Ni K-edge of supported NiO catalysts. 
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Figure 7.12. Variation of the selectivity to ethylene as a function of the 

normalized intensity of the XANES white line in the Ni K-edge for 

supported NiO catalysts. 

Thus, according to these observations, a high selectivity to ethylene in the 

ODH of ethane seems to be connected with the elimination of specific O 

and/or Ni species, i.e. with the elimination of non-selective sites by the 

creation of defects, likely vacancies; due to active phase-support 

interactions. 

7.4. General Remarks 

During this chapter, the effect of the support on the chemical nature of Ni 

species in supported NiO catalysts has been studied. Depending on the 
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increase in the selectivity to ethylene is observed when Ti-containing 

materials are used as supports: TiO2 (NiO/TiO2-a, 64 %; and NiO/TiO2-
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(NiO/PCH-Ti, 78 %). Apart from ethylene, carbon dioxide was the other 

reaction product observed. The appearance of CO2 as the only deep 

oxidation product suggests a relatively low reactivity of ethylene over 

these NiO-based catalysts.  

The support can also substantially modify the morphology and chemical 

nature of NiO, thus affecting the catalytic performance. The catalytic 

activity appears to be related to NiO crystallite size, being higher as the 

NiO particle size decreases. On the other hand, the support can also modify 

the chemical nature of nickel oxide. The reducibility of the catalyst was 

studied by means of H2-TPR and in situ time-resolved XAS experiments 

under H2/He atmosphere. According to this experiments, Ti-containing 

NiO catalysts present a lower reducibility and slower reduction rates in H2 

than unsupported NiO and NiO/SiO2. This is an important fact, since a low 

reducibility seems to improve the selectivity to ethylene in the ODH. 

Nevertheless, the samples show Ni species with low, medium and high 

reducibility, as elucidated by H2-TPR. In addition, the nature of surface Ni 

sites and Ni chemical environment was investigated by mean of XPS and 

EXAFS analysis respectively. Both characterization techniques suggest a 

role played by defects in the catalytic performance, likely the presence of 

Ni and O vacancies in NiO lattice, and the elimination of non-

stoichiometric Ni3+ sites. In fact, it appears to exist a correlation between 

the selectivity to ethylene in the ODH of ethane and the coordination 

number Ni-O and Ni-Ni for the first and second shells. This way the 

selectivity to ethylene increases as the number of neighbors decreases, and 

as the intensity of Ni K-edge white line intensity decreases. 
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Catalysis science will be one of the key players in the overcoming energy 

transition to renewables. The understanding of both the structure and 

chemical functionality of solid catalysts (which in the end leads to 

structure-function-reactivity correlations) will be essential for achieving 

the rational design of new multifunctional catalytic materials for diverse 

applications. This way, materials chemistry stands out as the main supplier 

of the necessary tools to face this challenge. 

The present doctoral thesis provides some examples of how materials 

science can contribute to understand the catalytic performance of specific 

oxide systems for the transformation of biomass and natural gas derived 

feedstocks. On the one hand, tungsten bronze based materials are 

stablished as very adaptive systems, in which catalytic functionality can 

be modulated through several strategies.  

In the case of W-V-O oxides (synthesized by a hydrothermal method), the 

acid-redox properties can be tailored by controlling the phase composition 

in the catalysts (i.e. h-WO3/m-WO3 ratio) at a fixed vanadium content. 

Then, the acid characteristics of the catalysts increase proportionally with 

the concentration of h-WO3-type phase in the materials (as confirmed also 

from catalytic results of gas-phase methanol transformation, used as a 

test/characterization reaction). This has important implications in the 

catalytic performance in the gas-phase oxidative dehydration of glycerol 

to acrylic acid (a two-step process), since surface acid properties are 

pivotal in the first reaction step (dehydration step to form acrolein). In 

addition, the higher reducibility of vanadium sites in h-WO3-type phase 

leads to higher yields to acrylic acid (produced by the subsequent partial 

oxidation of acrolein, formed in the first reaction step). 

Considering W-Nb-O materials, prepared by hydrothermal synthesis, the 

incorporation of Nb within the h-WO3 leads to modulated acid properties, 

by which the concentration of Lewis acid sites on the catalyst surface 

increases with Nb content in the materials. Furthermore, the incorporation 

of Nb also has structural implications, promoting the loss of long range 

order in the structure, especially in the ab plane. At Nb/(W+Nb) ratios of 
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ca. 0.5, small W-Nb mixed oxide nanoparticles (ca. 5-10 nm) isostructural 

with the so-called M1 phase (Cs0.5Nb2.5W2.5O14-type structure) have been 

obtained.  Accordingly, high Brönsted/Lewis acid site ratios (achieved at 

low Nb contents) promote high yields to acrolein in the gas phase aerobic 

transformation of glycerol. On the other hand, high Nb contents (i.e. low 

Brönsted/Lewis ratios) lead to high yields to COx and heavy compounds in 

this reaction. On the contrary, low Brönsted/Lewis ratios lead to high 

yields to C5-C10 products in the aqueous phase valorization of short chain 

oxygenates. This way, a higher proportion of Lewis acid sites directs the 

reactivity through aldol condensation mechanisms (favoring the formation 

of longer carbon chain products) rather than esterification. Despite the high 

demanding reaction conditions (i.e. low pH and high water contents), the 

catalysts maintain their catalytic behavior after 3 uses. 

The versatility of these bronze-type oxides is not only limited to their 

crystal structure and composition, but also to the synthetic approaches that 

can be applied to synthesize them. In this sense, W-V-O and W-Nb-O 

mixed oxides with a pseudocrystalline and a hexagonal tungsten bronze 

structure have been synthesized by a reflux method. This approximation 

has allowed us to prepare mesoporous-supported catalysts (i.e. W-V-O and 

W-Nb-O supported on a mesoporous KIT-6 silica). Supported catalysts 

show a decrease in the acid strength of their surface acid sites, leading to 

higher yields to acrolein and acrylic acid during the gas phase aerobic 

transformation of glycerol. 

It is worth noting that catalytic phenomenon is taking place on the surface. 

Then the use test reactions as an extra characterization tool is a good 

strategy to study the nature of the specific surface catalytic functionalities. 

This has been carried out by using methanol and ethanol gas-phase 

transformations as test reactions to elucidate the acid/redox nature of 

surface active sites. 

Apart from tungsten bronze-based materials, this thesis is also focused on 

gaining further insights on the effect of NiO-promoter or NiO-support 

interaction in the oxidative dehydrogenation (ODH) of ethane over nickel 
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oxide-based catalysts. It has been shown that the interaction between 

promoter and NiO can be undertaken either by a well dispersion/ 

incorporation of the promoter within NiO framework (like in the case of 

Nb-promoted NiO catalyst), or by intimate contact of two separated oxide 

phases (like in the case of Sn-promoted nickel oxide catalyst), leading, in 

both cases, to similar catalytic performance in the oxidative 

dehydrogenation of ethane (ca. 90 % selectivity to ethylene). However, 

this different phase distribution leads to a very different catalytic behavior 

when oxygen is not present in the feed. In the absence of oxygen Nb-

promoted nickel oxide is instantaneously reduced to metallic nickel. In the 

case of Sn-promoted catalysts, nickel oxide preserves its oxidized state 

even in the absence of oxygen in the feed, being still selective to ethylene 

in the ODH of ethane. The general trend is that the lower the reducibility 

(studied by means of temperature programmed reduction in H2 and in situ 

time-resolved XAS), the higher the selectivity to ethylene in the ODH of 

ethane.  

The study has been extended to a series of supported NiO catalysts 

displaying a selectivity to ethylene in the range 30-90 % in the ODH of 

ethane. The catalytic activity along the series increases as NiO crystallite 

size decreases. On the other hand, the selectivity to ethylene varies linearly 

with the number of Ni neighbors in the second coordination shell (i.e. with 

Ni-Ni coordination number), as determined by the analysis of the EXAFS 

region in the X-ray absorption spectra in the Ni K-edge of the catalysts. 

Accordingly, the high selectivity to ethylene obtained in the best supported 

NiO catalysts could be ascribed to the generation of cationic vacancies, 

likely due to the elimination of non-selective Ni3+ sites and electrophilic 

oxygen species.  
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